
DOWER-0326 
Dist. Category UC-109 

Coal Gasification: 
Direct Applications and 

Syntheses of Chemicals and Fuels zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Research Needs Assessment 

by the 
DOE Coal Gasification Research Needs 

(COGARN) Working Group 

June 1987 

Prepared by: 
S.S. Penner, Chairman of COGARN 

Center for Energy and Combustion Research 
and Department of Applied Mechanics and Engineering Sciences 

University of California, San Diego 
LaJolla, CA 92093 

Under Contract zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. DE-AC01-85ER30076 

Prepared for: 
U.S. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADepartment of Energy 

Office of Energy Research 
Office of Program Analysis 

Washington, DC 20545 





DISCLAIMER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This report was .prepared as an account of work sponsored 
by an agency of the  United States Government. Neither 
the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or 
implied, or assumes any  legal liability or responsibility for 
the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, o r  favoring by 
t he  United States Government or any agency thereof. The 
views and opinions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof authors expressed herein do not 
necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 

in electronic image products. Images are 

produced from the best available original 
document. 



COAL GASIEJCATION: 

DIRECT APPLICATIONS AND SYNTHESES OF CHEMICALS AND FUELS" 

C e W. Haag,d R. Magee, 

E. Re ich l , f  E.S. Rubin,g P.R. Solomon,h I. Wender,i and K. Woodcock' 

S.S. Penner," S.B. A lpe r t ,a  J.M. Be6r,b M. Denn, 

*Center f o r  Energy and Combustion Research and Dept. o f  Appl. Mech. and 

Engin. Sc., Univ.  o f  C a l i f . ,  San Diego, La J o l l a , - C A  92093 

aAdv. Power Systems Div. ,  E l e c t r i c  Power Res. I n s t . ,  Palo A l t o ,  CA 94303 

bDept. o f  Chem. Engin., Mass. I n s t .  Tech., Cambridge, MA 02139 

'Dept. o f  Chem. Engin., Univ.  o f  C a l i f . ,  Berkeley,  Berkeley,  CA 94720 

dCentral  Res. D iv . ,  Mob i l  Res. and Dev. Corp., P r inc tdn ,  NJ 08540 

eRadian Corpora t ion ,  8500 Shoal Creek Rd., Aust in ,  TX 78766 

f25 Lismore Lane, Greenwich, CT 06830 

gCenter f o r  Energy and E n v i r .  S tud ies ,  Carnegie Me l lon  Univ.,  P i t t s b u r g h ,  

PA 15213 

hAdvanced Fuel Research, P.O. Box 18343, Eas t  H a r t f o r d ,  CT 06118 

Dept. o f  Chem. Engin., Univ.  o f  P i t t s b u r g h ,  P i t t s b u r g h ,  PA 15261 i 

jGas Research I n s t i t u t e ,  8600 West Bryn Mawr Ave., Chicago, I L  60631 

* T h i s  p u b l i c a t i o n  has been prepared by t h e  US DOE Working Group on 

Research Needs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Advanced Coa l -Gas i f i ca t i on  Techniques (COGARN). 

The Con t rac t  Sponsor was t h e  DOE O f f i c e  o f  Energy Research, O f f i c e  o f  

Program A n a l y s i s .  

Freeburn; t h e  DOE Con t rac t  Number i s  DE-AC01-85ER30076. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. S. Penner 

served as Chairman o f  COGARN and t h e  o t h e r  l i s t e d  au tho rs  served zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 

members o f  COGARN. 

The DOE t e c h n i c a l  p r o j e c t  d f f i c e r  was F.D. 



The following people, who were not members of the  COGARN Working 

Group, contr ibuted t o  this publ icat ion and a re  appropr iately 

ident i f ied  as authors o r  coauthors of spec i f i c  chapters o r  sect ions:  

A.J. Appleby, E P R I ,  Palo Al to,  CA 94303; J . F .  E l l i o t t ,  Department 

of Mechanical Engineering, MIT, Cambridge, MA 02139; D . R .  Hardesty, 

Combustion Research Faci l i ty ,  Sandia National Labs., Livermore, 

CA 94550; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV.L. H i l l ,  Gas Research I n s t i t u t e ,  Chicago, IL 60631; 

J.C.W. Kuo, Mobil Research and Development Corp., Paulsboro, NJ 

08066; J.P. Longwell, Department of Chemical Engineering, MIT, 
Cambridge, MA 02139; D. K. Ottesen , Combustion Research Faci 1 i t y  

Sandia National Labs., Livermore, CA 94550; D. Pescarolo, Fluor 

Technology, Inc., 3333 Michelson Dr., Irvine, CA 92730; D. Rast'ler, 

E P R I ,  Palo Al to,  CA 94303; M.T. Simnad, AMES, University of 

Cal i forn ia ,  San Diego, La J o l l a ,  CA 92093; S.P.N. Singh, Chemical 

Technology Division, ORNL, Oak Ridge, TN 37831; P.B.  Tarman, Ins t i tu te  

of Gas Technology, Chicago, IL 60616; D.F. Wiesenhahn, AMES, University 

of Cal i forn ia ,  San Diego, La J o l l a ,  CA 92093. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

IV 



TABLE OF CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x i i i  

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . x i i i  

CHAPTER 1. SUMMARY OF RESEARCH RECOMMENDATIONS . . . . . . . . . . . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

CHAPTER 2. OVERVIEW OF COAL-GASIFICATION R&D NEEDS . . . . . . . . . . 5 

2.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . - .  5 
2.2. Process Synthes is  . . . . . . . . . . . . . . . . . 6 
2.3. G a s i f i e r s  f o r  E l e c t r i c i t y  Generat ion . . . . . . . . 8 
2.4. G a s i f i c a t i o n  f o r  Syngas Produc t ion  . . . . . . . . . 9 
2.5. G a s i f i c a t i o n  f o r  Syntheses o f  Fue ls  and Chemicals . . 10 
2.6. G a s i f i e r s  f o r  Fuel C e l l s  (FCs) . . . . . . . . . . . 15 
2.7. G a s i f i c a t i o n  C a t a l y s t s  . . . . . . . . . . . . . . . 15 
2.8. Gas Cleanup . . . . . . . . . . . . . . . . . . . . 16 
2.9. Summary o f  Research Recommendations on 

Environmental  I ssues  . . . . . . . . . . . . . . . . 2 1  
2.10. Coal B e n e f i c i a t i o n  and Feed Prepara t ion :  

S o l i d s  Process ing . . . . . . . . . . . . . . . . . 25 
2.11. A p p l i c a t i o n s  o f  Advanced D iagnos t i cs  t o  Coal- 

G a s i f i c a t i o n  Systems . . . . . . . . . . . . . . . . 29 
2.12. Fundamentals o f  Coal Conversion and R e l a t i o n  t o  

Coal P r o p e r t i e s  . . . . . . . . . . . . . . . . . . 3 1  

CHAPTER 3. GASIFICATION FOR ELECTRICITY GENERATION . . . . . . . . . . 37 

Sect ions  3.1 and 3.2 were w r i t t e n  by S. B. A l p e r t ,  
S. S. Penner and D. F. Wiesenhahn, Sec. 3.3-3 by 
P.B. Tarman, and t h e  remain ing subsect ions of  Sec. 3.3, 
as w e l l  as Sec. 3.4, by S. S. Penner and 
D. F. Wiesenhahn w i t h  adv ice  and i n p u t s  f r o m  
correspondents i d e n t i f i e d  i n  t h e  subsect ions.  

3.1. I n t e g r a t e d  Coa l -Gas i f i ca t i on  Combined Cycles ( IGCC)  . 37 

3.1-1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . 37 
3.1-2. I G C C  System S ta tus  . . . . . . . . . . . . . 38 
3.1-3. Advantages IGCCs . . . . . . . . . . . . . . 42 
3.1-4. Fu ture  U t i l i z a t i o n  o f  IGCCs . . . . . . . . . 44 
References f o r  Sec t ion  3 .1  . . . . . . . . . . . . . 44 



3.2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Cool Water IGCC . . . . . . . . . . . . . . . .  44 

3.2-1. General Features . . . . . . . . . . . . . .  44 
3.2-2. Process Description . . . . . . . . . . . .  45 
3.2-3. Performance Results . . . . . . . . . . . .  47 
References for Section 3.2 . . . . . . . . . . . . .  49 

3.3. Selected Gasifiers for IGCC Plants . . . . . . . . .  49 

3.3-1. The Texaco Coal-Gasification Process (TCGP) . 49 
3.3-2. The Shell Coal-Gasification Process (SCGP) . . 53 
3.3-3. The U-GAS Process . . . . . . . . . . . . .  58 
3.3-4. Other Gasifiers . . . . . . . . . . . . . .  73 
References for Section 3.3 . . . . . . . . . . . . .  74 

3.4. Research Recommendations for Improving Gasifiers . . 74 

3.4-1. Fouling and Slagging . . . . . . . . . . . .  74 
3.4-2. Corrosion and Fatigue . . . . . . . . . . . .  75 
3.4-3. High-Temperature Sulfur Removal . . . . . . .  76 
3.4-4. Gasifiers for Low-Rank Coals . . . . . . . .  76 
3.4-5. Low-Cost Gas Separation and Air Enrichment . . 76 
References for Section 3.4 . . . . . . . . . . . . .  76 

CHAPTER 4 . COAL GASIFICATION FOR SNG PRODUCTION . . . . . . . . . . .  77 

This chapter has been written by Kermit E . Woodcock and 
Vernon L . Hill . 
4.1. Introduction . . . . . . . . . . . . . . . . . . . .  77 

4.1-1. The Great Plains Coal Gasification Plant 
(GPCGP) . . . . . . . . . . . . . . . . . . .  77 

4.1-2. General Thermodynamic Considerations . . . .  78 
4.1-3. General Flow Sheets . . . . . . . . . . . .  8 1  

4.2. Advanced Gasification Technology for SNG . . . . . .  83 

4.2-1. BGC/Lurgi Slagging Gasifier . . . . . . . . .  84 
4.2-2. KRW (Kel logg-Rust-Westinghouse) Ash- 

Agglomerating, Fluidized-Bed Gasifier . . . .  85 
4.2-3. Rheinbraun AG, Hydrogasification . . . . . .  87 
4.2-4. Catalytic Coal Gasification . . . . . . . . .  90 

4.3. Catalytic Methanation . . . . . . . . . . . . . . . .  90 

4.3-1. Chemistry and Thermodynamics . . . . . . . .  90 
4.3-2. Catalysis . . . . . . . . . . . . . . . . .  92 
4.3-3. Commercial Processes . . . . . . . . . . . .  94 
4.3-4. Direct Methanation . . . . . . . . . . . . .  94 
4.3-5. Comflux Process (Fluid-Bed Methanation) . . .  98 
4.3-6. HICOM . . . . . . . . . . . . . . . . . . .  99 
4.3-7. Liquid-Phase Methanation . . . . . . . . . .  104 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

vi 



4.4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAcid-Gas Removal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . . . . . . . . . . . . . . . . . lo5 

4.4-1. Commercial Processes . . . . . . . . . . . . lo5 
4.4-2. Advanced Technologies . . . . . . . . . . . .lo6 

4.5. SNG Economics . . . . . . . . . . . . . . . . . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.110 
4.6. Research and Development Needs . . . . . . . . . . .112 

4.6-1. Engineering Development and Testing . . . .-.112 
4.6-2. Technology Base Data for Design . . . . . . .113 
4.6-3. Basic Research Needs. for Advanced Systems . .114 

References . . . . . . . . . . . . . . . . . . . . . . . . .114 

CHAPTER 5. GASIFICATION FOR THE SYNTHESES OF FUELSvAND CHEMICALS . . .117 

This chapter has been written by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW .  0. Haag, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  C. Kuo 
and I. Wender. 

5.1. Catalytic Conversion of Synthesis Gas to Fuels and 
Chemicals . . . . . . . . . . . . . . . . . . . . .117 

5.1-1. Introduction . . . . . . . . .. . . . . . . .117 
5.1-2. Synthesis of Methanol and Higher Oxygenated 

Compounds . . . . . . . . . . . . . . . . .120 
5.1-3. SG as a Source of Chemicals . . . . . . . . .139 
5.1-4. Fischer-Tropsch Synthesis . . . . . . . . . .144 
5.1-5. Syntheses of Chemicals Using SG, CO or 

Methanol Plus Other Chemicals . . . . . . . .160 
5.1-6. Other Chemicals from SG, Methanol and CO; 

Emerging Processes . . . . . . . . . . . . .164 

Products . . . . . . . . . . . . . . . . . . . . . .168 

5.2-1. Introduction . . . . . . . . . . . . . . . -168 
5.9-2. Methanol-to-Gasol ine (MTG) . . . . . . . . .169 
5.2-3. Methanol Conversion to Olefins and Diesel . ,173 
5.2-4. Processing.of Fischer-Tropsch Products . . .175 

Interaction of Coal Gasifiers with Synthesis Gas 
Conversion Processes . . . . . . . . . . . . . . . .179 

5.3-1. Introduction . . . . . . . . . . . . . . . .179 
5.3-2. HZ +CO Partial Pressure Requirements . . . . 180 

5.3-3. H2 K O  Ratio Requirement . . . . . . . . . . 184 

5.3-4. Purity Requirements for Synthesis Gas . . . .187 

5.4. Zeolites as Shape-Selective Catalysts . . . . . . . -188 

5.4-1. Introduction . . . . . . . . . . . . . . . -188 
5.4-2. Classification of Zeolites . . . . . . . . -189 
5.4-3. Intrinsic Catalytic Properties o f  Zeolites . 194 
5.4-4. Shape Selectivity . . . . . . . . . . . . . .194 

5.2. Catalytic Processing of Synthesis-Gas-Derived 

5.3. 

vii 



References zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . . . . . . . . . . . . . . . . . . . . . . .  197 

CHAPTER 6 . COAL GASIFICATION IN FUEL-CELL APPLICATIONS . . . . . . . .  207 

6.1. Overview of FCs . . . . . . . . . . . . . . . . . .  207 

T h i s  section has been writ ten by A . J . Appleby . 
6.1-1. Introduction . . . . . . . . . . . . . . . .  207 
6.1-2. The FC a s  a Direct Energy-Conversion Device . 209 
6.1-3. Alkaline Fuel Cells (AFCs) . . . . . . . . .  213 
6.1-4. Acid Fuel Cel ls . . . . . . . . . . . . . .  217 
6.1-5. Molten Carbonate Fuel Cells (MCFCs) . . . . .  221 
6.1-6. Solid Oxide Fuel Cells (SOFCs) . . . . . . .  226 
6.1-7. Conclusions . . . . . . . . . . . . . . . . .  229 

6.2 Coal Gasi f iers fo r  FCs . . . . . . . . . . . . . . .  230 

T h i s  section has been abstracted by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS . S . Penner and 
D . F . Wiesenhahn from viewgraphs presented by 
D . Rastler a t  the Second Technical Meeting of COGARN . 
6.2-1. The Site-Specific UPA Design . . . . . . . .  230 
6.2-2. The Site-Specific SCE Design . . . . . . . .  234 
6.2-3. Conclusions . . . . . . . . . . . . . . . .  236 
6.2-4. Research Needs on Gasifier-PAFC Systems . . .  239 
6.2-5. Other Gasifier-FC Systems . . . . . . . . . .  239 

References . . . . . . . . . . . . . . . . . . . . . . . .  239 

CHAPTER 7 . USE OF CATALYSTS D U R I N G  GASIFICATION . . . . . . . . . . .  . 243 

T h i s  chapter has been prepared by S . S . Penner and 
D . F . Wiesenhahn . 
7.1. Selected Examples of Current Research . . . . . . .  243 

7.1-1. Introduction . . . . . . . . . . . . . . . .  243 
7.1-2. Results from the 1985 International Coal 

Science Conference . . . . . . . . . . . . .  244 
7.1-3. Catalyt ic Conversions a t  Reduced 

Temperatures . . . . . . . . . . . . . . . .  249 
References fo r  Section 7.1 . . . . . . . . . . . . .  257 

7.2. The Exxon Process fo r  Catalyt ic Coal Gasification . . 258 

7.2-1. Process Features . . . . . . . . . . . . . .  258 
7.2-2. Development Work . . . . . . . . . . . . . .  261 
7.2-3. F1 uid-Bed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS1 urry Dryer (FBSD) . . . . . . . .  266 
7.2-4. Mechanisms of Catalysis and Selection of 

Alternative Catalysts . . . . . . . . . . . .  266 
7.2-5. Environmental Aspects of CCG . . . . . . . .  270 
7.2-6. Large P i lo t  Plant . . . . . . . . . . . . .  271 
References fo r  Section 7.2 . . . . . . . . . . . . .  271 

viii 



7.3. Recommended Research f o r  Syngas Produc t ion  f rom Coa1.271 

CHAPTER 8 . GAS-CLEANING PROCESSES FOR COAL GASIFICATION . . . . . . . .  273 

T h i s  chap te r  has been w r i t t e n  by Robert  A . Magee . 
Appendix t o  t h i s  chap te r  has been w r i t t e n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ . F . E l l i o t  . 

The 

8.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA273 
8.2. Gas Cleanup Systems . . . . . . . . . . . . . . . .  274 
8.3. Quenching, Coo l i ng  and Heat Recovery . . . . . . . .  276 

Compounds . . . . . . . . . . . . . . . . . . . . . . .  277 
8.5. Acid-Gas Removal and S u l f u r  Recovery . . . . . . . .  278 

8.4. Removal o f  P a r t i c l e s ,  Aeroso.ls and I n o r g a n i c  

8.5-1. S o l i d  Sorbents and In-Bed D e s u l f u r i z a t i o n  . . 279 
8.5-2. Sulfur-Redox Processes . . . . . . . . . . .  282 

References . . . . . . . . . . . . . . . . . . . . . . .  -283 

Appendix: S lag  f o r  In-Bed S u l f u r  Removal . . . . . . . . .  285 

CHAPTER 9 . ENVIRONMENTAL ISSUES . . . . . . . . . . . . . . . . . . .  291 

T h i s  chap te r  has been w r i t t e n  by Edward S . Rubin . 
9.1. 
9.2. 

9.3. 

9.4. 

9.5. 

I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . .  291 
Overview o f  US Regu la to ry  P o l i c y  . . . . . . . . . .  291 

9.2-1. Trends i n  Environmental  Regu la t i on  . . . . .  291 
9.2-2. Elements o f  C u r r e n t  P o l i c y  . . . . . . . . .  292 
9.2-3. Fu tu re  Regu la to ry  D i r e c t i o n s  . . . . . . . .  293 

Environmental  Emissions f rom Coal G a s i f i c a t i o n  . . .  299 

9.3-1. Process Overview . . . . . . . . . . . . . .  300 
9.3-2. Recent C h a r a c t e r i z a t i o n  S t u d i e s  . . . . . . .  302 
9.3-3. Methods o f  Environmental  C o n t r o l  . . . . . .  319 

Exper ience a t  Commercial F a c i l i t i e s  . . . . . . . . .  324 

9.4-1. The Grea t  P l a i n s  G a s i f i c a t i o n  P l a n t  . . . .  -324 
9.4-2. The Cool Water G a s i f i c a t i o n  F a c i l i t y  . . . .  325 

Research Needs and P r i o r i t i e s  . . . . . . . . . . .  327 

9.5-1. C u r r e n t  C o n t r o l  Technology . . . . . . . . .  328 
9.5-2. Fu tu re  Environmental  Requirements . . . . . .  329 
9.5-3. Advanced C o n t r o l  Technology . . . . . . . .  332 

References . . . . . . . . . . . . . . . . . . . . . . . .  333 



CHAPTER 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. COAL BENEFICIATION . . . . . . . . . . . . . . . . . . . .  335 

This chapter has been written By Suman P.N. Singh . 
10.1. Background . . . . . . . . . . . . . . . . . . . . .  335 
10.2. Current Commercial Practice . . . . . . . . . . . .  338 
10.3. Recent Advances in Coal Cleaning . . . . . . . . . .  343 
10.4. Conclusions . . . . . . . . . . . . . . . . . . . .  344 
References . . . . . . . . . . . . . . . . . . . . . . . .  346 

CHAPTER 11 . OPTICAL DIAGNOSTICS FOR IN SITU MEASUREMENTS IN 
COMBUSTION ENVIRONMENTS CONTAINING COAL PARTICLES . . . . .  349 

This chapter has been written by D . R . Hardesty and 
D . K . Ottesen . 
Abstract . . . . . . . . . . . . . . . . . . . . . . . .  349 

11.1. Introduction . . . . . . . . . . . . . . . . . . .  350 
11.2. Diagnostics Requirements . . . . . . . . . . . . . .  350 

11.2-1. Characteristics of Class I Flows . . . . . .  351 
11.2-2. Diagnostics Considerations for Class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Flows . . . . . . . . . . . . . . . . . . .  353 
11.2-3. Characteristics o f  Class I1 Flows . . . . . .  355 
11.2-4. Diagnostics Considerations for Class I1 

Flows . . . . . . . . . . . . . . . . . . .  355 

11.3. Gas-Phase Temperature Measurement . . . . . . . . .  356 

11.3-1. Raman Scattering Techniques . . . . . . . . .  356 

11.4. Gas-Phase Species Concentration Measurement . . . . .  366 

11.3-2. Fluorescence and Absorption Techniques . . .  363 

11.4-1. Raman Scattering Techniques . . . . . . . .  366 
11.4-2. Fluorescence and Absorption Techniques . . .  367 

11.5. Particle Size. Number Density and Temperature 
Measurements . . . . . . . . . . . . . . . . . . . .  370 

11.5-1. Single Particle Counter. SPC (Scattering) 
Instruments . . . . . . . . . . . . . . . .  371 

11.5-2. Imaging Methods for Single-Particle Counting.378 
11.5-3. Ensemble Methods for Analysis of 

Particulates . . . . . . . . . . . . . . .  -381 

11.6. Velocity Measurements i n  Particle-Laden Flows . . . .  383 

11.6-1. Application of Laser-Doppler Velocimetry to 
Coal-Derived Flows . . . . . . . . . . . . .  384 

11.7. Particulate Composition Measurement by Laser-Spark 
Spectroscopy (LASS) . . . . . . . . . . . . . . .  385 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X 



. . . . . . . . . . . . . . . . . . . . . . . .  References 394 

CHAPTER 12 . FUNDAMENTALS OF COAL CONVERSION AND RELATION TO 
COAL PROPERTIES . . . . . . . . . . . . . . . . . . . . . .  397 

Th is  chapter  has been w r i t t e n  by P . R . Solomon and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J . M . Beer . The Appendix i s  by J . P . Longwell . 
12.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  397 
12.2. Coal C h a r a c t e r i z a t i o n  . . . . . . . . . . . . . . .  399 

12.2-1. Organic S t r u c t u r e  (Func t i ona l  Groups) . . . .  399 
12.2-2. V i s c o s i t y  . . . . . . . . . . . . . . . . . .  400 
12.2-3. P y r o l y s i s  . . . . . . . . . . . . . . . . . .  400 
12.2-4. R e a c t i v i t y  . . . . . . . . . . . . . . . . . .  400 
12.2-5. M ine ra l  M a t t e r  . . . . . . . . . . . . . . .  401 

12.3. Fundamental Processes i n  G a s i f i c a t i o n  and P a r t i a l  
G a s i f i c a t i o n  . . . . . . . .  : . . . . . . . . . . .  402 

12.3-1. Heat T rans fe r  . . . . . . . . . . . . . . . .  402 
12.3-2. P y r o l y s i s  Rates . . . . . . . . . . . . . . .  406 

Condensables and Char . . . . . . . . . . .  408 
12.3-3. D e v o l a t i l i z a t i o n :  Format ion af Gases, 

12.4. The Behavior  o f  Coal M ine ra l  M a t t e r  i n  G a s i f i c a t i o n  -423 

12.4-1. The Nature o f  M ine ra l  M a t t e r  i n  Coal and 

12.4-3. M i n e r a l o g i c a l  T rans format ions  a t  H igh  

I t s  C h a r a c t e r i s t i c s  . . . . . . . . . . . .  423 
12.4-2. Behavior  Dur ing  Heat ing  . . . . . . . . . . .  424 

Temperatures . . . . . . . . . . . . . . . .  425 
12.4-4. Ash Agglomerat ion . . . . . . . . . . . . . .  425 

12.5. Mathematical  Model ing . . . . . . . . . . . . . . .  426 

12.5-1. S ta tus  o f  Model Development . . . . . . .  -426 

12.6. Research Recommendations . . . . . . . . . . . . . .  429 

12.6-1. Coal C h a r a c t e r i z a t i o n  . . . . . . . . . . . .  429 

P a r t i  a1 Gasi f i c a t i  on . . . . . . . . . . . .  430 

Processes . . . . . . . . . . . . . . . . .  432 

12.6-2. Fundamental Processes i n  G a s i f i c a t i o n - a n d  

12.6-3. Mathematical  Model ing o f  G a s i f i c a t i o n  

. . . . . . . . . . . . . . . . . . . . . . . .  References 433 

Appendix: E f f e c t  o f  CaO on Combined F lu id ized-Bed 
G a s i f i c a t i o n  and P y r o l y s i s  . . . . . . . . . . .  -440 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

xi 



CHAPTER 13 . GAS SUPPLIES AND SEPARATION; ASH DISPOSAL; MATERIALS 
FOR GASIFIERS . . . . . . . . . . . . . . . . . . . . . . .  443 

13.1. Gas Supp l ies  and Separat ion . . . . . . . . . . . . .  443 

T h i s  s e c t i o n  has been a b s t r a c t e d  by S . S . Penner 
and D . F . Wiesenhahn from viewgraphs and re fe rences  
supp l i ed  by A . Smith . 
13.1-1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . .  443 
13.1-2. Cryogenic A i r  Separat ion . . . . . . . . . .  444 
13.1-3. The MOLTOX System . . . . . . . . . . . . . . .  446 
13.1-4. Other  A i r -Separa t ion  Systems . . . . . . . .  450 
13.1-5. Research Needs . . . . . . . . . . . . . . .  450 
References f o r  Sec t i on  13.1 . . . . . . . . . . . . .  451 

13.2. U t i l i z a t i o n  and Disposal  o f  Ash from G a s i f i e r s  . . .  452 

T h i s  s e c t i o n  has been w r i t t e n  by S . B . A l p e r t  . 
13.2-1. Environmental- Impact S tud ies  . . . . . . . .  454 

13.3. Cons t ruc t i on  M a t e r i a l s  f o r  Coal G a s i f i c a t i o n  . . . .  455 

T h i s  s e c t i o n  has been w r i t t e n  by M . T . Simnad . 
13.3-1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . .  455 
13.3-2. High-Temperature Cor ros ion  . . . . . . . . .  455 
13.3-3. Low-Temperature Cor ros ion  . . . . . . . . .  463 
13.3-4. Eros ive  Wear . . . . . . . . . . . . . . . .  464 
13.3-5. Mechanical P r o p e r t i e s  . . . . . . . . . . .  465 
13.3-6. M a t e r i a l s  f o r  Syngas Coolers  o f  Slagg ing  

G a s i f i e r s  . . . . . . . . . . . . . . . . . .  468 
13.3-7. Nuclear  Heat Steam-Gasi f icat ion o f  Coal . . .  470 
References f o r  Sec t ion  13.3 . . . . . . . . . . . . .  475 

CHAPTER 14 . INTRODUCTION TO COSTING . . . . . . . . . . . . . . . . . .  477 

T h i s  chap te r  has been w r i t t e n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD . Pescaro lo . 
APPENDIX: GENERAL REMARKS ON COAL-GASIFICATION SYSTEMS . . . . . . .  483 

T h i s  Appendix has been prepared by S . S . Penner and 
D . F . Wiesenhahn and i s  based on a p r e s e n t a t i o n  by 
R . Shinnar . 
A.1 . Sto ich iomet ry  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Coal Conversion . . . . . . . . .  -483 
A.2 . G a s i f i e r  E f f i c i e n c y  . . . . . . . . . . . . . . . .  -486 
A.3 . Flu id ized-Bed G a s i f i e r s  . . . . . . . . . . . . . . .  490 
References . . . . . . . . . . . . . . . . . . . . . . .  -492 

GLOSSARY OF SYMBOLS AND ABBREVIATIONS . . . . . . . . . . . . . . . . .  493 

FORMAL REVIEWS OF THE COGARN REPORT . . . . . . . . . . . . . . . . .  499 

xii 



ABSTRACT 

The DOE Working Group for an Assessment of Coal-Gasification Research 
Needs (COGARN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- coal gasification advanced research needs) has reviewed and 
evaluated U.S. programs dealing with coal gasification for a variety of 
applications. Cost evaluations and environmental-impact assessments formed 
important components of the deliberations. We have examined in some depth 
each of the following technologies: coal gasification for electricity 
generation i n  combined-cycle systems, coal gasification for the production 
of synthetic natural gas, coal gasifiers for direct electricity generation 
in fuel cells, and coal gasification for the production of synthesis gas as 
a first step in the manufacture of a wide variety of chemicals and fuels. 
Both catalytic and non-catalytic conversion processes were considered. In 
addition, we have constructed an orderly, long-range research agenda on coal 
science, pyrolysis, and partial combustion in order to support applied 
research and development relating to coal gasification over the long term. 

The COGARN studies were performed in order to provide an independent 
assessment of research needs in fuel utilization that involves coal 
gasification as the dominant or an important component. 
research recommendations of COGARN are summarized in this publication. 

The findings and 
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CHAPTER 1: 

SUMMARY OF RESEARCH RECOMMENDATIONS 

The COGARN s t u d i e s  on coa l  g a s i f i c a t i o n  encompass t h e  use o f  

g a s i f i e r s  f o r  a w ide  v a r i e t y  o f  a p p l i c a t i o n s .  

a l l  d i r e c t  uses o f  t h e  gases produced f rom coa l ,  as w e l l  as convers ions  o f  

produc t  gases t o  chemicals and l i q u i d  f u e l s  ( i n d i r e c t  coa l  17quefac t ion) .  

The research  p r i o r i t i e s  summarized i n  t h i s  chap te r  were  a r r i v e d  a t  by COGARN 

members work ing  as a group and t h e r e f o r e  r e p r e s e n t  a consensus on research  

needs. 

i n t e n s i v e  r e v i e w  and s tudy  i n v o l v i n g  s i x  separa te  f u l l - d a y  meet ings a t  

d i f f e r e n t  l o c a t i o n s ,  where d i scuss ions  were h e l d  w i t h  many c o a l - g a s i f i c a t i o n  

exper t s  a f t e r  p r e s e n t a t i o n s  o f  on-going research  by r e s i d e n t  s c i e n t i s t s  and 

engineers.  The f i f t y  e x p e r t s  who p r o v i d e d  v a l u a b l e  i n p u t s  a r e  i d e n t i f i e d  i n  

t h e  c o n t r i b u t o r  l i s t i n g  o f  t h e  Acknowledgments. 

d e l i b e r a t i o n s  was broad, i t  was n o t  encyc loped ic .  

balance and pe rspec t i ve ,  we have s o l i c i t e d  e x t e r n a l  rev iews  t o  t h i s  s tudy  

( c f .  Formal Reviews o f  t h e  COGARN Report) w i t h  t h e  e x p e c t a t i o n  t h a t  t h e  

e x p e r t  rev iewers  would p r o v i d e  independent comments and h i g h l i g h t  i m p o r t a n t  

omissions and p o s s i b l e  b i a s .  

and i t  must a c c o r d i n g l y  be o p t i m i z e d  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa u n i t  o p e r a t i o n  w i t h i n  t h e  c o n t e x t  o f  

t h e  o v e r a l l  system. The p roper  p e r s p e c t i v e  i s  t o t a l  economic r e t u r n .  Coal 

g a s i f i c a t i o n  i s  always performed i n  connect ion  with a downstream process. 

The p r imary  emphasis may be on e l e c t r i c i t y  genera t ion ,  on syngas p r o d u c t i o n  

f o r  p i p e l i n e  a p p l i c a t i o n s ,  o r  on syntheses o f  f u e l s  and chemicals. 

be viewed as a f f e c t i n g  a s i n g l e  u n i t  process (e.g., t h e  g a s i f i e r )  b u t  r a t h e r  

as impac t ing  an i n t e g r a t e d  system t h a t  handles coa l ,  c o n t a i n s  a g a s i f i c a t i o n  

S p e c i f i c a l l y  i n c l u d e d  a r e  

These l i s t e d  research  needs were d e f i n e d  a f t e r  a 12-month p e r i o d  o f  

Whi le  t h e  scope o f  o u r  

I n  o r d e r  t o  p r o v i d e  

The g a s i f i e r  i s  p a r t  o f  a complex process, o f  an i n t e g r a t e d  system, 

N e i t h e r  t h e  g a s i f i c a t i o n  system n o r  a research  recommendation should 



un i t ,  and can ul t imately produce an array of products f o r  the  f u e l ,  

chemical, gas, and e l e c t r i c i t y  indus t r ies .  

o r  more appl icat ions (e.g. ,  e l e c t r i c i t y  generat ion,  e l e c t r i c i t y  production 

w i t h  cogeneration of steam, production zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  multi-product s l a t e s  .of chemicals 

and fue ls ) .  

appl icat ions make coal-gasi f icat ion systems unique i n  the  chemical process 

indus t r ies  and o f fe r  important oppor tun i t ies f o r  cooperation i n  research 

between government and a var ie ty  of important US i ndus t r ies .  T h i s  type of 

cooperative approach i s  required i n  order t o  assure a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS competit ive edge in 

domestic and in ternat ional  markets, pa r t i cu la r l y  s ince potent ia l  foreign 

competitors appear t o  view coal -gas i f icat ion systems from t h i s  same broad 

perspective. 

synthesis and because of the f a c t  t h a t  experienced design engineers wi l l  

remain, f o r  some time t o  come, the most important element i n  the  synthesis 

of a process flowsheet (compare Sec. 2.2), i t  appeared appropr iate t o  ask 

members of  the 'COGARN Working Group t o  i den t i f y  primary areas f o r  research 

emphasis i n  order t o  advance the a r t  and science involved i n  the  

construction of improved coal-gasi f icat ion systems. A random compendium of 

a l l  of the th ree  highest p r i o r i t y  research tasks  i den t i f i ed  by COGARN 

members i s  summarized i n  the f i r s t  column of Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAES-1 on pages 4A arid 4B. 

T h i s  l i s t  was d i s t r i bu ted  t o  COGARN members w i t h  a request t o  i den t i f y  the 

t o p  four p r i o r i t y  items. 

( w i t h . t e n  f o r  f i rs t  p r i o r i t y ,  f i v e  f o r  second, two f o r  t h i r d ,  and zero f o r  

four th)  a re  g iven  i n  t he  l a s t  column of Table ES-1. 

according t o  the  f i na l  weighted p r i o r i t y ,  which was arr ived a t  according t o  

the procedure described i n  t he  preceding paragraph. Thus, the i n i t i a l  

random ordering of the  f i r s t  th ree  choices made by individual COGARN members 

was retained de l ibera te ly  i n  order t o  emphasize the  f a c t  t h a t  i t  i s  

inappropr iate t o  at tach special s ign i f icance t o  the l i s t e d  numerical values 

because these numbers were arr ived a t  by using the speci f ied a rb i t ra ry  

w e i g h t i n g  of 10, 5, 2 ,  and 0 f o r  the  f i r s t  four choices i n  the f i na l  l i s t ,  

respect ively.  

have yielded d i f f e ren t  numbers f o r  the  f i na l  weighted p r i o r i t i e s .  

The primary goal may involve one 

The multi-product s l a t e s  and oppor tun i t ies f o r  mult ip le 

In the  absence of a quant i ta t i ve  procedure f o r  optimizing process 

The se lec t ions  made and t h e i r  weighted preferences 

I t  wi l l  be noted t h a t  t h e  e n t r i e s  in Table ES-1 are  n o t  l i s t e d  

Any d i f f e ren t  weighting of COGARN member p r i o r i t i e s  would 

The 

2 



initial zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 different top three priority listings made by 11 COGARN members 

dealt with the 18 topical areas listed in Table ES-1, many of which 

represent first-priority choices for two or more COGARN members. 

listed research and development areas have their proponents, which is 

inevitable.in view of the procedure used to obtain this list of entries from 

COGARN members with diverse interests and responsibilities. Selection of 

items zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8), (1l)'and (18) for first or second priority reflects the COGARN 

members zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* predilection for an integrated systems approach in arriving at 

optimized gasification processes, whi 1 e emphasi s on i tems (2) and (10) 

indicates preoccupation with environmental controls that have become a major 

cost item i n  synfuels technologies, in general, and in coal gasification, in 

parti cul ar. 

support. 

funded, there is little hope for innovation based on new scientific information. 

If item (2) goes unfunded, near-term systems cost reductions may be i n  

jeopardy; special opportunities for savings are associated with items zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(l), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(5), and (9). 
success with item (13) ,  while optimal process synthesis itself depends on 

advances of the type specified in connection with topics (3) and (4). 

follows: 

Examination of the data listed in Table ES-1 shows that all of the 

All of the items listed in Table ES-1 are important and merit 

If such topics as (6), (7), (12), and (14)-(17) are not adequately 

High load factors and low operating costs may result from 

We may summarize the COGARN Working Group R&D recommendations as 

(i) Each of the topics (1) to (18) represents a vital research 

area i n  the advancement and improvement of cost-effective coal-gasification 

systems. 

(ii) Priority assignments reflect the background and problem areas 

faced by individual investigators and cannot be made i n  an absolute sense 

and in a manner acceptable to a diverse group such as the COGARN members. 

are to proceed from the laboratory to commercial operation in an orderly 

fashion and in an advantageous manner i n  international competition. 

promise of significant advances through innovative new approaches or (b )  

bring significant cost savings through incremental improvements in component 

(iii) We recognize the overriding importance of item (11) if we 

(iv) R&D efforts merit support provided they (a) offer the 



operation that benefit overall systems performance through reductions i n  

capital, operation and maintenance costs. There are no entries in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ES-1 that do not meet one of these two requirements. 

approach of component optimization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby summarizing briefly the salient 

recommendations derived from the more detailed studies in Chapters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 to 13. 

It should be recalled that this Summary of Research Recommendations and 

Chapter 2 represent assessments by the COGARN Working Group as a whole, 

while Chapters 3 to 14 contain the views of individual identified authors. 

In the Overview o f  Chapter 2, we return to the more traditional zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAES-1. Summary of the three h ighes t  p r i o r i t y  research and 
development recommendations f o r  long-range emphasis 
i den t i f i ed  by individual COGARN members. 

P r io r i t y  Research and Development Areas Weighted 
P r io r i t y  

Continue fundamental research aimed a t  improved un- 4.0 
derstanding of  the  behavior of coals  i n  gas i f i e rs .  
T h i s  work should include a search f o r  gas i f i ca t ion  
ca ta l ys ts  and feed-preparati,on methods t h a t  improve 
g a s i f i e r  performance and may reduce costs while i n -  

’ 

creasing operating l i f e ;  the  se lect ion and improve- 
ment of methods of coal feed f o r  fixed-bed g a s i f i e r s  
require speci a1 a t t e n t i  on. 

(2 )  Develop hot-gas clean-up techniques ( f o r  NH,, alka- 7.7 
1 i s ,  heavy metal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs)  and especial l y  h o t  sul fur-removal 
systems and in-bed su l fu r  capture ( including in-bed 
use of z inc f e r r i t e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlime/limestone/dolomite) and h o t  
f i  1 t e r s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 3 )  Ident i  f y  preferred g a s i f i e r  conf igurat ions and per- 4.2 
form needed mater ia ls research t o  handle high-S and 

. high-C1 coals  i n  I G C C  systems producing e l e c t r i c i t y  
and other products. 

(4) Develop and character ize s lu r r y  reactors  t o  produce 2.9 
methanol and higher alcohols f o r  f ue l s ,  together 
w i t h  e l e c t r i c i t y ,  from synthesis gas. 

(5) Develop mass-production techniques f o r  oxygen from 6.0 
a i r  separation a t  acceptable pur i ty  f o r  gas i f i ca t ion  
(-95%) in order t o  reduce oxygen-production cos ts .  

(6)  Develop and t e s t  d iagnost ic techniques f o r  improved 6.9 
measurements of (a)  inflows of so l i ds  and l iqu ids  
and (b) local reactor  condit ions i n  g a s i f i e r s  and 
aux i l ia ry  systems t o  def ine r a t e s  and mechanisms of 
foul ing and t o  improve scale-up procedures of sol id-  
feed reactors .  

(7) Obtain expanded data f o r  equ i l i b r i a  and k ine t ics  3 .4  
involving su l fu r  compounds i n  a l te rna te  clean-up 
systems (including su l fu r  redox react ions i n  l i qu id  
aqueous and other solvents.)  

(8) Evaluate the in tegrated performance cha rac te r i s t i cs  4.3  
of  advanced (pressur ized) gas i f i ca t ion  technologies 



Priority Research and Development Areas Weighted 
Priority 

in combination with alternate downstream processing 
for both oxygen- and air-blown systems. 

gasifiers. 
(9) Improve and validate scale-up procedures for coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.9 

(10) Develop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa greatly expanded environmental data base 
for emissions, fates, and associated health hazards 
of trace constituents emanating (in gaseous, 1 iquid, 
and solid wastes) from coal-gasification systems. 

6.9 

(11) Determine limiting capacities of individual equip- 
ment (gasifiers, etc.) in demonstration coal gasi- 
fication facilities, such as Cool Water, Great 
Plains, etc., in order to obtain a needed data base 
for optimum design of future plants. 

(12) Develop chemical and physical understanding of coal- 4.6 
conversion phenomena and their relations to (a) char 
formation, (b) ash formation, (c) condensable pro- 
ducts chemistry, and (d) catalytic effects. 

6.3 

(13) Develop comprehensive (numerical) models for gasi- 3.8 
fiers based on our best scientific knowledge of chem- 
ical and physical phenomena and validate and improve 
these models by performing appropriate laboratory and 
field measurements. 

(14) Characterize the properties of gasification residues, 4.9 
including chemical analyses, leachability, and dis- 
posal methods. 

(15) Define new and better syntheses (especially o f  etha- 
no1 from syngas) and determine the suitability of C1 
to Cg alcohols as fuels for transportation systems, 
with proper regard for costs, octane enhancement, 
toxicity, emissions, and distribution. 

(16) Perform needed R&D to define opportunities for di- 
rect use of low H4to CO ratios in chemical syntheses. 

(17) Support needed research for total upgrading of 1.6 
Fischer-Tropsch products. 

(18) Investigate the applicability of knowledge-based ex- 
pert systems, arti f i ci a1 i ntel 1 i gence and advanced 
computational methods to the design zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof improved sys- 
tems involving integrated coal-gasi f i cati on pl ants. 

2.2 

3.0 

3.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHAPTER 2 

OVERVIEW OF COAL-GASIFICATION R&D NEEDS 

2.1. Introduction 

Estimates of US coal resources and reserves indicate ready avail- 
6 ability at current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( M  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA933x10 

tion rates for several centuries, although prices i n  constant dollars are 

expected to rise from depressed 1985 levels of about $20/ton fob utilization 

representing about 78% of total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS generating capacity. 

Based on application of 1978 technology, world-wide coal reserves 

corresponded to about 3 . 0 4 ~ 1 0 ~ ~  bbl of oil equivalent, with the US share of 

28% of the total exceeding that of Europe (20%), the USSR (17%), China 

(16%), and other countries. Coals are characterized according to a variety 

of measures, with coal rank (roughly related to carbon content and heat of 

combustion) being a preferred measure i n  Western countries. 

residential applications. 

study.' 

use and has therefore enjoyed the widest market penetration, the direct uti- 

lization of coals for electricity generation is being challenged by in- 

tegrated coal -gasi f icati on combi ned cycl e (IGCC) systems with gasification 

before combustion. When specified environmental standards must be met, IGCC 

systems may be competitive with or superior to direct coal use with required 

environmental control measures.* 

The successful technologies that have been developed for coal gas- 

ification have opened up alternative markets that include not only gasifiers 

for IGCC systems but also gasifiers combined with fuel cells, gasification 

tons i n  1985) and anticipated future produc- 

The direct utilization of coals currently dominates industrial and 

This field has been examined i n  an antecedent 

While direct utilization of coal has represented the lowest cost 

* The Glossary should be consulted for definitions of abbreviations. 



to produce methane as a substitute for natural gas, and gasification for 

the production of syngas followed by syntheses of chemicals and fuels. 

The processes, science and technologies involved in these coal-utilization 

schemes are reviewed and evaluated in this study. 

meant to be encyclopedic and the discussion of selected topics, as well as 

the omission of others, represents neither more nor less than the opportunity 

for COGARN review and study zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  an important, albeit limited, subset of a 

vast data and information base. 

The compilation is not 

We have structured this report by beginning with accounts of gasi- 

fication for electricity generation, SNG production, syntheses of fuels and 

chemicals, and fuel-cell applications. Next, we comment on gasification 

catalysts, coal feed, beneficiation, and solids processing. We conclude 

with potential applications o f  advanced diagnostics to coal gasifiers and 

the scientific underpinnings of the entire field, namely, coal conversion 

and coal properties as determinants in the design and development of coal- 

gasification systems. The concluding chapter deals with costing of coal- 

gasification systems as an example of our estimating capabilities for 

synfuel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs production. 

tions may stress developments of unit processes or unit-process components, 

the thesis of this study remains the necessity to view coal-gasifiers as 

components of integrated systems and improvements in unit-process perfor- 

mance as elements in integrated systems performance. The true measure of 

system-component improvement remains the improvement of system economics. 

While our discussions of coal-gasification systems and applica- 

Reference for Section 2.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. "Coal Combustion and Applications," a report prepared by the DOE Coal 

Combustion and Applications Working Group, Energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, 361-418 (1984); see 

also Progr. Energy Combust. Sci. - 10, 87-144 (1984). 

2.2. Process Synthesis 

In accord with the primary approach to gasification identified in 
the Executive Summary, we place very great importance on viewing gasifiers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 
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as components of integrated systems. The ultimate goal of a coal-conversion 

process is to produce a final product: power, chemical, fuels or any combi- 

nation of these. Coal-conversion processes have i n  the past been discussed 

i n  terms of a sequence of unit operations, with attention focused on techni- 

cal probl ems encountered in specific unit processes. 

flects undue emphasis on specific unit operations that appear zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. i n  existing 

flowsheets, rather than on process sythesis with primary identified goals. 

Experienced design engineers will. remain, for some time to come, the most 

important element in the synthesis of a process flow sheet. 

beginnings of applications of artificial intelligence (AI) methods i n  the 

Thi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs procedure.. re- 

We note the growing use of computer-based design aids and even the 

process synthesis of complex systems. 

uses in synthesis and design in the process industries will become increas- 

ingly. important during the next two decades. 

include coal-conversion processes, in general, and coal-gasification sys- 

tems, in particular, Within the category of complex process systems for 

which powerful new tools will be needed in  order to assure an orderly ap- 

proach to systems optimization. 

One of the primary goals of research on process synthesis is to 

establish methodologies for determining optimal pathways from raw materials 

to final products. 

play of heuristics, more formalized AI, and designer experience. 

gasification development has generally emphasized optimization of obvious 

pathways through a process, rather than exploration of dramatic new routes 

to the final product. 

rest on the development of process flowsheets that eliminate some of the 

Proponents of AI believe that its 

It is clearly desirable to 

The current status of such techniques involves an inter- 

Coal- 

Long-term advances i n  coal-gasification processes will undoubtedly 

currently-employed technology, i.e., .some of the normal unit operations. 

Clearly, the most advanced techniques of process synthesis should be uti- 

lized in the development of novel flowsheets. The present state of the art 

in the discipline of process synthesis is unlikely to bring about major ad- 

vances in ways of thinking about coal-gasification processes. However, pro- 

cess synthesis is a dynamic field of research and can be expected to move 

quickly. 

process industries, while the latter have been providing technical 

Coal gasification contains features that are uncommon in other zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 



motivation f o r  ongoing research. 

a par t i cu la r ly  cogent example of technological d i f ferences.  The often 

u n i q u e  features of t he  coal-gasi f icat ion system may require emphases i n  

process-synthesis research t h a t  would n o t  be driven by other  process- 

industry needs. I t  i s  therefore appropr iate t h a t  some f inancia l  s u p p o r t  

be d i rected towards research i n  the  area of process synthesis from those 

in terested i n  the development of optimal coal-gasi f icat ion flowsheets 

i n  order t o  ensure t h a t  new methodologies wi l l  be applied promptly and 

properly t o  coal-gasi f icat ion systems. 

The nature of  gas-cleanup requirements i s  

2.3. Gasi f iers  f o r  E lec t r i c i t y  Generation 

Coal g a s i f i e r s  a re  eas i l y  incorporated i n t o  an in tegrated g a s i f i e r  

combined-cycle (IGCC) system producing e l e c t r i c i t y .  From a u t i 1  i t y  perspec- 

t i v e ,  th is system has many advantages over t r ad i t i ona l  e lec t r i c i t y -g t  'nera- 

t i o n  systems: 

re la t i ve l y  high energy-conversion ef f ic iency and, i n  some cases, a lower 

net e l e c t r i c i t y  cost .  

power. The successful operation of this plant  has ra ised the  level of con- 

f idence w i t h i n  the  u t i l i t y  industry t o  the p o i n t  where several large IGCC 

systems a re  being considered o r  planned. U t i l i t i e s  can expand o r  replace 

obsolete equipment by f i r s t  i ns ta l l i ng  turb ines (with o r  without combined 

cycles) f i r e d  by NG and, a t  an appropriate t ime, i n s t a l l i n g  coal-gasi f i -  

cat ion u n i t s .  This route avoids a fu l l -sca le  commitment t o  both tech- 

nology and capi ta l  investment and may therefore zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe a preferred s t ra tegy f o r  

u t i l i t i e s  facing uncertain ra tes  of return and capaci ty requirements. 

Key research recommendations fo r  improving entrained-flow gasi- 

f i e r s  of the type used a t  Cool Water r e l a t e  t o  the  control of foul ing and 

slagging and of corrosion and fa t igue,  high-temperature su l fu r  removal, gas- 

i f i e r s  fo r  low-rank coals ,  and low-cost gas separat ions and a i r  enrichment. 

These a re  de ta i led  i n  Sec. 3.4 The U-GAS system represents one of a number 

of a l t e rna te  gas i f icat ion schemes and i s  discussed i n  Sec. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.3-3.  

t i v e  ra ther  than exhaustive and does not represent a value judgement o f  

low pol lu tant  emissions, modular instal lment capab i l i t y ,  

Cool Water i s  a demonstration p lant  producing over 100 MWe of 

O u r  select ion of gas i f i e rs  fo r  de ta i l ed  descr ipt ion i s  i l l u s t r a -  



preferred technologies for IGCC applications. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.4. Gasification for Syngas Production 

The research and development needs associated with the long-range 

objectives of the gas industry in coal gasification cover a broad spectrum 

of activities, ranging from engineering studies to basic research. These 

needs include operational and economic data on large, integrated coal- 

gasification plants, expanded engineering data bases, and the development of 

fundamentally-oriented information on the rate-controlling steps in the 

various process elements. 

gasification related to the production of high-Btu syngas or SNG, many of 

the process steps are generic and will be useful in a variety of coal- 

gasification applications. 

no1 ogy data base and fundamental research. 

Engineering development requires: (i) large-scale operational and 

performance data on integrated coal-gasification plants such as the Cool 

Water integrated coal-gasification combined-cycle power-generation plant and 

the Great Plains coal-to-SNG plant; (ii) expanded engineering data bases for 

oxygen-blown, ash-agglomerating fluidized-bed gasifiers to optimize designs 

for specific processes or applications (high-pressure operations, fines col- 

1 ecti on and recycl e, coal types, i n-bed desul f urizati on) ; (i i i ) scal e-up 

data for emerging technologies such as the direct methanation concept and the 

CNG advanced acid-gas removal concept; (iv) integrated performance evalua- 

tions of advanced gasification technologies such as the BGC/Lurgi slagging 

gasifier and the ash-agglomerating, fluidized-bed process with advanced 

downstream processing concepts such as direct methanation and CNG acid-gas 

removal processes; (v) development and validation of scale-up models with 

particular emphasis on coal gasifiers; (vi) exploratory studies to develop 

initial data bases for new or advanced process concepts for gasification and 

downstream processing; (vii) improved, high-temperature heat recovery sys- 

tems; (viii) expanded environmental data bases for advanced technologies in  

the areas of trace-constituent production, fate, control, and disposal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  
treatment. 

While the gas industry needs are focused on coal 

Needs relate to engineering development, a tech- 



The technology data base requires: (i) development of metal 

al'loys for high-temperature heat-recovery applications; (ii) development of 

improved ceramics for high-temperature applications (i.e., particulate fil- 

ters, valves); (iii) expanded data bases on the erosion-corrosion behavior 

and resistance of metals and ceramics in coal-gasification environments; 

(iv) long-term corrosion data (for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 10,000 hr) i n  coal-gasification envi- 

ronments, i.e., in the presence of alkali metals, sulfidation, and chlorine 

compounds; (v) vapor-1 iquid equil ibrium data at elevated pressu%es and tem- 

peratures for selected multicomponent systems involoving synthesis gas, 

steam, heavy oils (tars), light aromatics, phenolics, fatty acids, CH4, H2S, 

CS2, COS, mercaptans, NH3, HC1, HCN, AsH3, SeHZ, Hg, Zn, Pb, Cd; (vi) 
transport data (thermal conductivities, viscosities, diffusivities) for tars 

and slurries, especially in mixtures of solids with oils, tars and water; 

(vii) thermodynamic data (free energies of formation, heats of formation, 

entropies, specific heats) fo'r a1 1 important constituents; (vii) vapor- 

liquid equilibrium data in sour-water strippers for Hz0/NH3/COZ/HzS systems zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a t  0 to 100 psig and 70 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400OF; (ix) improved correlations for predicting 

mass-transfer coefficients and other engineering design parameters i n  multi- 

component systems. 

chemical processes associated with and controlling the fragmentatiordgasifi- 

cation of coal; (ii) improved models for predicting vapor-liquid equtlibria 

in mu1 ticomponent systems. 

Basic research needs include: (i) improved understanding of the 

2.5. Gasification for Syntheses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Fuels and Chemicals 

2.5-1. Overview 

Chemicals constitute only about 7% of production from fossil 

fuels. However, manufacturing and marketing of high-value chemicals has a 

major impact on the US economy and our balance of trade. 

traditional to separate the fuels (utility, transportation and indust.ria1) 

and chemical businesses, the production of synthesis gas (SG) is common to 

both the fuels and chemicals industries. 

Although it. is 



The distinction between fuels and many chemicals has become 

blurred for the following reasons: 

also be a potential source of SG for the production of chemicals and fuels. 

(ii) Any plant for the synthesis of chemicals from SG is a potential source 

of clean utility, transportation or industrial fuels. (iii) SASOL converts 

SG to more than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 x 10 TPY of motor fuels but also produces more than 0.65 

x 10 TPY of chemicals such as ethylene, ammonia, and polymers in the 

product slate. (iv) The Mobil methanol-to-gasol ine (MTG) process has been 

commercialized in New Zealand with conversion of off-shore NG to over 4000 

TPD of methanol, which is then converted to 14,500.BPD of high octane gaso- 

line. Methanol may be used as a peaking or transportation fuel. In the MTO 

pro-cess zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Mobi 1 has converted methanol to C2-C4 ol ef i ns (chemical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs,  

monomers) at high yields (56-81%) using a 100 BPD semi-works plant i n  the 

FRG, which was previously used for the fluidized MTG process. 

converting olefins from the MTO and FT processes into gasoline and diesel 

fuel with over 95wt% selectivity. All of the Mobil processes involve use of 

the shape-selective zeolite catalyst ZSM-5. In New Zealand, the MTG process 

has been used to obtain high yields of durene, which is unwanted in gasoline 

but is an excellent source of the valuable monomer pyromellitic anhydride. 

Gasoline made via the MTG process contains about 38wt% of BTX (benzene, 

toluene and xylenes); these compounds are petrochemical feedstocks and can 

be made in about 60wt% yield via ZSM-5 for use as chemicals. 

primary source of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2, which is a fuel and is also used in making chemicals 

(ammonia, nylon) or fuels (hydrocracking, upgrading of heavy oils, 

hydrogenation of materials for fuels or for chemicals, potential use in di- 

rect liquefaction of coal, etc.). (vi) CO is an excellent fuel and is also 

used in carbonylation reactions to make chemicals [acetic acid, phosgene, 

methyl acetate (also a fuel), ethanol (a desirable fuel), etc.]. . (vii) A 
medium-BTU gas mixture of CO and H2 is an excellent clean fuel, that may be 

pipelined for over 100 miles. (viii) Tennessee Eastman makes methanol (a 
fuel, chemical) and acetic anhydride (a chemical). Surplus SG,is available 

as an industrial or utility fuel via an IGCC plant. 

Plains makes methane (a  fuel) and methanol. 

(i) Any utility plant based on SG will 
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Mobil is also 

(v) SG is the 

(ix) Northern Great 

(x) The Ube (Japan) Texaco gas- 



i f i e r  i s  used t o  make ammonia (a chemical); an IGCC plant i s  being consi- 

dered f o r  u t i l i t y  use. 

t o  make C1-C5 alcohols from SG. 

f o r  fuel  use. 

SG. Ethanol has usually been c lass i f i ed  as a chemical b u t  has a lso  been 

used a s  an addi t ive i n  t ranspor tat ion fue l s  (gasohol). The 1986 General zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMo- 

tors manual honors car  guarantees w i t h  designated methanol and ethanol addi- 

t i v e s  t o  gasoline. 

the f l ex ib le  use of  clean energy sources ( i . e . ,  IGCCs) as  a t  Cool Water and 

Dow. 

changeably. 

production wi l l  spawn p lants  f o r  manufacturing t ransportat ion f u e l s  arid 

chemicals. S imi lar ly ,  chemical p lants  using SG wi l l  spawn p lants  f o r  power 

production. 

( i )  f ue l s  and 

chemicals made d i r e c t l y  (Table 2.5-l) ,  ( i i )  f ue l s  made via methanol by indi- 

r e c t  syntheses (Table 2.5-2), and ( i i i )  a long l i s t  of products from the 

react ion of SG o r  CO w i t h  another chemical, some of which are  l i s t e d  .in 

Table 2.5-3. 

( x i )  Japan and France have a 7000 BPD plant  i n  Japan 

EN1 ( I t a l y )  produces C1-C5 alcohols from SG 

( x i i )  Research i s  needed t o  synthesize ethanol d i rec t l y  from 

The fu tu re  prosper i ty of the u t i l i t y  industry may well depend on 

The plant  may use NG, petroleum o r  coal-gasi f icat ion products in te r -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As i n  the  petroleum industry,  the  use of SG f o r  e l e c t r i c i t y  

The three main pathways f o r  SG u t i l i za t i on  are:  

Table 2.5-1. Principal f ue l s  and chemicals made d i rec t l y  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG. 

ammonia, methanol, hydrogen, carbon monoxide, gasol ine,  
d iesel  f u e l ,  methane, isobutane, ethylene, C1-C5 alcohols,  
ethanol ,  ethylene glycol ,  C2-C4 o le f i ns  

Table 2.5-2. Principal f u e l s  and chemicals made via 
methanol ( i nd i rec t  synthesi s) . 

formaldehyde, ace t i c  ac id ,  gasol ine,  d iesel  f ue l ,  methyl formate, 
methyl ace ta te ,  acetaldehyde, ace t i c  anhydride, vinyl acetat,e, 
ethylene, propyl ene, ethanol, C1-C5 a1 coho1 s ,  propionic ac id ,  
benzene, t o 1  uene (BTX) , xylenes, ethyl ace ta te ,  a methyl a t i  rig agent 

12 



Tab le  2.5-3. Some p roduc ts  f rom t h e  r e a c t i o n  o f  SG o r  CO 
wi th  a chemical n o t  d e r i v e d  f rom SG. 

methanol + i sobutane H+ methyl  t e r t - b u t y l - e t h e r  

o l e f i n s  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 + CO 

o l e f i n s  + CO + H2 

CO,( C0)S aldehydes and a l c o h o l s  

H+ h i g h l y  branched a c i d s  

c h l o r i n e  + CO _____) COC12 (phosgene) 

methanol + H C 1  - c h l  oromethanes 

methanol + xNH3 - methy l  amines 

methanol - s i n g l e  c e l l  p r o t e i n  

* s t y  r e ne t o l u e n e  + methanol zeo l  i t e  

methyl  p r o p i o n a t e  + HCHO bases ~ methy l  me thac ry la te  

n i t robenzene + methanol + CO - i socyana tes  (- urethanes) 

t e r e p h t h a l i c  a c i d  + methanol - d ime thy l  t e r e p h t h a l a t e  

2.5-2. Research Recommendations 

The use o f  SG f o r  f u e l s  and chemica ls  i s  t h e  wave o f  t h e  f u t u r e .  

By t h e  y e a r  2010, t h i s  c o u n t r y  w i l l  be w e l l  on i t s  way t o  an economy b u i l t  

l a r g e l y  on t h e  use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof c l e a n  f l u i d  f u e l s ,  wi th  c o a l  g a s i f i c a t i o n  as a p r i m a r y  

component. The a c i d - r a i n  problem a n d - t r a n s p o r t a t i o n - f u e l  shortages may be 

so l ved  by t h e  use o f  SG. 

d i t i o n a l  research  i s  needed on t h e  s y n t h e s i s  o f  e thano l  f r o m  SG. Present  

s e l e c t i v i t y  t o  e thano l  f rom SG i s  approaching 70%. Ethano l  i s  used as an 

oc tane enhancer (gasohol has 10% of e thano l  i n  gaso l i ne ) ;  it i s  used n e a t  i n  

B r a z i l .  S ince  t h e  fede ra l  subs idy  f o r  f e r m e n t a t i o n  e thano l  may soon be r e -  

moved, t h e r e  i s  i nc reased  urgency f o r  a b e t t e r  s y n t h e s i s  f rom SG. (ii) The 

d i r e c t  p r o d u c t i o n  of C2-C5 a l c o h o l s  a l s o  s u f f e r s  f rom a l a c k  o f  s e l e c t i v i t y  

and poor  unders tand ing  o f  c o n d i t i o n s  and c a t a l y s t s  needed f o r  syn thes i s .  

The C2-C5 a l c o h o l s  may be used d i r e c t l y  as t r a n s p o r t a t i o n  f u e l s  b u t  a r e  more 

The f o l l o w i n g  a r e  research  requ i rements :  (i) Ad- 



likely to be employed for blending with methanol as an octane enhancer or i n  

the production of tertiary ethers (these are excel 1 ent octane enhancers). 

(iii) There is great uncertainty about the use of alcohol fuels, especially 

methanol and C2-C5 alcohols. 

gasoline or the use of neat alcohols are not understood. 

the suitability of alcohols as transportation fuels or additives is needed, 

with emphasis on costs, octane enhancement, automobile compatibility, dis- 

tribution problems, toxicity, and emissions. 

C02 in coal gasification with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< lo  ppm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  H2S are needed. Trillions of SCF 

of C02 are needed in enhanced oil recovery; it is also useful in 
supercritical extraction, refrigeration, carbonation, polymer production, 

etc. (v) C02 is the intermediate in the commercial synthesis of methanol 

using Cu/ZnO/A1203 catalyst. 

synthesis may lead to processes with reduced CO to H2 ratios, with C02 

replacing large amounts of CO. (vi) Studies should be conducted to identify 

major potential cost savings resulting from integration of the gasifier with 

down-stream processing. Thus, oxygen-purity requirements to minimize the 

cost of the overall process should be examined. (vii) Research is needed on 

the direct use of low H2/C0 SG in slurry FT processes. 

are needed in low-temperature, sulfur-tolerant water-gas-shift (WGS) effi- 

ciencies and economies to make either high H2/C0 SG or H2 by minimizing 

excess steam requirements. (ix) FT reactor design, as i n  the slurry reac- 

tor, should be improved. 

and heterogeneous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow-temperature/high-activity methanol synthesis cata- 

lysts. (xi) Work should be continued on the development of SG conversion 

catalysts that tolerate higher feed impurities (e.g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS compounds). (xii) 
Studies should be continued on the direct upgrading of the total vaporous 

FT-reactor effluents through improved catalyst design. (xiii) Improved FT 
catalysts are needed, especially catalysts with higher activity for FT and 

WGS and higher stability in producing lower light HC yields. (xiv) 
Investigations should be performed to obtain improved methods for upgrading 

FT wax via new catalysts and processes. 

Blending characteristics of these fuels i n  

Determination of 

(iv) Methods for 4eparating 

Clarification of the role of C02 in methanol 

(viii) Improvements 

(x) Continued exploration is needed on homogeneous 



2.6. G a s i f i e r s  f o r  Fuel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs C e l l  s ( FCs) 

An overv iew of c u r r e n t  and deve lop ing  FCs i s  p resented  i n  Sec. 6 .1  

w h i l e  Sec. 6.2 d e a l s  w i t h  s p e c i a l  f e a t u r e s  o f  coa l  g a s i f i e r s  f o r  FC a p p l i c a -  

t i o n s .  

cerned, a r e  t h e  f o l l o w i n g :  

e a s i l y  m e t  and by-products must be p r o p e r l y  e l i m i n a t e d .  

f i g u r a t i o n  i s  modular and can be e r e c t e d  and on-stream w i t h i n  a 3-4 y e a r  

p e r i o d .  

c o m p e t i t i v e  i n  t h e  100-150 MWe range. 

i n g  H2 and CO. An atmospher ic-pressure a i r -b lown  u n i t  i s  acceptab le  b u t  a 

p r e s s u r i z e d  g a s i f i e r  would be p r e f e r a b l e .  

o p e r a t i o n  on a wide range o f  coa ls .  It shou ld  produce H2-Co m i x t u r e s  w i t h  

h i g h  e f f i c i e n c y ,  y i e l d  minimal amounts o f  t a r  and o i l s  i n  t h e  raw-gas con- 

densate, and become commerci a1 l y  ava i  1 ab1 e between t h e  e a r l y  and mid-1990s. 

Since cand ida te  g a s i f i c a t i o n  systems i n c l u d e  u n i t s  such as S h e l l ,  

Texaco, L u r g i ,  KRW, KGN, MHI, and U-GAS, we recommend t h a t  t h e  r o l e  o f  DOE, 

i f  any, be c o n f i n e d  t o  cos t - sha r ing  wi th  EPRI o f  an a p p r o p r i a t e  u t i l i t y -  

development program. 

c a l l y  f o r  FCs appears t o  be r e q u i r e d .  

The p r i n c i p a l  conc lus ions  reached, i n s o f a r  as t h e  g a s i f i e r  i s  con- 

(i) S i t e - s p e c i f i c  emission requ i rements  can be 

(ii) The p l a n t  con- 

(iii) The coa l -gas i f ie r -FC-sys tem i s  expected t o  be economica l l y  

The c o a l - g a s i f i e r  u n i t  shou ld  be a modular 20-50 MWe u n i t  produc- 

The g a s i f i e r  must be r e l i a b l e  f o r  

No long-range research  t o  develop g a s i f i e r s  s p e c i f i -  

2.7. G a s i f i c a t i o n  C a t a l y s t s  

Sec t i on  7.1-1 c o n t a i n s  b r i e f  summaries o f  examples o f  c u r r e n t  r e -  

search on g a s i f i c a t i o n  c a t a l y s t s  used i n  t h e  r e a c t o r  i t s e l f  f o r  t h e  tempera- 

t u r e  range 800 t o  900OC. 

C a t a l y s i s  a t  much lower  temperatures i s  a l s o  be ing  i n v e s t i g a t e d  

( c f .  ,Sec. 7.1-2) and h o l d s  t h e  promise o f  f a r  g r e a t e r  c o s t  r e d u c t i o n s  f o r  

c a p i t a l  equipment and opera t i ons .  A c u r r e n t l y  pursued research  area  i n -  

vo l ves  c a t a l y s t s  c o n s t r u c t e d  by combining KOH, CsOH, NaOH, o r  LiOH wi th  mix- 

t u r e s  o f  t r a n s i t i o n - m e t a l  oxides. S i g n i f i c a n t  convers ions  have been 

observed i n  t h e  l a b o r a t o r y  on t i m e  sca les  o f  hours a t  temperatures near  



525OC and above. Empirical classification of efficiencies of transition- 

metal oxides has shown, for example, that NiO is the most effective metal 

oxide tested thus far in combination with KOH and that the Combination of 

KOH with NiO is far more effective than either KOH or NiO alone in the 

conversion of graphite according to the overall process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2C + 2KOH 

Montana subbituminous coal. 

initially and then decay with time. 

transition-metal oxides mixed with KOH are under active study. It has been 

found from XPS diagrams that the binding energies for NiO-KOH mixtures do 

not show the same resonances as NiO alone, whereas the KOH resonances are 

not materially changed. Fundamental work directed at finding low-T cata- 

lysts is clearly worth pursuing. 

Section 7.2 deals with the development of the Exxon process for 

catalytic coal gasification (CCG) in the presence of 10 to 20% K. The work 

was carried through successfully to a PDU (1 mt/day) before terminalion. 

Long-term process and equipment performance data are needed on a large pilot 

plant before scale-up to commmercial plant sizes. 

for a variety of coals. Environmentally acceptable performance over a long 

period of time remains to be demonstrated. Required research areas include 

the following: (i) definitions of optimal coal-pretreatment conditions for 

different coals and catalysts; (ii) studies of rates and mechanisms of salt 

leaching from coal ash during counter-current washing for catalyst recovery 

and studies to reduce costs of the recycle system; (iii) identificat.ion of 

lower-cost, environmentally-benign, throw-away catalysts; (iv) ident-ifica- 

tion of catalysts for operation at reduced T. 

+ 2COK + H2. A similar result was observed for gas production from 

For coals, H2-production rates are high 

The mechanisms of catalysi's for 

Also needed are results 

2.8. Gas Cleanup 

Process designs for producing gaseous fuels or synthesis gas from 

the gasification of coal with steam and air/oxygen usually include one zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  

more process units to treat the gas exiting from the primary reactor in 
order to bring the gas to the specifications imposed by its intended use. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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These process funct ions are  included i n  the gas clean-up system. The design 

may ca l l  f o r :  

t i c u l a t e  removal ( including removal of t a r s / o i l s ) ;  ( i i i )  composit ion adjust-  

ment; ( i v )  acid-gas removal (usual ly  w i t h  su l fu r  recovery). 

and by us ing  a wide var ie ty  of spec i f i c  process conf igurat ions.  

p le ,  the quench/cooling s tep i s  often combined w i t h  par t i cu la te  removal i n  a 

d i r e c t  aqueous scrubbing step t h a t  a lso  removes gaseous contaminants such a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NH3, chlor ides,  sulfur-containing gases, and cyanides. Waste mater ia ls from 

the  process units may be t rea ted  i n  a var ie ty  of processes o r  disposed of 

d i r e c t l y ,  depending on the  gas i f i ca t ion  reac tor ,  coal type, and discharge o r  
waste-handling res t r i c t i ons .  The cap i ta l  investment costs of these gas- 

cleanup systems general ly represent 35% t o  more than 40% of the  t o t a l  

capi ta l  cost  of the  gas i f i ca t ion  p lant  (excl usive of the  end-use processes). 

sented in Chapter 8. 

clusion t h a t  the  most probable source of s ign i f i can t  economic advances i n  

the  gas-cleaning area r e s u l t s  from el imination of one o r  more entire process 

u n i t s .  

l i ke l y  t o  allow the  el imination of process u n i t s  o r  the combination and sim- 

p l i f i ca t i on  of process u n i t s .  The gas-cleanup f unc t i ons  most l i ke l y  t o  

y ie ld  benef i t s  t h r o u g h  elimination of u n i t s  o r  s ign i f i can t  s impl i f icat ion i n  

the  overal l  process a re  acid-gas removal and su l fu r  recovery. 

The most common commercial ‘design approach t o  acid-gas removal and 

su l fu r  recovery i s  a two- o r  three-step process i n  w h i c h  acid gases (predom- 

inant ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC02 and su l fu r  species) a re  adsorbed from the process gas and 

subsequently desorbed t o  produce a concentrated acid-gas waste stream. Sul -  

f u r  i s  t h e n  removed from th is waste stream u n t i l  l eve l s  a re  reached t h a t  

meet required environmental r e s t r i c t i o n s  p r i o r  t o  gas discharge. Two ap- 

proaches current ly  being invest igated have the  potent ia l  t o  el iminate a t  

l e a s t  one of these process steps: ( i )  hot-gas cleanup t h r o u g h  the  use of 

so l id  sorbents,  w i t h  o r  w i t h o u t  g a s i f i e r  in-bed sulfur capture and ( i i )  

l i qu id  redox technologies t h a t  remove su l fu r  from the  gas and convert i t  t o  

elemental su l fu r  i n  the same u n i t .  

( i )  quench cooling (possibly w i t h  heat recovery); ( i i )  par- 

These processing funct ions may be performed i n  various sequences 

For exam- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A summary of commercial and near commercial technologies i s  pre- 

A review of t h i s  material leads t o  the important con- 

Therefore, DOE research should emphasize approaches which are  most 



2.8-1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHot-Gas Cleanup and In-Bed Sulfur Capture 

The use of solid sorbents to remove sulfur from the raw product 

gas formed in coal gasification provides the following process advantages: 

(i) delivery of the gas to the treatment system at temperatures i n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
800-12OO0F range may allow elimination of all or part of the quench/cooling 

processes and reduce or eliminate condensate normally produced during gas 

coo-1 ing, thus significantly reducing wastewater-treatment requi.rements and 

organic condensate handling and disposal, while retaining much of the ther- 

mal energy of the hot product gases, at increased thermal process effi- 

ciency; (ii) very high sulfur-capture efficiencies may result, which are 

relatively independent of the distribution of sulfur among the possible 

gas-phase sulfur species; (iii) sulfur will appear in concentrated solid 

form, which may be disposed of or reacted to regenerate the sorbent and pro- 

duce a concentrated waste stream. 

Research to date has led to identification of six key issues re- 

quiring resolution if hot-gas cleanup with solid sorbents i s  to be economi- 

cally and technically viable. These are: (i) high-temperature particulate 

removal; (ii) reduced sorbent cost; (iii) increased sorbent durabil-ity dur- 

ing multiple regeneration cycles; (iv) improved sorbent capacity; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 1 )  treat- 

ment or disposal of regeneration off-gases; (vi) disposal of spent sorbent. 

Particulates entrained i n  the raw product gas will degrade the 

sorbent by obscuring its surface or plugging the gas paths through the 

reactor. Removal of particulates at high temperature has been accomplished 

with cyclones. However, the collection efficiency for cyclones is highly 

dependent on the aerodynamic efficiency for particles of different sizes and 

drops off rapidly for very small particles. Other approaches that are i n  

the developmental stages involve the use of metal and ceramic filters, 

ceramic-based filters and high-temperature scrubbers. 

since less expensive sorbents may become economically viable, even with 

reduced durability during regeneration. An inexpensive sorbent might be ac- 

ceptable as a nonregenerable sorbent which is disposed of after a single 

Sorbent cost, durability and capacity are obviously closely coupled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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use. The three most extensively characterized sorbent materials are acti- 

vated carbon, calcium oxide (or carbonate) and zinc ferrite. 

bon exhibits limited capacity, must operate at relatively low temperatures 

and has limited durability. 

capacity, but its performance is highly dependent on the process-gas compo- 

sition and it requires relatively long contact times. 

tively expensive but has high sorption capacity; its durability must be 

improved to compensate for its cost. 

uation of alternate sorbent materials, sorbent-preparation techniques and 

sorbent-regeneration conditions may serve to overcome current technology 

limitations. In addition, phase diagrams of the primary compounds involved 

i n  the adsorption and desorption cycles for candidate sorbents should be ob- 

tained to provide a basis for the selection of optimal adsorption and regen- 

eration conditions and definition of the optimum form of sorbent materials. 

The potential for in-bed sulfur capture through the addition of 

solid reactants to the gasification reactor is closely related to hot-gas 

cleanup using solid sorbents. 

ash. 

inert residue, i.e., they must be classified as nonhazardous under current and 

future zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARCRA regulations. Sulfur-capture efficiency is directly related to 

the temperature, residence time, and gas-composition profile experienced by 

the sorbent as it passes through the reactor. Thus, the configuration and 

operating conditions of the gasifier are major determining factors in 

sorbent performance. 

ides) and lime have been tested as reagents for in-bed sulfur capture. 

though other alkali oxides are potential candidates, most lead to signifi- 

cant problems with disposal or to high costs. 

Investigations should include the development of reaction data de- 

fining both equilibrium compositions and kinetics as functions of gas compo- 

sition and temperature in order to relate sulfur-capture potential to 

gasifier configuration and operation. 

lime and dolomite. 

Activated car- 

Calcium oxide is inexpensive and has high 

Zinc ferrite is rela- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 

Further investigation of the identified sorbents, as well as eval- 

In-bed sorbents must be codisposable with the 

Therefore, candidate materials must be inexpensive and produce an'  

Both dol omi te "(a mixture of magnesi um and calcium ox- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l -  

Many of these data are available for 

Development of recovery techniques for reagents that 



have higher su l fu r  capacity but a re  more expensive would g rea t ly  enhance the  

range of o p t i o n s  t h a t  may become economically v iable f o r  in-bed su l fu r  

capture. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.8-2. Liquid Redox Processes 

Absorp t ion  of reduced su l fu r  compounds i n  solut ion,  followed by 

chemical oxidation of the  su l fu r  t o  elemental su l fu r  i n  the solut ion , pro- 

vides a one-step approach t o  the removal and recovery of su l fu r  from 

gasi f icat ion-process gases. I f  the reagents can be oxidized t o  thei 'r  o r i g i -  

nal form, a closed-loop process may be operated. T h i s  approach has the  fo l -  

lowing advantages: 

and recovery; ( i i )  low reagent replacement-costs may r e s u l t ,  depending on 

ef f ic iency of reagent regeneration; ( i i i )  h i g h  sorp t ion  ef f ic iency i s  

achieved u s i n g  establ ished l iquid/gas contacting technology. 

and recovery involve aqueous solut ions and operate a t  essen t ia l l y  atmo- 

spher ic temperature and pressure. 

t o  minimize the  r a t e s  of s ide react ions t h a t  produce non-regenerable com- 

pounds. 

these are  l imi ted i n  scope, content and d e t a i l .  

f i ca t ion  of the  following areas requir ing fu r the r  invest igat ion and develop- 

ment: ( i )  absorber blockage; ( i i )  improving the qua l i t y  of the  su l fu r  

product; ( i i i )  study of the  complex redox chemistry of su l fu r  w i t h  possible 

mult iple oxidation s t a t e s  f o r  the  element; ( i v )  low sulfur-adsorption e f f i -  

ciency; (v)  potent ia l  f o r  s ide react ions t h a t  reduce the  ef f ic iency of e le-  

mental su l fu r  production and reagent recovery; ( v i )  h i g h  pumping  and reagent 

cos ts ;  ( v i i )  s impl i f icat ion of the  complicated process control t h a t  .is need- 

ed because of the  occurrence of complex chemical equ i l i b r i a  and k inet ics .  

Areas of recommended research include: ( i )  de ta i led  invest igat ion o f  su l fu r  

redox chemistry; ( i i )  determination of the prec ip i ta t ion  k ine t ics  of elemen- 

t a l  su l fu r ;  ( i i i )  invest igat ion of su l fu r  react ion and reoxidation chemistry 

( i )  a s ing le process u n i t  may be used f o r  both removal 

Commercial appl icat ions of the  redox approach t o  su l fu r  removal 

Low temperatures are  maintained in order 

There are  repor ts  on the impact of high-pressure operations b u t  

Experience w i t h  several l iqu id  redox processes has led t o  .identi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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of candidate redox agents or catalysts, including Va, Fe, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACo, quinones, 

etc. ; (iv) investigations of high-temperature and high-pressure operations; 

(v) investigations of alternate solvents for redox reactions of sulfur at 

higher temperatures and pressures than are possible in aqueous solutions. 

2.9. Summary of Research Recommendations on Environmental Issues 

Research recommendations related to the environmental control of 

coal-gasification processes are framed by several general questions 

regarding the methods and cost of meet ng current and future environmental 

control requirements. These are: (i) Are adequate control technologies 

available to meet current environmenta control requirements for surface- 

coal-gasification facilities? Can the performance of such technology be 

predicted reliably to assure compliance with current requirements for air, 

water and solid waste emissions from commmercial gasification processes? 

(ii) What are the anticipated trends in future environmental control re- 

quirements, and how will these affect future gasification technology in var- 

ious applications? 

handle potential future situations? (iii) What are the potentials for 

reducting the costs of environmental controls significantly through new pro- 

cess development and/or the development of improved control technology? 

What research is needed to pursue these opportunities? 

paragraphs. 

Are adequate technology and information available to 

Each of the specified issues is addressed briefly in the following 

2.9.1. Understanding Current Technology 

Much of the environmental research on coal-gasification processes 

conducted over the past decade has been directed at characterizing the chem- 

ical compositions of gaseous, liquid and solid waste streams from various 

types of gasifiers. This procedure has aided the design of technology for 

air-pollution control and waste-water treatment, with the result that cur- 

rent environmental control requirements are generally met, albeit by often 

using empirical design criteria rather than fundamental understanding. 



There a re ,  however, some notable exceptions, which underscore the 

continuing need f o r  more fundamental research on process fac to rs  re la ted  t o  

environmental cont ro ls .  Perhaps the most prominent example i s  the  Great 

Plains gas i f i ca t ion  f a c i l i t y  i n  North Dakota, which does no t  y e t  comply w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SO2 emission regulat ions because of the inexpl icably poor  performance of 

the  commercial sul fur-removal un i t  (S t re t fo rd  process). I t  i s  general ly 

believed t h a t  the problem i s  re la ted t o  t r ace  compounds i n  the  gas stream, 

which a l t e r  the chemistry and c a t a l y t i c  processes s ign i f i can t ly ,  as  compared 

t o  the l e s s  complex gas mixtures typ ica l l y  t rea ted  w i t h  th is  process. 

solut ion has as y e t  been found. 

a t  Cool Water have performed well on both h i g h -  and low-sulfur coals.  

Selexol f o r  su l fu r  removal i s  followed by.a modified SCOT plant  and a Claus 

u n i t  f o r  su l fu r  recovery. Some g a s i f i e r  t race  compounds, which do n o t  pose 

environmental o r  health hazards, a re  operational nuisances because they 

slowly contaminate the Selexol and SCOT solvents.  

mal wastewater-treatment fac i  1 i t i  es since the p lant  i s 1 ocated i n  an a r id  

region where natural evaporation i s  e f fec t i ve  f o r  disposing of process 

blowdown water. 

a f t e r  some stream rerout ing during start-up. Most fu ture commercial p lants  

wi l l  no t  be located i n  an a r id  cl imate where natural evaporation i s  a prac- 

t i c a l  method fo r  process waste-water disposal .  

No 

In contrast  t o  Great Plains,  su l fu r  removal and recovery systems 

Cool Water has only mini- 

T h i s  treatment and process-water system now perform wel l ,  

Problems w i t h  environmental control-system performance of ten re- 

f l e c t  a lack of understanding of process and chemistry d e t a i l s  re la t ing  t o  

environmental control-system design and performance. The following research 

recommendations are  t h u s  suggested: ( i )  Basic research i s  needed i n  order 

t o  obtain be t te r  understanding of process chemistry re la ted  t o  the  control 

of gaseous pol lu tants .  The chemistry of su l fu r  removal from complex gas 

mixtures, including the  e f f e c t s  of t race  compounds found i n  coal-gasi f i -  

cat ion processes, a re  of par t i cu la r  concern. ( i i )  Fundamental research 

i s  a lso  needed on gasification-process-water chemistry, par t i cu la r ly  *in 

the  context of waste-water recycle systems which o f fe r  the potent ia l  f o r  

waste el iminat ion.  T h i s  research should provide a basic understanding 



of the reactions of species and the fates of contaminants common to 

coal-gasification process condensates and waste waters. 

2.9-2. Future Environmental Requirements 

During the past two decades, there has been a clear and continuing 

trend toward more stringent environmental control requirements for 

energy-conversion processes of all types. In recent years, environmental 

requirements have become more comprehensive in scope, covering emissions to 

all environmental media (air, water and land). At the same time, the level 

of sophistication with which potential pollutants are identified, measured, 

and regul ated has a1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso increased. Whi 1 e the nature of future environmental 

requirements inevitably remains speculative, several general trends are 

likely to affect coal-gasification processes. 

(i) Control o f  traditional criteria air pollutants (those originally regu- 

lated by the 1970 Clean Air Act are SO2, particulate matter, NOx, 

hydrocarbons and photochemical oxidants) wi 11 conti'nue to be important. 

cent trends i n  New Source Performance Standards (NSPS), such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas those for 

combustion-related pollutants, have tended to become more stringent as 

control-technology capabilities have improved. 

ments, the recent commercialization of technology to reduce emissions of NOx 

greatly may compel further tightening of current NSPS requirements. 

Toxic air pollutants are likely to become more heavily regulated in response 

to concerns over their health and ecological impacts. 

coal-gasification processes, this development could affect emissions of 

heavy (trace) metals and organic compounds emitted in small quantities. 

(iii) Zero discharge of waste-water contaminants can be expected to continue 

to be the prevailing philosophy guiding regulatory requirements at the fed- 

eral, state and local levels. This development could have significant im- 

plications for commercial coal-gasification facilities located in parts of 

the country where traditional methods such as solar evaporation ponds cannot 

be used. (iv) The disposal of solid as well as of liquid wastes will come 

under increasing scrutiny to make certain that waste materials, by-products, 

These include the following: 

Re- 

. 

In terms of future develop- 

(i i) 

In the context of 



and potential leachates are environmentally benign. Criteria defining haz- 

ardous and toxic substances are likely to evolve as new measurement tech- 

niques and research results become available. 

the following: 

metals and other potentially hazardous or toxic emissions to air, water and 

land emanating from coal-gasification process streams, control technologies 

and fugitive sources such as cooling towers. 

also needed in the areas of solid and liquid waste management, particularly 

the utilization of solid residues as by-products (rather than wastes). Bet- 

ter understanding is required of the fates of organic and i-norganic contami- 

nants in the environment (both near-source reactions and long-range 

Research recommendations derived from these observations include 

(i) Sustained research is needed to characterize trace 

(ii) Continued research is 

transport should be explicated). 

2.9-3. Advanced Control Technology 

Environmental control systems zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc trrentl acco int for a significant 

portion of total coal-gasification process costs. Therefore, high priority 

must be assigned to novel or advanced methods for reducing these costs while 

maintaining environmental qual i ty standards. 

control processes will depend, in part, on the gasifier design and, more 

substantially, on process application. Thus, processes producing gas to be 

used at room temperature invariably produce condensates requiring some de- 

gree of waste-water treatment in addition to gaseous pollutant removal, al- 

though gasifier types such as entrained beds produce i nherently cl eitner 

condensates than others ( e . g . ,  tar-producing fixed-bed gasifiers). 

tential for significant simp1 ification of environmental control systems by 

using hot-gas cleanup. Removal of pollutants at high temperatures, followed 

by combustion of the gaseous products, not only yields improved process ef- 

ficiency but also eliminates several unit operations that are required for 

low-temperature processing (e.g., waste-water treatment). The ongoing DOE 

The ability to eliminate or substantially simplify environmental 

Gasifier applications for electric power generation offer the po- 
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research program on hot-gas cleanup offers an-excellent opportunity for ma- 

jor improvements of this nature. 

are: 

we1 1 -focused, and deservi ng of strong continued support. 

have been identified and are being pursued to develop viable means for par- 

ticulate and sulfur removal at high temperatures using gas treatment and/or 

in-bed removal processes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NOx emissions with hot-gas cleanup systems can be control.led to the same 

degree that is achievable with current low-temperature coal-gasification 

systems and combustion-gas treatment devices. 

The associated research recommendations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( i )  Current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADOE research on hot-gas cleanup is important, generally 

Key research needs 

(ii) Additional research is needed to ensure that 

2.10. Coal Beneficiation and Feed Preparation; Solids Processing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A cost item i n  the utilization of coal gasifiers is coal cleanup 

to meet applicable environmental regulations. One of the procedures that is 
widely employed for this purpose is pre-combustion cleanup or coal benefi- 

ciation, the purpose of which is to prepare as-mined coal and make it 

suitable for desired end uses. Coal preparation, cleaning and washing are 

required to meet environmental constraints at minimal costs and also to im- 

prove downstream equipment performance. 

tion. 

or combustion equipment. In the same fashion, the size of  the coal fed to 

the two types of processes must be properly selected to fit the peculiar 

needs of the specific gasifier or furnace. 

and size-classification is generally well developed, although a useful re- 

search area has been identified for counter-current, moving-bed gasifiers. 

Beneficiation applied to gasification parallels its use in combus- 

The cost of beneficiation may be balanced by savings in the gasifier 

Technology for size reduction 

2.10-1. Beneficiation 

The process of coal beneficiation includes size reduction, size 
classification, removal of impurities, and drying. Table 2.10-1 contains a 



summary of currently used commercial procedures for physical or mechanical 

coal cleaning zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
The levels of coal cleaning vary from minimal to full at reduced 

yields and energy recovery; simultaneously, sulfur levels may be reduced. 

Costs vary from low to high as the level of cleaning is augmented. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of novel physical beneficiation processes have been or 

are under active development. 

these techniques. Some of the beneficiation processes have reathed develop- 

mental status. 

Coal beneficiation may become competitive with combustion clean-up 

The extent to which 

We refer to Chapter 10 for a description of 

of coal and with post-combustion clean-up of effluents. 

one or more of these techniques is employed in any particular gasification 

process depends on overall costs, includihg estimates for equipment failures 

and plant downtimes. While some preparation, cleaning and washing are used 

almost universally, applications of more sophisticated beneficiation proce- 

dures have generally not been judged to be cost-effective. 

The development and assessment of the practical uti 

coal-beneficiation procedures has been and continues to be of 

est to DOE, especially in connection with direct coal-combust 

gies, and is viewed by the members of COGARN as a lower prior 

coal-gasification technologies than for combustion systems. 

ity of 

direct inter- 

on technolo- 

ty effort for 

Table 2.10-1. Currently used procedures for physical or 
mechanical coal cleaning. 

Process Techniques 

Size reduction Rotary beakers, impact mills, single- 
and double-roll crushers 

Size cl assi f ication Vibrating screens, sieve bends, 
classifying cyclones 

C1 eani ng Magnetic separation, concentrating 
tables, jigs, hydrocyclones, heavy- 
media cyclones, froth fl.otation 

Drying Screens, filters, centrifuges, thermal 
dryers 
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2.10-2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFeed Preparation 

Occasionally, new approaches are  proposed t o  surface comminution, 

such as  the use of chemicals t o  loosen coal pa r t i c l es  along t h e i r  cleavage 

planes, new machines f o r  preparing micron-sized coal ,  e t c .  However, no use- 

fu l  procedure has been found around the basic laws re la t i ng  t o  energy re- 

quirements fo r  comminution i n  commercial appl icat ion.  Simi lar ly,  improved 

c lass i f i ca t i on  equipment continues t o  reach the  market, including screens 

and e l u t r i a t o r s  of various types. T h i s  development r e s u l t s  from a general 

t rend t o  use ever f i n e r  s i z e  f rac t i ons  i n  newer gas i f i ca t ion  and combustion 

equipment. 

There i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs , however , one type of g a s i f i e r  , h i  s t o r i c a l l y  the  domi nant 

system, which presents special  R&D oppor tun i t ies,  namely, the  moving-bed re- 

ac to r .  The apparatus requi res passage of the  upward-flowing gasi fy ing medi- 

um ( a i r ,  oxygen, steam, and CO,) t h r o u g h  the  downward-moving bed of coal .  

To assure f r e e  and even flow and good contact  requi res special  q u a l i t i e s  of 

the so l id  feed. The ideal  feed would have the following charac ter is t i cs :  

( i )  a preferred, coarse s i z e  w h i c h  may range from 1/4" t o  2" o r  more; ( i i )  a 

min imum strength, which remains i n  e f f e c t  as  the lumps move down t h r o u g h  the  

reactor  and a re  consumed by the  react ion;  ( i i i )  absence of caking o r  soften- 

i n g  as the  temperature increases,  thereby preventing melting of t he  so l i d  

and plugging of the  reactor ;  ( i v )  good reac t i v i t y  w i t h  steam and C02 a t  

r a t e s  over the  temperature range encountered i n  the  g a s i f i e r ;  (v )  ash behav- 

ior (softening/fusion) w h i c h  allows the  reactor  t o  operate e i t h e r  i n  t he  dry 

o r  slagging mode, even in the  highest temperature zone (bottom); ( v i )  i n  

most s i tua t i ons ,  preferably no re lease of condensable heavy hydrocarbons o r  

t a r s  as the temperature i s  elevated. There are ,  unfortunately, no coals  

found in nature which f u l f i l l  th is  wishlist. I t  therefore remains a chal- 

lenge t o  the  engineer t o  devise a g a s i f i e r  w h i c h  can accommodate the  proper- 

t i e s  of the  coals  which a re  avai lab le i n  pract ice.  

as extremes and span the range of approaches. 

bl a s t  furnace. 

There are  two models of  moving-bed g a s i f i e r s  which may be viewed 

First, there  i s  the modern 

Here , the  feed-preparati  on step ( the  coke oven) v i r t ua l  ly  



dominates the system, but the gasifier feed (coke) complies with every one 

of the listed needs except for reactivity, which is not important i n  

slagging reactors because of the high temperatures involved zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(>2,7OO0F). 

a result, the gasifier, which is the blast furnace, has been developed up to 

55ft in diameter with 5-6,000 ton/day of coke-gasification capacity and sta- 

ble, uninterrupted operation over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-3 years. 

close to this performance. But the cost of feed preparation involved (the 

coking of coal) is prohibitively high. 

The second model is the modern, high-pressure Lurgi gasifier, 15 

to 16ft in diameter, which can accommodate unbeneficiated coal down to 1/4" 

size. The units have up to 1,000 ton/day capacity, depending on reactivity, 

and high ash-fusion temperatures. The same reactor will accept coals with a 

wide range of caking properties when using agitation in the critical temper- 

ature zone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(600-1,2OO0F). By operating in a slagging mode, the range of 

coals is greatly extended to cover even strongly caking (greater than 25,000 

Gieseler-degree) coals and coals with low ash-softening points. 

All moving beds have the requirement that most of the feed must be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of lump size and coarse. Since modern mining equipment tends increasingly 

to produce coal with less than 1/4" size, this requirement calls for feed 

preparation t o  increase size, such as pelletizing, briquetting, extrusion; 

these are relatively costly steps, although they are well developed and in 

wide commercial use. 

As 

No other reactor comes even 

The preceding statements suggest an area for R&D, which is best 

summarized as feed preparation for moving-bed gasifiers. 

systems have moved into the foreground as gasification regains the position 

it once had. Of particular interest here is work which deals specifically 

with the use of lime to control caking properties and reduce the evolution 

of tar while simultaneously increasing reactivity. 

ready made, more fundamental research on coal properties and surface behav- 

ior may lead to further advances. 

unique among gasifiers and makes these thermally most efficient, with tre- 

mendous gasification potential, as has been shown for the blast furnace. 

Effective system utilization requires a substantial advance in the 

These gasification 

In spite of progress al- 

The counter-currency of moving beds is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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feed-preparation area: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR&D on this subject could have a major pay-off. 

2.10-3. Gasification as a Solids-Processing Technology 

Gasification of coal is, by definition, a solids processing opera- 

tion. This operation requires intimate and efficient contact of solids with 

gas over a substantial pressure range and also involves major input of ener- 

gy to the reactor at high temperatures. 

handling and converting (processing) solids. Physical and mechanical diffi- 

culties rather than process chemistry may be the determinant factors in gas- 

ifier performance. This is a significant observation regarding gasification 

and it is appropriate that the DOE R&D program reflects the special problems 

of solids processing. 

help the engineer to design better reactors, which will function smoothly 

and reliably. The needed measurements will assist the operator in monitor- 

ing solids behavior on-line and within the gasifiers. 

It is important to recognize the unique problems associated with 

Applications of new or improved diagnostics are needed that will 

2.11 Applications of Advanced Diagnostics to Coal-Gasification Systems 

Two primary discoveries and developments have occurred during 

about the last 20 years that may be expected, in time, to change chemical 

process technologies, i n  general, and coal-gasification technologies, in 
particular, from applications of intuition-based art to quantitative sci- 

ence. 

advanced diagnostic techniques. 

coal-gasification systems is summarized in Chapter 11. 

merical gasifier modeling is discussed in Chapter 12; it should be noted 

that this type of quantitative description almost always forms an integral 

component of current industrial development programs. The pacing items in  

obtaining improved numerical modeling relate to data inputs and verification 

of model assumptions. 

These advances relate to (a) computers and numerical analyses and (b) 

The current status of diagnostics for 

The subject of nu- 

Modern diagnostic techniques play a key role in this 



program. 

Quantitative measurements for coal-gasification systems are re- 

quired to improve our understanding of fundamental processes. Continuous 

monitoring of system operations is needed for on-line utility plants and 

other chemical process units utilizing coal gasifiers. Advanced diagnostics 

offer significant promise, including high spatial and temporal resolution 

and also the opportunity to probe highly-turbulent, multiphase flows. These 

techniques are non-intrusive and generally costly and chal lengi'ng zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  apply. 

In fact, it is likely that successful field adaptation of any of the ad- 

vanced techniques will require close long-term cooperation between instru- 

ment developers and system engi neers deal i ng with such complex process 

technologies as coal gasifiers. 

Existing advanced techniques have been shown to be useful for the 

measurement of essentially any desired parameter in combustion systems. In 
Chapter 11, Hardesty and Ottesen begin their overview on diagnostics by 

identifying the primary flow regimes in gasifiers and then describing these 

by identifying characteristics such as well-mixed gaseous regions, regions 

with minimal concentrations of particles, heavy particle loadings, strong 

gradients , highly turbulent f 1 ows , mu1 ti phase f 1 ows , etc. 

presents special challenges for applications zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  diagnostics that support 

quantitative modeling and monitoring. 

and temporal resolution and are likely to find wide field applications are 

the following: measurements of velocity components, temperatures, particu- 

late loadings, atomization rates, species concentrations, rates of deposit 

build-up on walls and protruding surfaces, and others that are of special 

interest because they may influence successful operation or determine gasi- 

fier life. 

Each region 

Among the advanced techniques that yield data with high spatial 

Effective applications of sophisticated diagnostics to 

coal-processing units have been notably slow to materialize. 

reasons for this slow progress: 

critical questions can be resolved by using advanced techniques and, even if 

the problems have been properly identified, they may be reluctant to utilize 

There are two 

developers generally do not know what zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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costly procedures that have previously been employed successfully only by 

researchers working on idealized systems in clean laboratories. 

This issue could be profitably addressed by DOE, which has been 

funding the development of laser-diagnostic techniques for combustion appli- 

cations for some years. 

vanced diagnostics in laboratory systems of modest size. 

user task group should be created, i.e., a group of well-trained people 

should devote their skills to instrumenting industrial plants and demon- 

strating incisive required measurements on these practical systems. 

The view is often expressed that commercial instruments will be 

developed when they are needed. 

present case is that users do not know what they need until they realize the 

very great value of improved diagnostics in process control and modelling. 

It is in this area that a DOE-sponsored program on technology transfer is 

most likely to be useful. 

What is required are first increased use of ad- 

Subsequently, a 

The fallacy with this argument i n  the 

2.12 Fundamentals of Coal Conversion and Relation to Coal Properties 

In order to develop reliable coal-conversion technology, it is im- 

portant to have knowledge of the conversion behavior of coal and the rela- 

tionship of conversion behavior to some measurable set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof coal properties. 

Required are answers to such questions as the effects on gasifier perfor- 

mance of normal variations in organic and mineral properties of a coal from 

a single mine, of variations i n  coal particle size, and of switching coals. 

Unscheduled shutdowns of coal plants are often caused by unexpected and un- 

controlled behavior of the coal. 

pollution-control strategies such as the injection of sorbents? Can 

slagging and fouling behavior be predicted from the coal mineral distribu- 

tion and the process conditions? 

exiting the gasifier be predicted and controlled? 

The design of new processes or scaling up is improved by the 

availability of good predictive capability. 

cess for producing condensable products by mild gasification involving 

What will be the effect of instituting 

Can the concentration of tars and fines 

For example, to design zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa pro- 



incomplete reaction, knowledge of the product slate from devolatilization 

(condensables, char and gas species) and of the secondary reactions of the 

condensables is needed. 

conversion behavior should be the development of accurate predictive 

capabi 1 i ti es to put gasi f i cation techno1 ogy on a sound engi neeri ng founda- 

tion. The steps toward achieving this goal are: (i) development of chemi- 

cal and physical understanding of coal-conversion phenomena and their 

relation to coal properties; (ii) reduction of data and mechani'sms to the 

form of engineering correlations and submodel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs; (iii) development of compre- 

hensive computer-simulation codes for gasification processes incorporating 

the submodel s. 

The objective of work on fundamentals of coal- 

Fundamentals of coal conversion involve coal characterization, 

gasification steps relating to the organic structure of coal, processes re- 

lating to the inorganic mineral matter, and the status and needs of computer 

modeling of gasifiers for monitoring, control and scale-up. Recommendations 

for research i n  these areas are listed in the following paragraphs. 

2.12-1. Coal Characterization 

While there are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'a number of standard characterization procedures 

for coal, they often do not provide information appropriate to advanced pro- 

cesses. Methods are needed to provide parameters from which coal behavior 

i n  gasification can be accurately predicted. 

promise to provide needed information on functional groups. The remaining 

problems are calibration, e.g., what percentages of carbons are seen and 

what are applicable absorption coefficients? Repeated parallel experiments 

on identical coal samples would help to resolve these issues. (ii) \/alida- 

tion is needed of methods for measuring coal viscosity at high heating rates 

and high temperatures. These measurements should be related to swelling and 

agglomeration phenomena observed under gasifier operating conditions. ( i i i )  

Standard pyrolysis tests need to be defined to provide extensive devolati- 

lization data that are applicable to high heating rates at high tem- 

peratures. 

(i) NMR and FTIR techn-iques 

(iv) Work is required to define a reactivity test and methodol- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ogy t o  r e l a t e  the t e s t  resu l t s  t o  reac t i v i t y  under g a s i f i e r  operating 

condi t ions.  (v)  Work i s  required t o  def ine mineral character izat ion 

procedures and methodology t o  r e l a t e  the  t e s t  r e s u l t s  t o  ash behavior under 

g a s i f i e r  operating condit ions. 

2.12-2. Fundamental Processes i n  Gasif icat ion and Par t ia l  Gasi f icat ion 

For gas i f i ca t ion ,  the  object ive i s  t o  gasi fy coals  of d i f f e ren t  

rank in the shor tes t  time a t  the  lowest sever i ty  condi t ions,  w i t h  small 

amounts of t a r s  o r  f i nes  ex i t ing  from the  reactor .  For mild gas i f i ca t ion  

t o  produce co-products, the  object ive i s  h i g h  y ie lds  of qua l i t y  products. 

These fac to rs  a re  control led by heat t rans fe r ,  pyrolysis r a t e s ,  devolat-i- 

l i za t i on  processes, gas i f i ca t ion  of char,  and secondary react ions of 

condensables and gases. 

There i s  a lack of data on the  fundamental parameters involved i n  

heat t rans fe r  (heat  capac i t ies ,  emiss iv i t ies ,  heats of react ion,  e f f e c t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  

v o l a t i l e  evolut ion on convective heat t rans fer ) .  

employing the  measured parameters should be val idated under typ ica l  gas i f i -  

cat ion condit ions by employing well instrumented laboratory-scale experi- 

ments, which allow coal -par t ic le  temperature measurements. 

k ine t ic  r a t e s  i n  pyrolysis.  I n  these experiments, coal -par t ic le  tempera- 

tures should be d i rec t l y  measured o r  accurately determined by i nd i rec t  

means. A t  h i g h  heating r a t e s  above 10,OOO°C/sec, a t ten t ion  m u s t  be 

given t o  temperature gradients w i t h i n  the par t i c l e .  Experiments should be 

analyzed by us ing  an agreed-upon standard model so t h a t  r e s u l t s  can be d i -  

rec t l y  compared. T h i s  model should prov ide  r a t e  expressions which are  inde- 

pendent of heating r a t e  o r  experimental geometry. The use of a small set of  

standard coal samples by several invest igators  should be encouraged. 

Work should proceed towards f inding an acceptable standard model 

t o  descr ibe the  devo la t i l i za t ion  process. Experimental and theoret ica l  work 

i s  especia l ly  needed on su l fu r  evolut ion,  t a r  formation and char v iscos i ty  

( i  ncl udi ng depolymerization , mass t ranspor t  , and cross1 i n k i n g  processes), 

Research needs f o r  these areas follow. 

Heat-transfer ca lcu la t ions  

Accurate determinations a re  needed o f  the important chemical- 



and on the formation of chars (swell ing, pore s t ruc tu re  and reac t i v i t y ) .  

f ac to rs  ( i  . e . ,  functional-group composition, minerals) which inf luence i n -  

t r i n s i c  reac t i v i t y  and how the  observed reac t i v i t y  i s  affected by physical 

f ac to rs  (pore s t ruc tu re) .  For c a t a l y t i c  gas i f i ca t ion ,  the dispersion of 

ca ta l ys t  i n  the char i s  an important i ssue,  along w i t h  i n te rac t ions  of added 

ca ta l ys ts  w i t h  minerals already present i n  the char. The  e lu t r i a t i on  of 

highly unreactive carbon i n  the  form of f i nes  from g a s i f i e r s  i s  a problem 

w h i c h  could benef i t  from a more fundamental understanding of gas i f icat ion 

react ions.  

There i s  a need t o  develop a be t te r  understanding of the chemical 

There i s  a need f o r  k ine t ic  data and models of product evolution 

f o r  the  'gas-phase cracking of t a r s  from a range of coals .  There i s  a l so  a 

need f o r  information on the  k ine t ics  of soo t  formation from t a r .  In addi- 

t i o n ,  we require information on mechanisms and k ine t ics  of secondary 

repolymerization react ions of t a r s  which occur on surfaces ins ide and out-  
s ide of the  parent coal pa r t i c l e .  T h i s  information i s  needed i n  order t o  

understand the y ie lds  and qua l i t y  of co-products generated i n  mild 

gas i f i ca t ion .  

mineral transformations in coals.  

Both mechanisms and ra tes  should be determined fo r  important 

2.12-3. Transformation of Coal Mineral Matter 

When the  mineral const i tuents  of coal a re  heated, they undergo 

thermal decomposition t h a t  i s  usually associated with we igh t  loss. 

these react ions,  t he  mineral components of the  ash ( the  major ones of which 

are  compounds of s i l i con ,  aluminum, i r o n ,  and calcium) may form new 

eutectics w i t h  lower melting p o i n t s  and these new melts can mix with and 

d isso lve i n  other molten mineral compounds. The pract ica l  s igni f icance of 

the  behavior of the ash i n  gas i f i ca t ion  processes r e l a t e s  t o  (a) the desired 

trouble-free removal of ash o r  s lag from the process and (b) ash deposit ion 

on heat-exchange surfaces downstream of the g a s i f i e r  by semi-molten ash par- 

t i c l e s  car r ied  over by the  product-gas stream. 

During zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The specific requirements for information on ash behavior vary 

with the particular.conditions of the gasification process, e.g., i n  

fluidized-bed gasifiers, a controlled amount of ash agglomeration may be fa- 

vored but semi-molten ash particles can cause significant problems in pro- 

cess cyclones, with the recycling of carried-over, partially-gasified char 

particles into the fluidized bed. In slagging gasifiers, on the other hand, 

slag viscosity-temperature relationships must be known to ensure liquid-slag 

removal over a range of operating conditions. 

directly with a gas-turbine plant, the condensation of vapor phase alkali 

species in the gas turbine may cause corrosion. 

characterization. In recent years, new analytical methods have become 

available, which are capable of yielding much more detailed and useful char- 

acterizations, including the types, amounts, size distributions, and struc- 

tures of inorganic matter in coal. Theoretical and experimental studies are 

in progress under the sponsorship of DOE PETC, DOE METC, and EPRI to improve 

our understanding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the transformation of coal mineral matter under combus- 

tion conditions (high temperature oxidizing atmosphere) but little or no re- 

search effort is devoted to studies which pertain to conditions typical of 

those occurring in the various types of gasifiers. 

agglomeration, slagging, and partial vaporization be carried out under re- 

ducing conditions and in the temperature range typical of gasification pro- 

cesses. Furthermore, a data base on ash behavior should be created for the 

most important American coal types in gasification processes. 

When the gasifier is coupled 

Traditionally, ash chemistry was used for coal mineral-matter 

It is recommended that fundamental studies of ash sintering, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.12-4. Mathematical Modeling of Gasification Processes 

Development of coal-reaction process models should continue and 

should focus on entrained, fixed and fluidized beds i n  a coordinated manner. 

Work on gasification and combustion should be closely coordinated, since a 

given model generally has areas of applicability in both systems. Increased 

near-term emphasis should be given to model evaluation and application. 



On-going development and improvement of submodels, particularly those relat- 

ed to coal and residue properties, should be continued. Basic work should 

be pursued i n  such areas as turbulence-flame interactions and multi-phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 1 ows. 

Support should be provided for selected, well instrumented and 

flexible laboratory-scale experiments that can be employed to validate se- 

lected aspects o f  the comprehensive codes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHAPTER 3: 

GAS I FI CAT ION FOR ELECTRI c ITY GENERATION* 

3.1. Integrated Coal-Gasification Combined Cycles (IGCC) 

3.1-1. Introduction 

Because of the huge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS coal reserves (estimated to last at least 

200-300 years), the preferred use of the cheapest available energy source, 

the stalemate faced by the nuclear industry, and the uncertainty of future 

natural gas (NG) prices, it is likely that coal will continue to be the 

major fuel for electric utilities i n  the future. 

Integrated coal-gasification combined cycle (IGCC) systems offer 

many advantages over conventional pulverized-coal combustors. These 

advantages include higher energy-conversion efficiency, reduced pollutant 

emissions, lower financial risks associated with staged capacity additions, 

and the relatively small modular unit size used, as well as the ability to 

accept a variety of feedstocks. 

An IGCC power plant involves the coupling of a coal-gasification 

system producing a clean fuel gas to combustion andsteam-turbines that 

generate electric power. A schematic diagram of a unit of this type is 

illhstrated in Fig. 3.1-1. To illustrate the important features of an IGCC, 

the Cool Water Coal Gasification Program (CWCGP), which is an actually 

operating IGCC plant, will be described in Sec. 3.2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

Sections 3.1 and 3.2 were written by S . B .  Albert, S.S. Penner and D.F. 
Weisenhahn; Sec. 3.3-3 by P.B. Tarman, and the remaining subsections of 
Sec 3.3, as well as Sec. 3.4 by S.S. Penner and D.F. Wiesenhahn with the 

advice and inputs from correpondents identified in the subsections. 



3.1.2. IGCC System Status** 

Development of a number of advanced coal-gasification syst,ems has 

been progressing at a rapid pace (compare Table 3.1-1). 

regarding conventional fuels (NG and oil), environmental regulations that 

represent increasingly tight standards, and uncertainties regarding nuclear 

power deployment in a number of countries have spurred commercial 

developments of coal-gasification systems for diverse applications such as 

(a) electricity generation, (b) fertilizer, hydrogen and organic chemicals 

production, and (c) generation of hot water for district heating, etc. 

gasifier used in which coal is contacted and reacted with an oxidant (air or 

oxygen) to produce the desired fuel gas. 

the fuel gas is low-Btu gas; if the system is blown with oxygen, the fuel 

gas is medium-Btu gas. 

fluidized beds, and entrained flows. 

in coal, is fed by a pressurized lockhopper system to the top of a shaft. 

Reactant gaseous oxygen (or air) and steam enter the bottom of the vessel. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As coal descends, it is devolatilized; then, pyrolysis reactions occur and 

finally carbon is gasified. The raw product gas contains tars and oils, 

which need to be condensed and removed. The ash may be withdrawn as a dry 

solid or as molten slag. In some moving-bed versions, tars, oils, and coal 

fines are recycled to extinction. 

In fluidized-bed reactors, coal is ground to produce a fluid-bed 

grind (ca 8 mesh or less). 

through a perforated deck or grind at the bottom of a vessel. 

of the reactants is high enough to suspend the coal particulates but not 

blow them out of the vessel. 

result of the mixing that occurs. 

oils can be avoided but fines carryover and ash slagging limit conversion of 

some coals to 80-90% of the carbon. 

the carbon-containing ash may be processed i n  an additional vessel or the 

unconverted carbon can be recycled to the gasifier. 

Uncertainty 

Coal -gasi ficati on systems may be classified accordi ng to the type of 

if the system is blown with air, 

Three types of contacting devices are moving beds, 

In moving beds, a descending bed of coal, usually zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 1/8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  1 inch 

The oxidant gas (and some steam) are introduced 

The flow rate 

A uniform temperature is obtained as the 

Depending on the temperature, tars and 

In order to overcome this limitation, 

** 
This section is reproduced from Ref. 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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In entrained-flow systems, a relatively fine grind zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof coal (ca zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75% 

through 200 mesh) is fed either as a dry solid or as a water and coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 '  

mixture to a short-residence time reactor. 

achieved by means of a nozzle arrangement. 

temperatures used in entrained systems (2000 to 3000°F), no tars or oils are 

produced. 

Contacting with the oxidant is 

At the high velocities and 

Carbon burn-out zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  nearly complete and the product gas is 

essentially a mixture of CO and H i .  

under development for the last decade. 

supported by EPRI :  (i) Texaco technology represents an entrained system that 

features a coal-water slurry feeding the pressurized, oxygen-blown gasifier. 

It is the farthest advanced in that three commercial or demonstration plants 

are i n  operation. 

Japan. 

chemicals and hot water for district heating. 

announced for China and Sweden. 

under construction at 250/400 TPD 

\ 

In the US and abroad, advanced coal-gasification technologies have been 

Several technologies have been 
, 

Two o f  these plants are located in the US and one in 

A plant in the FRG will start up in late 1986 to produce organic 

Projects have also been 

(ii) The Shell coal-gasification unit is 

COMBINED-CYCLE 
SECT I ON 

I I 

Gasifier 

Feed 

Steam I 
I Wafer 

I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

GAS IF1 ER I 

SECTION L - - -  

Power 

Sieam 
Turbine 

Exhaust 
Steam 

I 
! '  

I . .  

Fig. 3.1-1. Schematic drawing showing a generic IGCC system. ! 
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Table 3.1-1. Status of selected coal-gasification technologies. 

Manufacturer Operating Plants 

Texaco 

Shell 

Dow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

600 TPD at Westfield, Scotland I BGC/Lurgi 

Cool Water: 
Ube: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 x 500 TPD; Tennessee Eastman: 
2 x 900 TPD; Ruhrchemie: 1 x 600 TPD 

2 x 1000 TPD; 117 me; 

250 TPD pilot plant in TX 

160 MWe IGCC at Plaquemine, LA; 
1 x 2,500 TPD gasifiers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

Allis-Chalmers I 600 TPD at Wood River zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
KRW 35 TPD at Waltz Mills; 500 TPD in 

China (1989 start-up) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

IGT 40 TPD at Chicago; 200 TPD proposed 
for France zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

pi lo t -p lant  sca le a t  t he i r  research center  i n  Deer Park, Texas, and i s  

expected t o  lead t o  commercial designs i n  the l a t e  1980s. The Shell  process 

fea tu res  a dry-feed, ent ra ined g a s i f i e r  system t h a t  operates a t  e levated 

temperature and pressure.  Current s tud ies  w i t h  US e l e c t r i c i t y  companies a re  

def in ing commercial oppor tun i t ies.  ( i i i )  The Brit ish Gas Corporation and 

Lurgi GmbH have j o i n t l y  developed a slagging, moving-bed g a s i f i e r  system. A 

commercial g a s i f i e r  prototype (600 TPD) wi l l  be s t a r t e d  up a t  Westf ie ld,  

Scot land, i n  ear l y  1986. 

coal -gas i f icat ion system f o r  a 200-MWe IGCC power p lant  based on the  

BGC/Lurgi technology. ( i v )  An air-blown, ro ta ry ,  ported k i l n  ( s im i la r  t o  a 

moving-bed device) i s  under development by A l l i s  Chalmers Corporation. A 

600 TPD prototype i s  located a t  an I l l i n o i s  Power Co. power s t a t i o n .  (v)  

The Dow Chemical Company i s  i n s t a l l i n g  a 160-MWe IGCC p lan t  i n  Loui:;iana 

t h a t  w i l l  produce e l e c t r i c i t y  and synthes is  gas f o r  indus t r ia l  chemicals. 

Deta i l s  of the system a r e  propr ie ta ry ,  but  i t  f ea tu res  a coal-water--slurry-fed 

Virginia Power i s  considering i n s t a l l a t i o n  of a 
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entrained gasifier. 

Fuels Corporation have been obtained for the project. 

incl'uding the Kel logg-Rust-Westinghouse gasifier and the Institute of Gas 

Technology U-GAS system. 

f 1 uid-bed systems. 

Price supports of $620 million from the Synthetic 

Other gasification-systems technologies have been evolving, 

These are representative of ash-agglomerating 

Advanced f 1 uid-bed systems are a1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso bei ng devel oped i n 
at elevated 

Rhei ni sche 

to produce 

- . . ~  _ _ _  _ ,  

temperature and pressure is being 

Braunkohle. The Winkler system w 
industrial chemicals and electric 

Other projects that are 

Japan. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA Winkler demonstration fluid-bed system operating 

started up in the FRG by 

1 1  handle 700 TPD of coa 

power. 

at the pilot-plant stage of development 

include a 50 TPD pressurized pilot plant by GKT-Krupp. 
Elektrizitatswerke Westfalen (VEW) has started up a 250 TPD prqssurized 

pilot plant that partially converts coal (60% conversion) t o  low-Btu gas for 

power generation. Lurgi has gasified lignite in an atmospheric-pressure, 

circulating fluid bed in their 15 TPD pilot plant in Frankfurt, FRG. 

development of a molten-iron gasification system. 

under construction in Sweden by Sumitomo-KHD; i n  this unit, sulfur is 

captured in the slag. 

Development of advanced combustion turbines is also proceeding 

rapidly. The efficiency of combined-cycle equipment is increasing because 

of the ability to operate at higher firing temperatures. 

cations, firing temperatures of 2,000°F are conventionally used and higher 

temperatures of,2,300°F may be expected before 1990. 

areas of reheat, materials, and advanced cooling methods promise additional 

improvements in efficiency in the 1990s. 

The Vereinigte 

In Japan, several pilot-plant programs are also underway, including 

A 250 TPD pilot plant is 

In utility appli- 

Developments in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 3. 1-2. Future goals for 500-600 MWe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIGCC plants; reproduced from Ref. 3. 

Comparisons refer to conventional coal-fired plants as baseline. 

About zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10% higher efficiency, i. e . ,  heat rates of 9000-9100 Btu/kWh, 
corresponding to  37.5 - 37.9% efficiency. 

water treatment and formation of non-hazardous, useful by-products. 
Lower pollutant emissions, 33% less water consumption, reduced waete- 

A 15% reduction in levelized electricity costs. 

More rapid and cheaper construction of smaller modular units. 
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3.1-3. Advantages of IGCCs 

High efficiencies are obtained in combined-cycle operation because 

efficient combustion turbines are combined with steam turbines. 

turbine converts high temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( m  23OOOF) heat efficiently while the 

steam turbine utilizes low-temperature heat efficiently in the form of steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(- 105OOF). 

system. 

'The gas 

Figure 3.1-1 shows a schematic drawing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a generic IGCC 

Low 'pol 1 utant-emi ssion 1 eve1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs result from the combustion of a clean 

fuel. 

systems tested i n  other industries. Combined-cycle systems yield very low 

emissions when NG is burned. Water consumption of IGCC systems ir; also 

substantially lower (- 33%) than for pulverized-coal combustors. Thus, 

coal-gasification systems are environmentally superior to other alternate 

coal-utlization technologies and will meet rigorous environmental standards 

for S and NOx, as well as particulates. 

lower capital and lower operating costs,' resulting in lower net electricity 

costs to consumers. Compared to conventional or combined-cycle systems 

burning NG, the econonic benefits based on current costs (ca $2/million Btu) 

are not so clear.' 

preferred fuel for power generation. 

Pollutants are removed before combustion by using gas-purification 

Compared to conventional coal-combustion plants, IGCCs have both 

When NG prices are very low, as at present, it is the 

Because of its modular design, an IGCC system may be phased i n  at 

different stages of plant construction, as is illustrated in Fig. 3.1-2. 

Each stage has a short construction time. The use of small capacity 

additions eliminates the need for large, high-risk capital investments. 

This aspect of IGCC units is especially attractive to utilities with 

uncertain future demand requirements. 

gasifier) may be delayed until fuel prices make this addition economically 

attractive. 

A properly designed IGCC system will have the flexibility of ac- 

cepting many different types of feedstocks, including such low-rank coals as 

lignites, as well as petroleum coke. Additionally, gasification systems may 

be configured to produce other industrial chemical products, which adds a 

desi rabl e degree of f 1 exi bi 1 i ty. 

The last step (addition of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Natur  a1 

Natu ra l  

Phase 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
120 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA........ - - - --+ Natu ra l  gas  or oil 

Water  Net  power 

Phase 2 

Natura l  gas  o r  oil 

Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

350 MW - - - +  
Net  power 

230 MW - - - - - - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- - - F  I 

Fturbinet:l .............. ............ ........... ............ 
............ .......... ..: 

Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Fig.  3 .1 -2 .  Four i ns ta l l a t i on  s tages o f  a phase-in IGCC system; reproduced 
from Ref. 2 .  The ex i s t i ng  capacity is designated P'Jd and 
newly i ns ta l l ed  capacity by -1 



3.1-4. Fu tu re  Ut i l i za t ion  of I G C C s  

Table 3.1-2 i s  a summary of future goals  f o r  500-600 MW, IGCC 

p lan ts .  Research needs r e l a t e  espec ia l l y  t o  s tud ies  designed t o  reduce 

capi ta l  and operating cos ts .  

IGCC may well represent a super ior  choice. 

IGCC use i s  i t s  cos t  when compared w i t h  the use of NG and petroleum a t  

cur ren t ly  low pr ices  i n  conventjonal e l e c t r i c i t y  generation u n i t s .  

research t o  reduce system cos ts  i s  recommended. 

Among exi sti ng coal techno1 ogi es f o r  el ectri c i t y  generat i  on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the 

The most ser ious l im i ta t ion  f o r  

Continuing 

References f o r  Section 3.1 

1. D.F. Spencer, S.B. Alpert  and M.J. Gluckman, " Integrated Coal 

Gasi f icat ion Combined Cycles ( IGCC)  an Emerging Commercial Option f o r  

the Power Industry,"  paper presented a t  a 1985 ACS meeting, EPRI, Palo 

Al to,  CA (1986). 

f o r  the  E lec t r i c  Power Industry,"  E P R I ,  Palo Al to,  CA (1986), 

unpubl i shed. 

W . N .  Clark, "Remarks a t  Al ternat ive Coal Tes ts  Press Brief ing,"  Cool 

Water Coal Gasi f icat ion Plant ,  Daggett, CA (April 4 ,  1986). 

2. D.F. Spencer, "The Commercial Impl icat ions of the  Cool Water Pro ject  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  

3.2. The Cool Water IGCC 

3.2-1. General Features 

The Cool Water Coal Gasi f icat ion Program (CWCGP) u t i l i z e s  a 100 MWe 

IGCC plant  located i n  Daggett, CA. I t  has a coal capaci ty of 1000 TPD and 

i s  located adjacent t o  a 600 MWe NG-fired p lan t  of the Southern Cal i forn ia  

Edison Co. Construction was s ta r ted  on December 15, 1981, and f i r s t  

e l e c t r i c i t y  production occurred on May 20, 1984. The CWCGP was completed 

ahead of schedule and below budget.' 

m i  11 ion. 

The t o t a l  cap i ta l  cos t  was $263 

There a r e  six par t i c i pan ts ,  each contr ibut ing a m i n i m u m  of $25 

mi l l ion:  Texaco Inc. ($45 mi l l ion) ,  Southern Cal i forn ia  Edison Co. ($25 

mi l l ion,  EPRI ($69 mi l l ion) ,  Bechtel ($30 mi l l ion) ,  General E lec t r i c  Co. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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($30 mi l l ion) ,  and the  Japanese Cool Water Program Partnership ($30 

mi l l ion) .  

Energy Research Corp. and the  Soh io  Alternate Energy Dev. Co.; there  was 

a lso  a $24 mil l ion loan. 

Additional $5 mil l ion contr ibut ions came from the  Empire S ta te  

3.2-2. Process Description 

The CWCGP i s  shown schematically in F ig .  3.2-1. More de ta i l ed  

Coal i s  brought  by r a i l  ca rs ,  stored i n  two la rge storage si los zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@, 

The s lu r ry  i s  reacted w i t h  O2 i n  t he  gas i f i e r@.  

diagrams can be found i n  Ref. 2. 

and t ransferred t o  be ground and s lu r r i ed  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 
i s  normally used. 

i s  supplied from an over-the-fence p lant  @. 
(compare Sec. 3.3-1). 

the  h o t  gases are  co l lected i n  a heat exchanger and h i g h  pressure steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( w  100 atm) i s  ra ised .  

g a s i f i e r  a re  separated @ . 
and slurry ing processes 0. 
l ined l a n d f i l l s .  Recently, however, the  EPA and the  S t a t e  of  Cal i forn ia  

Health Department have determined t h a t  th is  s lag  i s  non-hazardous. 

of markets fo r  concrete o r  asphal t  appl icat ions a re  being undertaken. 

product gases a re  scrubbed t o  remove pa r t i cu la tes  (3) and a re  then trans- 

fe r red  t o  the syngas cooler @ and the  su l fu r  removal u n i t  @. Sulfur- 

compounds (H2S and COS) are  sent  t o  the  su l fu r  recovery u n i t  @, where the  

su l fu r  i s  converted t o  elemental form and sold (cur ren t ly  a t  $100/ton). 

Sul fur  removal i s  accomplished by the  Selexol process; su l fu r  recovery from 

H2S and COS i s  implemented by using the Claus system. 

the  Claus u n i t  a r e  cleaned by the SCOT process. 

A 60/40% coal-water s lu r r y  

Oxygen 

A Texaco g a s i f i e r  i s  used 

I f  the  g a s i f i e r  operates i n  t he  heat-recovery mode, 

Slag i s  removed w i t h  a lockhopper system 0; ash and water from the  

Some sol i d s  a re  recycled back t o  t he  grinding 

Sol id s lag i s  present ly s tored i n  specia l ly -  

Studies 

The 

Waste acid-gases from 

The clean syngas i s  saturated @ t o  control NOx emissions p r i o r  

The combustion-turbine exhaust gases a r e  sent  t o  the Heat 

t o  combustion and power generation i n  the  General E lec t r i c  combustion 

turb ine 0. 
Recovery Steam Generator HRSG 

HRSG, heat from the  h o t  combustion gases i s  used t o  make steam. 

i s  combined w i t h  the  steam made by cooling o f  t he  syngas @ ( i f  appl icable) 

and i s  then passed through the  steam turb ine @ . 

@ , and vented t o  the atmosphere. In t he  

T h i s  steam 

A t  Cool Water, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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combustion turbine generates 65 MWe and the  steam turb ine 55 MWe f o r  a t o t a l  

capaci ty of 120MWe. 

adjacent Southern Cal i fornia Edison p lant .  

processing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 
ponds. 

Boi ler feedwater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ f o r  the  steam turb ine i s  supplied from the  

Well water @ i s  used f o r  s lag 

Waste-water i s  t rea ted  @ and sent t o  on-si te evaporation 

3.2-’3. Performance Results 

Some of the design goals and ac tua l l y  achieved performances a re  

Three representat ive coals  have been gas i f ied so f a r .  

met a l l  of the  design goals. 

t he  coals  t h a t  have been tes ted .  I l l i n o i s  No. 6 and the  Pittsburgh No. 8 

coals  with su l fu r  contents of 3.1 and 2.9wt%, respect ive ly ,  have been 

handled. Plans c a l l  f o r  the  tes t i ng  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  addit ional  coals ,  ‘ including an 

Austral ian coal .  

Because of the  h i g h  carbon-conversion ef f ic iency,  the  carbon 

l i s t e d  i n  Table 3.2.-1. 

The p lant  has 

The performance of the  CWCGP i s  very good fo r  

recycl ing system i l l u s t r a t e d  i n  F i g .  3.2-1 has not been used. 

wear i n  the g a s i f i e r  has exceeded expectat ions.  Minor problems encountered 

were wear and plugging of the slag-handling system, d i f f i c u l t y  i n  keeping 

the  lockhopper valves operating smoothly, and f i n e  s lag pa r t i c l es  remaining 

in the gas-scrubbing system:’ 

minor modif icat ions -in--p-lant operation or- desi-gn 

emission leve ls  were always well below requirements, even w i t h  high-sulfur 

Eastern coals .  

s t r i c t e s t  f o r  any coal-burning power p lant  i n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS. 

recovery and d i r e c t  quenching (compare Sec. 3.3-1). Capacity fac to rs  

have met t a r g e t s  expected f o r  the  f i r s t  2 years of operation and have been 

general ly equal t o  o r  super ior  t o  targeted goals. 

multi-purpose IGCC wi l l  have a capaci ty fac to r  g rea ter  than 80%. 

Refractory 

All of these problems were resolved by making 

Pollutant-emission r e s u l t s  a re  given i n  Table 3.2-2. Actual 

The environmental requirements l i s t e d  i n  Table 3.2-2 a re  the 

B o t h  modes of g a s i f i e r  operation have been u t i l i zed :  g a s i f i e r  heat 

I t  i s  expected t h a t  a 
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Table 3.2-1. Design and actual  per fo rmance fo r  the CWCGP; reproduced 

I l l inois No. 6 
(3.0% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS) 

0. 13 

co 0.07 

Par t i cu la tes  0.01 

NoX 

Pi t t sbu rgh  No. 8 
(2. 9% s) 

0.16 

0.13 

co 0.07 

so2 

NoX 

f r o m  Ref.  4. 

P e r f o r m a n c e  Parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
Des ign  Ac tua l  Pe r fo rmance  

Coal type SUFCO SUFCO 
I l l inois 
No. 6 

3.1 

12,800 

1000 

885 

120 

30 

64 

96.6 

88.5 

1.1 

12,000 

28.4 

P i t tsburgh 
No. 8 

0.48 

12,300 

1000 

96 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

114 

4.6 

60 

98.3 

90.3 

1.0 

11,500 

29.7 

0.4 

12.300 

1000 

908 

116 

3.8 

60 

98.3 

91.5 

2.6 

11,300 

30. 2 

2. 9 

13,700 

1000 

97 9 

125 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
27 

62 

99.1 

91.6 

t: 

11;600 

29.4 

Sul fur  content (wt%) 

HHV (Btu/ lb) 

Coal-feed rate (TPD) 

Oxygen consumption (TPD) 

G r o s s  power product ion (MW,) 

Byproduct  sul fur  produced (TPD)  

Coal /water  slurry concent ra t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(wt% sol ids)  

Carbon convers ion  (%) 

Gasi f ie r /syngas  cooler ef f ic iency (%) 

Gasif ier  r e f r a c t o r y  l i fe  (yr) 

Overa l l  heat rate (Btu/kWh) 

Eff ic iency (70) 

'Design parameters based  on  SUFCO coal. 

0 

t: Data not ye t  avai lable. 

'The heat rates w e r e  not opt imized and are expected to be reduced by - 2,500 Btu/kWh in  fu ture 
plants. 

Tab le  3. 2- 2. Allowed pollutant leve ls  and ac tua l  CW CGP pollutant 
em iss ions  m e a s u r e d  at the HRSG. Al l  uni ts a r e  l b s /  
l o 6  Btu; from Ref. 4. 

1985 
E PA 
T e s t  

Permit & 
Regulat ion 

Limits 
(a) 

Pol lu tan t  
P r e l i m i n a r y  

T e s t  
Resu l t s  

Federa l  
NS PS 

(b 1 

Coal  

Type 

0.033 1 0.13 

0.018 

0.07 

0.24 (c) 

0.6 

NS (e)  

0.6 (d) 

0.6 

NS 

0.03 

SUFCO (0.5% S) 

I 0.07 1 0.004 

I soz I 0 . 1 6 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 0.076 

0.094 

0.004 

0.009 

0.086 

0.09 

0.004 

0.6 (d) 

0.6 

NS 

(a)  E m i s s i o n  r e q u i r e m e n t s  for the HRSG Stack  f r o m  l imit ing permit and regu la to ry  emiss ion  

(b) New Source  P e r f o r m a n c e  Standards  for a coal- f i red power burn ing equivalent coa l  a s  

(c) 0.8 lb /10  B tu  uncontrol led emiss ions  X 0.30 for  control led emiss ions .  

(d) E m i s s i o n s  control led t o  0.6 lb /10  

(e) NS: No s tandard .  

criteria . 
CWCGP. 

6 

6 
Btu. 
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3.3. Selected Gas i f ie rs  f o r  IGCC Plants 

The following coal -gas i f icat ion systems represent important 

developments in gas i f i ca t ion  technology. The systems a re  designed t o  handle 

a wide var ie ty  of coals  and t o  be useful i n  both combined-cycle gas i f i ca t ion  

systems f o r  e l e c t r i c i t y  generation o r  f o r  the  production of p ip l ine-qual i ty 

SNG. 

* 
3.3-1. The Texaco Coal-Gasification Process (TCGP) 

3.3-1A. Introduction 

The Texaco Coal Gasi f icat ion Process (TCGP) has the  following de- 

s i g n  features:  

entrained flow, slagging reac tor ;  (c) ai r -or  02-blown gas i f i ca t ion ;  (d) h i g h  

operating temperatures; (e )  f l e x i b l e  feeds of f u e l s  and o u t p u t  products; ( f )  

system coupling f o r  cogeneration ( i . e . ,  u s i n g  the  excess heat produced i n  

the g a s i f i e r  t o  generate e l e c t r i c i t y )  . 

(a )  a pressurized react ion vessel ;  (b) a downward loading, 

The development schedule f o r  t he  TCGP i s  summarized i n  Table 3.3-1 

3.3-1B. Process Description 

Two conf igurat ions of the TCGP a r e  shown i n  Fig.  3.3-1, depict ing 

two d i f f e ren t  gas-cooling methods. The TCGP i s  designed t o  operate a t  

* The radiant  sect ion i s  necessary t o  cool the  gases below the st ick ing 

temperature of the s lag before enter ing the  convective cooler.  



pressures between 20 and 80 atm and a t  temperatures between 1200 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 5 O O O C .  

Owner 

Texaco. Inc 

Texaco. Inc 

Texaco, Inc 

RAG/RCH 

Dow 
Chemical  

TVA 

Tennessee.  
E a s t m a n  

Southern 
Calif. 
Edison Co. 
etc. (Cool 
Water )  

Ube 

SAR 

(mol ten 

Typical 

mixed w 
s lu r r y  , 
stream; 

Table 3.3-1. Development of the TCGl 

Type 
of P lan t  

pilot 

pilot 

pilot 

demon- 
s t ra t i on  

demon- 
s t ra t i on  

demon- 
s t ra t i on  

com- 
m e r  c ia l  

com- 
m e r  c ia l  

com- 
m e r  c ia l  

com- 
m e r  c ia l  

Lo cat ion 

Zalifor nia 

Cali fornia 

Zalifor nia 

W. Germany 

Louisiana 

Alabama 

Tennessee 

Cali fornia 

Japan 

W. German)  

Coal 
Capacity, 

T P D  

15 

15 

15 

165 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
400 

190 

900 

1,000 

1,650 

8 00 

Start- 

UP 

1973 

1978 

1981 

1978 

1979 

1982 

1983 

1984 

1984 

1986 

taken f r o m  Ref. 1. 

Gas Cooling 

d i rec t  quench (d.q.) 

d.q./heat r e c o v e r y  

d. q. 

heat  r e c o v e r y  

d. q. 

d. q. 

heat recove ry  or  
d.q. 

d.q. 

d.q. /heat recovery  

Produc t  

- 

oxo-chemicals  

syn thes is  gas 
f o r  e l e c t r i c  
power 

ammonia  

a c e t i c  
anhydr ide 

syn thes is  gas 
fo r  e l e c t r i c  
power 

ammonia  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OXO- chemical /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

The coal i s  wet-ground @ and s lu r r i ed  w i t h  o i l  o r  water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 

The s lu r r y  i s  

I f  

coal- l iquefact ion residues are  used, these s teps  a re  omitted. 

s lu r r y  feeds have between 60 and 70wt% of so l i ds .  

t h  O2 o r  a i r  i n  the gasi f ier-burner 0. 
steam o r  another temperature moderator i s  added t o  the  burner 

water serves th i s  purpose f o r  water s l u r r i e s .  

For gas i f i ca t ion  of an o i l  

By properly ad just ing 

the 02/slurry r a t i o ,  temperatures a re  maintained above ash-f lu id 

temperatures. 

Af ter  leaving the  g a s i f i e r  (burner) ,  the gases are  cooled @, 
e i t h e r  by d i r e c t  contact  w i t h  quenching water [ F i g .  3.3- l (a) ]  o r  tty passing 

through a rad ia t i ve  cooler  

In the  l a t t e r  case, heat  i s  recovered from these gases (and from the  

g a s i f i e r )  i n  the form of high-pressure steam, which can be used t o  generate 

e l e c t r i c  power. 

* 
and t h e n  a convective cooler  [Fig. 3.3-l(b)]. 

The former method i s  preferred when the output i s  NH3 o r  
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Coal Grinding and Gasification and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
Oxidant Slurry Preparation Gas Scrubbing 

Part icula le-Free 
b 

Synthesis Gas 

I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

I 
I 
I 
I 
I 

I 
I 
I Coarse 
I Slag to 

Disposal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

4 

Separator 

Purge Water 

Fine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASlag and Char 
To Disposal 

CI a r i f  ier 

Coal Grinding and Gasification and (b 1 
Oxidant Slurry Preparation Gas Cooling Gas Scrubbing 

I 

Mill 
Cod Feed 

I High- 

Steam 
I 
I 

-------- 
I - - - - - - - - - - - - -  -b Pressure 

Oil "Ier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'7 Coal Grinding 

I I $ 
I I Slurry 

Tank 

(Optional) @ 
Recycle 

Fig. 3.3-1. The process diagram fo r  the TCGP is shown f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo gas-cool ing uodes: 
(a)  d i r e c t  quench and (b) waste-heat recovery; reproduced, with minor 
modif icat ion, from R e f .  1. 
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H 2 ,  since the required sh i f t  reac tor  i s  e a s i l y  in tegrated i n  the  quench 

mode; a lso ,  heat t rans fe r  from the gases t o  the quenching water produces 

steam, which  i s  used downstream t o  increase the  H2 y ie ld .  

Af ter  cool ing, the  gases en te r  a water scrubber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, where char 

and fly-ash a r e  removed from the product gas. If necessary, the product 

gases a l so  undergo su l fu r  cleanup (not shown) u s i n g  commercially ava i lab le  

technology. 

recycled t o  the par t i cu la te  scrubber 0, t h u s  forming a closed loop. Some 

of the  recycled water i s  purged t o  prevent sca l ing and t o  control  the level  

of d issolved so l ids .  A small amount of make-up water i s  needed. Most of 

the ash from the  g a s i f i e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ i s  removed a s  a quenched s lag  through a 

water-sealed depressur iz ing lockhopper system @ and i s  then sent t o  the 

slag-col lect ion sump zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. 
the c l a r i f i e r  @ f o r  recycle o r  disposal  while the coarse s lag  from the 

separator  i s  removed. 

The scrubbing water i s  sent t o  the c l a r i f i e r  @ and i s  then 

Fines from the s lag  separator  @ are  pumped t o  

The product gases leaving the  pa r t i cu la te  scrubber 0 contain H 2 ,  

CO,  COP, HZO, and t r a c e s  of Ar, N 2 ,  CH4,  H2S, and COS. 

two sulfur po l lu tan ts  present depend on the su l fu r  contents of the feed 

fue ls  . There i s  no de tec tab le  amount of NOx formed,' and i t  i s  s ta ted  t h a t  

no SOx i s  produced.' General ly, very low po l lu tan t  l eve l s  r e s u l t  from the  

TCGP i n  both the  gaseous and wastewater streams. 

po l lu tant  leve ls  i s  given i n  Ref. 2. 

performance i s  a t t r i b u t e d  t o  the  h i g h  react ion temperatures' and the 

highly-reducing environment used i n  the  process. 

p lants  (compare Table 3.3-1). 

t r i c i t y  generat ion,  and synthes is  gas (CO and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2) f o r  the  production of 

methanol o r  o ther  oxo-products. 

the TCGP. According t o  Texaco, any carbonaceous material t h a t  may be formed 

in to a pumpable, concentrated s lu r r y  can be gas i f ied .  

types of coa ls ,  cokes and l iquefact ion res idues t h a t  have been gas i f ied  i n  

the Texaco p i l o t  p lan ts  i s  given i n  Table 3.3-2. 

The amounts of t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

A de ta i l ed  ana lys is  of a l l  

The observed exce l len t  gasi f . ier  

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of d i f f e r e n t  products have been prepared i n  commercial 

These include H Z y  NH3' fuel  gas f o r  elec- 

Many d i f f e r e n t  types of f u e l s  have been successfu l ly  gas i f ied  i n  

A summary o f  the 

Free-swelling ind ices 

ranging between 0 and 8 have been handled a t  the RAG/RCH plant  i n  FRG. '  In 

Ref. 3, t he  conversion of petroleum coke t o  synthes is  gas i n  d 30 1PD p lan t  

i n  Ube City, Japan, i s  descr ibed i n  d e t a i l .  

since 1982. 

T h i s  p lant  has been operat ing 
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Table 3.3-2. Examples of feedstocks gasified in the Texaco 
Montebello plants. 

Coals: anthracites, semi-anthracites, bituminous and sub- 
bituminous coals, and lignites. 

Petroleum cokes: fluid, delayed, calcined, fluid from tar- 
sands bitumens. 

Coal liquefaction residues: formed from solvent refined coal 
(SRC I and 11), H-coal, and in the Exxon donor 
solvent (EDS) process. 

Others: Lurgi tar/oil. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

3.3-2. The Shell Coal-Gasification Process (SCGP) 

3.3-2A. Introduction 

The past and current development schedules of the SCGP are 

summarized in Table 3.3-3. The SCGP is described as a "highly efficient 

Table 3.3-3. Milestones in the SCGP development. 

Date 

1972 

1976 (start-up) 

1978 (start-up) 

1987 

Scale of Operation 

development initiation 

6 TPD pilot plant 

150 TPD experimental unit 

SCGP-1 (-1/5 of compercial 
size): 250 TPD of high- 
S bituminous coal, -400 
TPD of wet, high-ash 
lignites 

Location 

Amsterdam, Holland 

Harburg, FRG 

near Houston, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATX 

* This is a brief summary of technical material provided by Heitz and 

It has been reviewed and approved for accuracy by M. Nager Nager.4 

(Shell Oil Company) to whom we are greatly indebted for advice and 

assistance. 



process w i t h  demonstrated feed-stock f l e x i b l i t y  from l i g n i t e s  t o  coke.It4 The 

SCGP-1 demonstration u n i t  i s  expected t o  be completed during the  four th  

I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  being developed by several Shell Oil units, in col laborat ion 

w i t h  EPRI and Lummus Crest (a Combustion Engineering subsidiary).  

i n i t i a l  appl icat ion of t h i s  technology i s  expected t o  be t o  e l e c t r i c  power 

generation. 

An evaluation of the  6 TPD SCGP i n  Amsterdam i s  g i v e n  i n  Ref. 5. 

Two coals  were tes ted :  

information on the  SCGP, including an economic assessment of an IGCC system 

u t i l i z i n g  the  Shell  g a s i f i e r ,  may be found i n  Ref. 6. 

quar te r  of 1986, w i t h  plant  s tar t -up scheduled f o r  the  f i r s t  hal f  of 1987. 4 

The 

I l l i n o i s  No. 5 and a Texas l i g n i t e .  Further 

3.3-2B. Process Description 

The process diagram f o r  the  6 TPD process-development un i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  

reproduced i n  Fig .  3.3-2 from Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Pulverized coal i s  sieved over a 

v ibrat ing screen w i t h  1 mm openings t o  remove the  coarse mater ia ls .  

then pressurized i n  a lockhopper system @ and i s  pneumatical l y  t ransported 

from the  feed vessel @ t o  the  reactor  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, which cons is ts  of two 

opposi te ly- f i red burners. 

ash and produce a l iqu id  s lag.  

l iqu id  s lag leaves the  reactor  t h r o u g h  the s lag tap and f a l l s  i n t o  a water 

bath 4 . 
The reactor  product gas and f l y  s lag (which i s  comprised mostly of 

residual  carbon and p a r t i a l l y  molten ash) i s  quenched @ w i t h  recycled 

product gas t o  about 350OC. Primary separation of f l y  s lag from product gas 

occurs i n  a cyclone @. Further separation i s  accomplished i n  the venturi  

scrubber 0, the separator vessel @, and the packed-bed scrubber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3. The 

product gas i s  now f r e e  of so l ids  (<l  mg of solids/Nm ). Some of t h i s  gas 

leaves the plant a s  high-pressure product gas @) , while some i s  recycled 

t o  the  q'uench sect ion @. 
sec t ion ,  i t  passes t h r o u g h  a condenser @ , separator vessel @ , 
recycle-gas compressor 0, and buffer vessel @ . 

I t  i s  

Temperatures in  the  reactor  a re  su f f i c i en t l y  high t o  melt the coal 

A dense, non-leachable s lag i s  formed as the 

3 

Before t h i s  recycle gas reaches the  quench zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
54 



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
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Boiler feed-water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ enters the system through the separator @ 
and the packed-bed scrubber @ . 
section @ is also admitted to the packed-bed scrubber. The water is 

final ly passed through the sour-water stripper @ , where low-pressure 

gas @) and steam @ are produced. 

from the 6-TPD pilot plant, with improvements derived from results of 

continuing research at the Shell Research Laboratory in Amsterdam and the 

150 TPD Harburg plant. 

to the gasifier. 

product gas essentially free of nitrogen is desired. Typical gas concen- 

trations are given in Table 3.3-4 and indicate that N2 comprises around 

14 or 15% of the product gas. In larger-scale systems, a denser flow of 

solids can be handled, thus reducing the carrier-gas flow-rate. These 

product gases have high CO and H2 but low C02 and CH4 concentrations. This 

desirable feature is attributed to the dry feed and high temperature in the 

Shell gasifier. The gas composition on a dry, nitrogen-free basis expected 

from the SCGP-1 is given i n  Table 3.3-5 for comparison. Trace components 

for both processes are similar and compounds such as naphtha, phenols, tars, 

and other HCs do not survive the gasifier. 

improved stream factors and careful component optimization. 

2500 TPD or more will be shop-fabricated and transportable by rail in the 

US. 

information for commercial designs. Key components for evaluation include 

the feed system, gasifier, and syngas cooling system. Environmental data 

will be obtained for feedstocks designated by the participants, with the 

acid-gas removal system designed to meet applicable strict environmental 

control legislation. A gas-treating slip-stream unit will be operated to 

test cleanup options. 

installed. 

Water from the recycl e-gas clean-up 

4 The 250 TPD SCGP-1 has been described as substantially different 

In the pilot plant, nitrogen is typically employed to tramsport coal 

However, recycle product gas may also be used when a 

Other design improvements are aimed at potential economies of scale, 

According to Heitz and Nager,' it is expected that units processing 

The SCGP-1 will be used to confirm equipment life and to provide needed 

Computerized data-acquisition and handling systems are being 

For further details and information on project management and 
4 related topics, we refer to Heitz and Nager. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 3.3-4. Representative product-gas composit ions (in ~01%) 
obtained at the SCGP in Amsterdam; f r o m  Ref. 5. 

C om zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp o ne nt 

H2 

c02 

CH4 

2s 

H2° 

co zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

Coal Type 

Il l inois No. 5 Texas Lignite 

26.78 

52.24 

5.14 

0.02 

0.77 

14.98 

7.38 

26.49 

52.43 

6.61 

0.13 

0. 27 

14.01 

9.35 

Vol% on a dry-gas bas is .  
t 

Table 3.3-5. Typical  t rea ted  product-gas composit ion anticipated 
for the SCGP-1; reproduced f r o m  Ref. 4. 

Component 

HZ 

c02 

H2s 

co 

cos 
HCN 

"3 
H C1 

HF 

CH4 

H2° 
Ar  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

% by volume (N2-free) 

-< 

< 

< 

< 

< 

< 
< 

30 

69 

09-1 

0.01 

0.01 

0.001 

0.001 

0.001 

0.001 

0.03 

0. .6 

0.2 
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3.3-3. The U-GAS Process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

3.3-3A. Introduction 

The Institute of Gas Technology (IGT) has developed the U-GAS 

process to produce gas from coal i n  an efficient economic, and environ- 

mentally acceptable manner. The product gas from the process may be 

used to produce low-Btu gas, medium-Btu gas, and substitute NG for use as 

fuels, or chemical products such as ammonia, methanol, hydrogen, and 

oxo-chemicals, or electricity generated by a combined cycle or a fuel cell. 

The three main goals for developing a new gasification process have been 

economical handling of large volumes of gas throughput, high carbon 

conversion o f  coal to gas witho.ut producing tar or oil by-products, and 

minimum damage to the environment. 

a period of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 years and has utilized skills and expertise evolving from 

earlier coal-gasification projects at IGT that date back to 1950. 

process has been extensively tested in a pilot plant to establish process 

feasibility and provide a large data base for scale-up and design of the 

first commercial plant. The U-GAS process is considered to be one of the 

more flexible, efficient, and economical coal-gasification technologies 

developed in the US during the last decade. 

currently available for licensing from GDC, Inc., a wholly owned subsidiary 

of IGT. 

The U-GAS process has been developed in a multiphase program over 

The 

The U-GAS technology is 

3.3-3B. Process Description 

The U-GAS process accomplishes four important functions i n  a 

single-stage, fluidized-bed gasifier (Fig. 3.3-3): it decakes coal, 

devolatilizes coal, gasifies coal, and agglomerates and separates ash from 

* Prepared by P.B. Tarman, Vice President, Research and Development, 

IGT, 3424 South State St., Chicago, IL 60616. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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char. In 

the process, coal (1/4 inch x 0) is dried only to the extent required for 

handling purposes. 

1 ockhopper system. 

oxygen (air can be substituted for oxygen) at a temperature of 1750 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2000°F. 

controlled to maintain nonslagging conditions for ash. 

pressure of the process depends on the ultimate use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof product gas and may 

vary between 50 and 350 psi. 

Other characteristics of the process are shown i n  Table 3.3-6. 

It is pneumatically injected into the gasifier through a 

Wi thi n the f 1 uidi zed bed, coal reacts with steam and 

The temperature of the bed depends on the type of coal feed and is 
The operating 

The pressure must be optimized for a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Classifier 
or air zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ash - -  
agglomerates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- Water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 1  *- - 
tl( Ash agglomerates 
b slurry 

Fig.  3 . 3 - 3 .  Schematic diagram o f  the U-GAS f lu id ized-bed g a s i f i e r .  
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 3 - 6 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-GAS process  c h a r a c t e r i s t i c s .  

High convers ion  o f  c o a l  t o  gas us ing  an  ash-agg lomera t ing  technic lue; 

c a p a b i l i t y  t o  g a s i f y  a l l  ranks o f  c o a l ;  

a b i l i t y  t o  a c c e p t  f i n e s  i n  t h e  c o a l  f e e d ;  

s imple des ign ,  s a f e  and r e l i a b l e  o p e r a t i o n ;  

easy  t o  c o n t r o l ,  a b i l i t y  t o  wi ths tand  u p s e t s ;  

p roduc t  .gas v i r t u a l l y  f r e e  of t a r  and 0-i ls; 

no env i ronmenta l  problems; 

o p e r a t i o n  a t  lower  tempera ture  than a r e  used w i t h  s l a g g i n g  g a s i f i e r s ;  

l a r g e  turndown c a p a b i l i t y ;  

l a r g e  u n i t  c a p a c i t y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
particular system; for production of an industrial fuel, a minimum pressure 

of 80 to 100 psi is desirable. At the specified conditions, coal is 

gasified rapidly, producing a mixture of H2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO and COZY and small amounts 

of CH4. 

nearly all of the sulfur present in coal is converted to H2S. 

eously with coal gasification, the ash is agglomerated into spherical 

particles and separated from the bed. 

gas enters the gasifier through a sloping grid. The remaining gas flows 

upward at high velocity through the ash-agglomerating device and forms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

relatively hot zone within the fluidized bed. High-ash-content particles 

agglomerate under these conditions and grow into larger and heavier 

particles. Agglomerates grow in size until they can be selectively 

separated and discharged from the bed into water-filled ash hoppers, from 

which they are withdrawn as a slurry. In this manner, the fluidized bed 

achieves the same low level of carbon losses i n  the discharge ash that is 

generally associated with ash-slagging gasifiers. 

external cyclones. 

and fines from the second cyclone are returned to the ash-agglomerating 

zone, where they are gasified and the ash is agglomerated with bed ash. 

raw product gas is virtually free of tar and oils, thus simplifying the 

ensuing heat recovery and purification steps. 

Because reducing conditions are always maintained in the bed, 

Simultan- 

A portion of the fluidizing 

Coal fines elutriated from the fluidized bed are collected i n  two 

Fines from the first cyclone are returned to the bed, 

The 
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3.3-3C. Pilot-Plant Description 

Most of the U-GAS process development work has been accomplished 

on a pilot plant put into operation in 1974. 
pilot-plant development is given in Table 3.3-7. 

has been funded by the US DOE and the American Gas Association. The pilot 

plant is located at IGT's test facilities i n  southwest Chicago. It consists 

of a gasifier and all required peripheral equipment with utilities and other 

support services. 

structure that is about 100 ft. high. 

A chronological listing of 

The development program 

Most of the equipment is contained in an enclosed 

The pilot plant consists zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  a drying and screening system, feed- 

storage silos, a lockhopper system for feeding coal at rates up to 3000.1b/hr., 

a refractory-lined fluidized-bed reactor with a special agglomerate with- 

Table 3.3-7. Test history of the U-GAS pilot plant. 

Date(s) 

1974 

1974 - 1975 

1975 

1977 

1977 

1977 

1978 

1978-1982 

1980 

1981 

1983 

1984 

Number 
of Tests 

9 

53 

13 

4 

7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

8 

25 

3 

3 

2 

1 

Function 

Equipment shakedown 

Process- feasibility studies 

Testing of highly-reactive small-size feed 

Shakedown of the modified pllot plant 

Testing of highly-reactive feedstock 

First bituminous coal tests 

Testing of unwashed high-ash feedstock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Demonstration/conunercial plant 

Testing of highly-caking feedstock 

Coal-verification test with different 
feedstocks for different clients 

Coal-verification tests with ROM French 
coal 

Coal-verification tests with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAROM Utah Coal 
(air and enriched-air gasification) 

design data 



drawal system i n  i t s  base, a p r o d u c t  gas quench system, a c y c l o n e  system f o r  

removal and r e c y c l e  o f  e l u t r i a t e d  f i n e s ,  a product-gas scrubber ,  a product -  

gas i n c i n e r a t o r ,  and a lockhopper  ash-removal system. The p i l o t  p l a n t  f l o w  

diagram i s  shown i n  F i g  3.3-4. The g a s i f i e r  i s  a m i l d - s t e e l ,  r e f r a c t o r y -  

l i n e  vessel  w i t h  an i n s i d e  d iameter  o f  3 f t  and a h e i g h t  o f  about  30 ft. 

The p i l o t  p l a n t  i s  t h o r o u g h l y  ins t rumented t o  p r o v i d e  necessary o p e r a t i n g  

i n f o r m a t i o n  and d a t a  f o r  t h e  c a l c u l a t i o n  o f  accura te  mass and energy 

balances. A computer system f o r  automat ic  d a t a  a c q u i s i t i o n  p r o v i d e s  

o n - l i n e  process f l o w s ,  balances, c r i t i c a l  v a r i a b l e  t r e n d  p l o t s ,  and 

o p e r a t i n g  d a t a  summaries a t  r e g u l a r  i n t e r v a l s .  

s p e c i a l  sampl ing systems f o r  complete c h a r a c t e r i z a t i o n  o f  t h e  raw p r o d u c t  

gas, w a t e r  e f f l u e n t s ,  and coa l  f i n e s  necessary f o r  g a s - p u r i , f i c a t i o n  and 

wa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t e w a t  e r  sy stems. 

The p i l o t  p l a n t  c o n t a i n s  

3.3-3D. Process Development 

Over t h e  l a s t  7 years ,  IGT has conducted an ex tens ive ,  

m u l t i d i s c i p l i n a r y  program t o  develop i m p o r t a n t  aspects  o f  t h e  U-GAS 

techno logy  and t o  o b t a i n  i n f o r m a t i o n  f o r  t h e  des ign  o f  a commercial p l a n t .  

The program has i n c l u d e d  t h e  f o l l o w i n g  steps: 

(i). Opera t ions  o f  t h e  U-GAS p i l o t  p l a n t  t o  demonstrate process 

f e a s i b i l i t y ,  i n c l u d i n g  ash agg lomera t ion  and f i n e s  r e c y c l e .  The p i l o t  p l a n t  

has a l s o  y i e l d e d  d a t a  on t h e  process,  mechanical and o p e r a t i o n a l  des ign o f  a 

commercial p l a n t .  A d e t a i l e d  mechanical  des ign  o f  t h e  g a s i f i e r  has been 

on-going w h i l e  t h e  p i l o t  p l a n t  has been o p e r a t i o n a l .  T h i s  procedure has 

been o f  g r e a t  b e n e f i t  i n  i d e n t i f y i n g  d e s i g n  d a t a  gaps t h a t  c o u l d  be ob ta ined 

f rom t h e  o p e r a t i n g  p i l o t  p l a n t .  

concerns i n  s c a l i n g  up f rom a p i l o t  p l a n t  t o  commercial s c a l e  a r e  centered  

around t h e  g r i d  and v e n t u r i  r e g i o n  o f  t h e  g a s i f i e r .  A s e m i - c i r c u l a r  

c o l d - f l o w  model and a p r e s s u r i z e d  c o l d - f l o w  model have been operated t o  

understand t h e  hydrodynamics o f  t h e  g r i d / v e n t u r i  r e g i o n ,  determine t h e  

mechanical  c o n f i g u r a t i o n  o f  t h e  scaled-up g r i d - v e n t u r i ,  and s e l e c t  t h e  

dimensions o f  t h e  v e n t u r i  t o  d i s c h a r g e  t h e  necessary q u a n t i t y  o f  ash 

agglomerates.  

(ii). Scale-up s t u d i e s  on l a r g e ,  c o l d - f l o w  model. The b a s i c  

An X-ray c i n e s t u d y  has been conducted t o  examine v i s u a l l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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solids circulation, jet penetration, and bubble dynamics in the grid/venturi 

zones of different mechanical configurations. Numerical simulation and 

engineering calculations have been carried out to compare the thermal and 

hydrodynamic similarities between the pilot and commercial plants and to 

select appropriate design parameters. 

(iii). Ash chemistry studies and bench-scale experiments. 

Extensive ash-chemistry studies have been conducted to understand and 

develop mechanistic models of ash agglomeration and ash adhesion. 

Bench-scale experiments have been carried out to determine the main 

operating variables affecting the formation of ash agglomerates. 

Steam-oxygen gasification and high-pressure fluidization knowledge and 

skills have been developed in various other coal-gasification projects at 

IGT dating back to 1950. A computer model of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-GAS gasification system 

has also been developed to predict the performance of the gasifier at 

different operating conditions and with different coals. 

(iv). Environmental characterization of the process. During the 

pilot-plant operation, extensive sampling and analysis have been conducted 

to obtain information for complete environmental characterization of the 

process. The raw product-gas samples have been collected in a specially 

developed sampling train to trap all impurities present in the gas. 

analyses have yielded the needed data for design of the downstream 

gas-purification equipment. 

scrubber system has been analyzed for information on design of wastewater- 

treatment facilities. All solid streams entering and leaving the gasifier 

have been analyzed for trace metals to obtain a material balance and 

determine the fate of trace metals present i n  the coal feed. 

merates and other solid discharges have undergone leaching tests to assess 

compliance with regulations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo environmental problem has been encoun- 

tered i n  the design of the commercial plant, as evidenced by approval of 

the Environmental Impact Statement by all US, state, and local regulatory 

agencies. 

technology, the process is ready for commercialization. 

evaluations by several large engineering and petroleum companies support 

this conclusion. 

These 

The water-discharge stream for the verituri- 

Ash agglo- 

Based on successful development of all aspects of the U-GAS 

Independent 



3.3-3E. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPilot-Plant Operations 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-GAS pilot plant has been the primary unit in which the 

process development has been conducted. A total of 10,000 hrs of operating 

time has been logged in the pilot plant, during which period over 120 tests 

have been conducted with about 3500 tons of various coals. Several test 

runs have lasted over 2 weeks, thereby providing long, steady-state 

operating periods with excellent mass and energy-balance closures. 

program starting i n  1974. 
mechanical and process problems were encountered. One by one, solutions 

were found for each of these. 

important aspects of the process (raw coal feed, stable ash agglomeration, 

and fines recycle) were both routinely and repeatedly achieved i n  several 

tests. A detailed description of the pilot-plant development is given i n  

IGT reports. In phase I, process feasibility was demonstrated using 

metallurgical coke and char as feed. For phase 11, the pilot plant was 

modified t o  feed coals, and trial tests were made with subbituminous and 

bituminous coals. During phase 111, process feasibility was proved using 

high-sulfur-content, caking bituminous coal as feed and data were developed 

for scale-up and design of a commercial plant. In phase IVY environmental 

data were collected and the reactor dynamic response was investigated. 

The pilot-plant development has been carried out in a multiphased 

As is typical in pilot-plant developments, both 

By the end of the development program, all 

The major achievements in the pilot plant have been as follows: 

(ii) The application of the technique of ash agglomeration and 

(i) Process feasibility has been verified in a series of tests of extended 

duration. 

fines recycle has been perfected, and an overall coal-utilization efficiency 

of over 98% has been achieved. (iii) The process has been shown to have a 

wide operating window, thus providing flexibility to gasify a wide variety 

of feedstocks. (iv) The tests have produced a strong data base for scale-up 

and design of the first commercial plant. (v) Data related to environmental 

aspects of the process, particularly raw gas and wastewater characteristics, 

have been obtained. These data show that there are virtually no tars or 

oils produced i n  the process. (vi) Commercially available refractories and 

metallurgical products have performed quite satisfactorily i n  the gasifier. 

Mechanical information has been obtained for designing gasifier internals, 

critical hardware, valves, cyclones, etc., which are important for reliable 

operation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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3.3-3F. Feedstocks 

A wide variety of feedstocks have been used in the pilot plant to 

determine process sensitivity to variables such as ash content, ash 

properties, particle size, reactivity, free swelling index, and volatile 

matter. Eigh.t types of different coals and three types of chars have been 

tested in the pilot plant (cf. Table 3.3-8). The feedstocks for testing 

have been selected to cover a wide range of important coal properties that 

could have significant effects on gasification and ash agglomeration. The 

range of feedstock properties is shown in Table 3.3-9. 

All feedstocks except chars are 1/4 inch x 0 in size and are fed 

to the gasifier without any removal of fines. The coals are also directly 

fed into the gasifier fluidized bed without any pretreatment, regardless of 

their caking tendencies (free swelling index). Also, for western Kentucky 

coals, both washed and unwashed coals have been successfully tested to 

determine the effects of the large quantity of clay and shale that is 

present in unwashed underground-mined coals. 

Lignites have not been.tested i n  the pilot plant because of 

funding limitations, but the Wyoming subbituminous coal has reactivity, 

moisture, and volatile matter content very similar to lignites. Therefore, 

lignites should not pose any problems i n  the U-GAS process. Specifically, 

ash properties are more significant i n  the U-GAS process than coal reac- 

tivity, and the range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  coals tested in the pilot plant covers almost 

all lignite-ash compositions. 

3.3-3G. Utah Bituminous Coal Test 

A test was carried out with Utah bituminous coal in the U-GAS 

pilot plant. 

process to produce low-Btu gas and to provide data for the design of a 

commercial plant. 

set-points. 

test objectives. (i) to prove the feasibility o f  

producing low-Btu gas by gasifying the coal with air and steam, (ii) to 

maximize coal-conversion efficiency, ( i i i )  to gasify coal with enriched air, 

ANR was interested i n  evaluating the performance of the U-GAS 

The test called for 7 days of operation at 5 different 

The test was successful i n  achieving all of ANR's predetermined 

These objectives were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.3-8. U-GAS gasifier feedstocks. 

Property 

Western Kentucky No. 9 bituminous coal 

(both washed and unwashed) 

Western Kentucky No. 11 bituminous coal 

Illinois No. 6 bituminous coal 

Pittsburgh No. 8 bituminous coal 

Australian bituminous coal 

Polish bituminous coal 

Value 

French bituminous (unwashed) coal 

Utah bituminous (unwashed) coal 

Montana subbituminous coal 

Wyoming subbituminous coal 

Metallurgical coke 

Western Kentucky coal char 

Illinois No. 6 coal char 

Table 3.3-9. Range of U-GAS gasifier feedstock properties. 

Moisture, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% 

Volatile Matter, % 

Ash, % 

Sulfur, % 

Free Swelling Index 

Ash-Softening Temperature, OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"C 

Gross Heating Value, Btu/lb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W/kg 

t 1 to 32 

3 to 431 

6 to 351 

0.5 to 4.61 

0 to 8 

1980 to 2490 

1080 to 1370 

7 ,580  to 12, 650f  

17,631 to 29,424 

+As received; !dry basis. 

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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( i v )  t o  i n v e s t i g a t e  g a s i f i e r  turndown, (v)  t o  t e s t  gas d e s u l f u r i z a t i o n  u s i n g  

l imestone,  ( v i )  t o  eva lua te  a h igh- temperature coa l -dus t  f i l t e r ,  ( v i i )  t o  

t e s t  combustion c h a r a c t e r i s t i c s  o f  t h e  low-Btu p roduc t  gas, and ( v i i i )  t o  

o b t a i n  d a t a  f o r  t h e  des ign  o f  a commercial p l a n t .  

The p i l o t  p l a n t  was opera ted  f o r  6 days d u r i n g  wh ich  t i m e  58 t o n s  

o f  Utah  c o a l  were g a s i f i e d .  Steady-state,  ash-balanced o p e r a t i o n s  were 

ma in ta ined  f o r  6 d i f f e r e n t  s e t - p o i n t  o p e r a t i n g  c o n d i t i o n s .  

v e r s i o n  e f f i c i e n c y  was 93 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  99% d u r i n g  t h e  v a r i o u s  s e t - p o i n t s  o f  o p e r a t i n g  

c o n d i t i o n s .  

j e c t i v e s  were completed. 

one o f  t h e  se t -po in ts  i s  shown i n  F i g .  3.3-5. 

(34% oxygen) and steam. 

f rom 75 t o  171 Btu/SCF. The h e a t i n g  v a l u e  o f  t h e  low-Btu gas was lower  than  

i s  expected i n  a commercial p l a n t  because o f  (i) h i g h  heat  l osses  r e l a t i v e  

t o  t h e  r e a c t o r  coa l  f e e d  c a p a c i t y  and (ii) excess ive  c o o l i n g  o f  r e c y c l e d  

f i n e s  i n  t h e  p r imary  wa te r - j acke ted  cyc lone.  

turndown was demonstrated by reduc ing  t h e  gas-produc t ion  r a t e  by h a l f .  

a b i  1 i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof banking t h e  g a s i f i e r  was demonstrated a1 so d u r i n g  some inechani c a l  

f a i l u r e s  encountered d u r i n g  t h e  t e s t .  For  example, t h e  coa l - feed system was 

shu t  down f o r  a lmost  10 hours  t o  r e p a i r  t h e  v a r i a b l e  speed f e e d  mechanism. 

Dur ing  t h i s  pe r iod ,  t h e  g a s i f i e r  was ma in ta ined  i n  a h o t ,  standby p o s i t i o n  

and r e s t a r t e d  w i t h o u t  any problems a f t e r  r e p a i r s  were completed. 

t y p i c a l  p l a n t  upsets ,  t h e  g a s i f i e r  was made t o  respond i n  a c o n t r o l l e d  and 

l o g i c a l  f ash ion ,  w i t h o u t  ma jor  i n t e r r u p t i o n s  i n  gas p roduc t i on .  

The t e s t  demonstrated t o t a l  f i n e s  r e c y c l e ,  which i s  necessary t o  

ach ieve  h i g h  coa l -convers ion  e f f i c i e n c y .  

were r e c y c l e d  d u r i n g  a l l  s i x  s e t - p o i n t s  and t h e  f i n e s  f rom t h e  secondary 

cyc lone  were r e c y c l e d  d u r i n g  f i v e  o f  t h e  s i x  se t -po in ts .  

r e c y c l e  was achieved under smooth and c o n t r o l l e d  c o n d i t i o n s  and was shown t o  

be e a s i l y  i n i t i a t e d  and c o n t r o l l e d .  Any i n t e r m i t t e n t  i n t e r r u p t i o n s  i n  t h e  

r e c y c l e  o f  t h e  secondary f i n e s  d i d  n o t  cause o p e r a t i n g  upsets  o r  r e d u c t i o n  

i n  gas p roduc t i on .  

The coal-con- 

The t e s t  was v o l u n t a r i l y  t e r m i n a t e d  when a l l  o f  t h e  t e s t  ob- 

A summary o f  t h e  p i l o t  p l a n t  t e s t  r e s u l t s  f rom 

G a s i f i c a t i o n  was c a r r i e d  o u t  w i t h  a i r  and steam and e n r i c h e d  a i r  

The h e a t i n g  v a l u e  o f  t h e  low-Btu gas was v a r i e d  

Dur ing  one o f  t h e  s e t  p o i n t s ,  t h e  c a p a b i l i t y  o f  t h e  g a s i f i e r  f o r  

The 

Dur ing  

The f i n e s  f rom t h e  p r imary  cyc lone 

Secondary f i n e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApart of the overall program, three special tests were conducted 

that were aimed at improving the performance and economics of commercial 

low-Btu gas plants. In one of these, limestone was injected into the 

fluidized bed along with coal to test the capture of sulfur compounds 

generated during coal gasification. 

adverse effects in the gasifier, ash discharge, or fines recycle. Data 

indicated that a large portion of the spent limestone exited the gasifier as 

CaS04 rather than Cas. 

its stability i n  an atmospheric environment. The degree of sulfur reduction 

i n  the product gas could not be precisely determined because of the 

difficulty i n  measuring relatively low concentrations of sulfur compounds 

(the coal contained only 0.6 wt% of sulfur). 

The addition of limestone did not have 

The former is the preferred by-product because of 

Coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1343 lb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C" 1141 lb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ash 141 lb 
Moisture 61 1b 

Fines 24 lb 

C" 17 lb 
Ash 7 lb 

Steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& air 

Ash 175 lb 

C* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 lb 
Ash 146 lb 

Fig. 3 . 3 - 5 .  Results of the t e s t  conducted with Utah coal in the 
U-GAS p i l o t  plant; coal conversion - 96.0%;  C* repre- 
sents MAF-coal. 



In another special test, we evaluated the high-temperature 

coal-fines filter. 

gas at high temperatures (lOOOo to 1500°F), then product gas could be 

utilized directly, thus simplifying the commercial plant design and 

improving efficiency and economics. 

installed in .the pilot plant on a slipstream after the primary cyclone. 

filter.operated during the test i n  a completely automatic mode throughout 

the six-day test and removed all of the dust from the hot product gas. 

There was no blinding of the filter medium or any continuous increase in 

pressure drop or cycle time of the filter system. 

in the filtered gas was conducted using a photometric particle counter. 

results of the measure at one of the set points is shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3..3-6. 

resulting from operations at three of the set-points were evaluated in a 

specially-installed burner and furnace. 

gases from all set-points. 

the combustion tests; i n  addition, both thermal and fuel NOx formations were 

determined. 

If coal fines could be removed from the low-Btu product zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A hot ceramic candle filter was 

The 

The measurement of dust 

The 

The combustion characteristics of the low-Btu product gas 

Stable combustion was achieved with 

The SO2 and NOx emissions were measured during 

A complete environmental characterization of the low-Btu product 

gas was made by using a specially designed sampling loop. 

indicate that the gas does not contain any significant quantity of tar and 

oils and both the gas-purification and waste-water treatments i n  a IJ-GAS 

plant could be handled by conventional technologies. 

3.3-3H. Pilot-Plant Tests with a French Coal 

These results 

A French Merlebach coal was successfully gasif ,?d i n  the IJ-G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 

pilot plant during tests conducted for CdF. 

first test provided useful information on operational characteristics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 

coal. The second test yielded a long steady-state operating period in which 

all of CdF's test objectives were achieved. These objectives were: (i) 

demonstration of the operability of the U-GAS process with high-ash French 

coal, (ii) maximization of coal-conversion efficiency, (iii) production of 

good-quality product gas, and (iv) data for the design o f  a demonstration 

plant. 

Two tests were conducted: The 

70 



In the  second t e s t ,  t he  p lan t  was operated continuously f o r  92 

Ash-agglomerating and ash-balance operat ions were maintained 

These involved ( i )  test ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

hrs, when 48 tons  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  coal were gas i f ied  during 60 hrs of steady-state 

operat ion.  

during th ree  d i f f e r e n t  operat ing condi t ions.  

w i t h o u t  recycle of f i n e s  from the  secondary cyclone, ( i i )  t e s t i n g  w i t h  t o t a l  

recycle of f i n e s ,  and ( i i i )  t e s t i n g  w i t h  a lower steam-to-coal r a t i o .  

coal-conversion e f f i c iency  higher than 95% was continuously maintained 

during the  l a s t  two t e s t s .  

25.0 

20.0 

15.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 

0 20 40 60 80 100 120 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

Time, min 

Fig. 3 . 3 - 6 .  Dust loading i n  the f i l ter  exit gas for one of the 
se t  points.  



The gasifier was used to handle coals with ash contents from 20 to 

35 wt%. In addition, because the coal was unwashed, it contained a large 

quantity of shale, which was also handled by the gasifier without any 

detrimental operational effects. Once steady-state operation was achieved 

and ash agglomeration established, 96% of the ash discharged was withdrawn 

through the bottom venturi; the remaining 4% of ash was withdrawn through 

the overhead along with the fines. 

bed, despite the uneven ash-feed rate to the gasifier. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo ash buildup occurred in the fluidized 

The quality of -the product gas in the U-GAS process is strongly 

influenced by the characteristics of the feed coal. Despite the combination 

of a high ash and a low volatile matter content with the Merlebach coal, the 

U-GAS pilot plant yielded a good-quality product gas with an HHV of about 2 

Btu/SCF (8600 kj/m3). 

compared to its coal-feed capacity. 

recycled fines occurs both in the primary water-jacketed cyclone and the 

first-stage quench. Our estimate is that a commercial gasifier with 

appropriately designed cyclones and experiencing lower heat loss per unit 

volume of product gas will produce a gas with a heating value from 250 to 

270 Btu/SCF (10,000 to 10,800 kj/m3). 

Merlebach coal test, it was demonstrated that the heating value of the 

product gas could be significantly improved by appropriate optimization of 

operating parameters. When generating synthesis gas from coal to produce 

chemicals, a more critical number than gas-heating value is the combined 

yield of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 and CO; any zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACH4 in the product gas is considered to be 

by-product. 

SCF/lb (1 -25  m3/kg) of MAF coal. 

process the ability for a total recycle of fines that is necessary to 

The pilot plant has relatively high heat losses 

In addition, excessive cooling of the 

During the last set-point i n  the 

In the U-GAS pilot-plant test, the yield of H2+C0 was up to 20 

During the test (see Fig. 3.3-7), we demonstrated with the U-GAS 

achieve high coal-conversion efficiency. 

were recycled during the latter two set points only. 

recycle was shown to be easily initiated and controlled. 

demonstrated that occasional minor interruptions in the recycle of the 

secondary fines did not reduce gas production or cause operating upsets. 

fact, the automatic oxygen/temperature controller employed by the U-GAS 

process promptly responded to these interruptions and maintained the 

gasifier under stable operating conditions. 

The fines from the primary cyclone 

Secondary fines 

The testing also 

In 

Recycle of fines was maintained 
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f o r  more than 34 h r s  and c o n c l u s i v e l y  demonstrated t h a t  t h e  f i n e s  c o u l d  be 

g a s i f i e d  t o  e x t i n c t i o n  w h i l e  t h e  r e s u l t a n t  f i n e  ash was agglomerated and 

d ischarged a long w i t h  t h e  bed ash t h r o u g h  t h e  v e n t u r i ,  w i t h o u t  b u i l d u p  o f  

f i n e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor ash i n  t h e  g a s i f i e r  system. 

The p i l o t - p l a n t  t e s t  showed t h a t  t h e  ash f rom t h e  Merlebach coa l  

c o u l d  be r e a d i l y  agglomerated i n  t h e  U-GAS process. T h i s  was demonstrated 

by c l a s s i f i c a t i o n  and w i thdrawal  o f  o n l y  h i g h  ash-content m a t e r i a l  th rough 

t h e  v e n t u r i .  

3.3-4. Other  G a s i f i e r s  

A comprehensive r e v i e w  of s e l e c t e d  g a s i f i c a t i o n  systems and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 a s s o c i a t e d  c o a l s  has been prepared f o r  E P R I  by S y n t h e t i c  Fue ls  Associates.  

We r e f e r  t o  t h i s  s tudy  and r e f e r e n c e s  c i t e d  t h e r e i n  f o r  d e s c r i p t i o n s  o f  t h e  

L u r g i  Dry Ash, BGC/Lurgi, Ki lnGas, and o t h e r  g a s i f i e r s .  D e s c r i p t i o n s  o f  a 

number o f  c u r r e n t l y  

Chapter 4. 

Coal  13921b 
C"' 

943 lb  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ash 4221b 

Mois ture 27 l b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. 

a c t i v e  g a s i f i c a t i o n  t e c h n o l o g i e s  w i l l  be found i n  

,-b F ines  33  lb 

C"' 17 l b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ash 16 l b  

U-GAS 
1850 "F 
30 p s i  

Y 
Ash 407 lb 

C' 27 l b  
Ash 380 lb 

..- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4- Steam & oxygen 

F ig .  3.3-7. R e s u l t s  of the test  conducted with French c o a l  i n  the 
U-GAS p i l o t  p l a n t ;  c o a l  convers ion  - 95.3%; C* r e p r e -  
sents MAF-coal. 
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* 
3.4 Research Recommendations f o r  Improving Gas i f ie rs  

Primary motivations f o r  support ing research a re  the  needs f o r  cos t  

reduction and operat ing- l i fe  extensions of g a s i f i e r s .  

There are  two important i den t i f i ed  research areas ,  the p u r s u i t  of 

w h i c h  may lead t o  improved performance i n  t he  SCGP and TCGP. 

reduction o r  el iminat ion of fouling' and el iminat ion of f a i l u r e  caused by 

high-temperature corrosion fa t igue.  

These a re  

2 

3.4-1. 

According t o  the authors of Ref. 1 ,  research on slagging i s  expected 

t o  lead t o  improved methods f o r  predic t ing foul ing i n  prac t ica l  systems. A t  

* We are  indepted f o r  helpful comments t o  M .  Nager and W. Schlinger i n  

t he  preparation of t h i s  sect ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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present ,  t h e  methods used a r e  l a r g e l y  e m p i r i c a l  and based on s t a t i c  models, 

which do n o t  correspond t o  a c t u a l l y  e x i s t i n g  c o n d i t i o n s  i n  combustors o r  

g a s i f i e r s  where many d i f f e r e n t  s i z e s  o f  p u l v e r i z e d  c o a l s  a r e  u t i l i z e d .  

improved ASME procedure i s  r e q u i r e d  t o  d e f i n e  s l a g g i n g  c o n d i t i o n s  f o r  c o a l s  

s ince  t h e  ash- fus ion temperature has been shown t o  be an inadequate measure 

f o r  s lagg ing .  The au thors  o f  Ref. 1 suggest t h e  use o f  bench-scale e x p e r i -  

ments, w i t h  s p e c i a l  emphasis on i n n o v a t i v e  approaches. 

Research should i n c l u d e  t h e  f o l l o w i n g  t y p e s  o f  s t u d i e s .  

P r e d i c t i o n s  of t h e  s l a g  v i s c o s i t y ,  e s p e c i a l l y  under g a s i f i e r  c o n d i t i o n s .  

S lag  v i s c o s i t y  i s  o f  c r i t i c a l  importance i n  a s s u r i n g  t h a t  t h e  s l a g  i s  

removed c o n t i n u o u s l y  f rom t h e  g a s i f i c a t i o n  chamber. 

compl ica ted  by t h e  f a c t  t h a t  s l a g s  appear i n  homogeneous and mul t i -phase 

systems. (ii) Phase diagrams i n c o r p o r a t i n g  new and e x i s t i n g  e m p i r i c a l  data,  

e s p e c i a l l y  f o r  b i n a r y ,  t e r n a r y  and h igher -order  m i x t u r e s .  To use t h e  

r e s u l t s  p r o p e r l y ,  t h e  e q u i l i b r i u m  behav io r  o f  ash must be determined. 

approach w i l l  a l s o  l e a d  t o  improved understanding o f  wa l l -and tube-depos i t  

fo rmat ions .  (iii) Many modern dynamic exper iments a r e  per formed w i t h  l a r g e  

v a r i a t i o n s  i n  c o n d i t i o n s .  Data f rom d i f f e r e n t  exper iments may be d i f f i c u l t  

t o  compare. A p p l i c a t i o n s  t o  p r a c t i c a l  systems p r e s e n t  even g r e a t e r  

cha l lenges .  

s i m u l a t i o n s  o f  a c t u a l  combustion c o n d i t i o n s ,  s t a n d a r d i z a t i o n  o f  exper imenta l  

t e s t  procedures would be d e s i r a b l e .  

techn iques  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  recommended t o  v e r i f y  o r  improve fundamental unders tand ing  o f  

g a s i f i c a t i o n  r a t e s  and mechanisms and t h e  b e s t  a v a i l a b l e  model ing 

procedures.  

of t h e i r  r e l a t i v e l y  low c o s t s  and s i m p l i c i t y .  I f  p o s s i b l e ,  s t a t i c  

exper iments should be dev ised t h a t  p r o v i d e  u s e f u l  i n f o r m a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon f o u l i n g  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
sl agg i  ng . 

An 

(i) 

T h i s  problem i s  

T h i s  

Since exper iments may be performed t h a t  r e p r e s e n t  reasonable 

( i v )  The use o f  improved d i a g n o s t i c  

(v)  S t a t i c  exper iments on bulk samples a r e  a t t r a c t i v e  because 

3.4-2. Corros ion  and F a t i g u e  

Three research  areas a r e  suggested i n  Ref. 2: (i) Measurements o f  

h igh-temperature,  c o r r o s i o n - f a t i g u e  d a t a  f o r  a l l o y s  o f  commercial i n t e r e s t  

under a c c u r a t e l y  c o n t r o l l e d  and w e l l - d e f i n e d  c o n d i t i o n s .  (ii) I n f o r m a t i o n  

on t h e  k i n e t i c s  and mechanisms o f  c o r r o s i o n - f a t i g u e  damage f o r m a t i o n .  

An augmented model i n c o r p o r a t i n g  t h e  r e s u l t s  o b t a i n e d  under (i) and (ii) 

i n t o  des ign  c a l c u l a t i o n s .  There has been s p e c i a l  emphasis on t h e  r e d u c i n g  

(iii) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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conditions found i n  coal gasifiers, but other environments could be usefully 

employed to obtain data over wider ranges of conditions. 

temperature ranges lie2 between 350 and 7OO0C, while pressures fall in the 

20-60 atm range. 

(50 to 5000 cycles) to identify the influence of cycling on failure rates. 

Interesting 

New studies should be performed on the effects of cyclic loadings 

3.4-3. High-Temperature Sulfur Removal 

Application of a high-temperature sulfur-removal process will 
significantly improve the efficiency of an IGCC system and a DOE-supported 

program in this area is therefore recommended. 

3.4-4. Gasifiers for Low-Rank Coals 

Gasifiers for IGCC (cf. Sec. 3.3) have been extended to low-rank 

coals. 

Texaco gasifier using C0,-lignite slurries as gasifier feed. 

EPRI has made a preliminary evaluation of this proposal for the 

The Shell, 

icable to low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 

Dow and other gasifiers have also been demonstrated as app 

rank coals. 

3.4-5. Low-Cost Gas Separation and Air Enrichment 

The Shell and Texaco gasifiers, as well as other gasifications zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

systems, will benefit from lower costs if improved gas-separations with 

air-enrichment systems are developed. 

Chapter 13. 

This important topic is addressed in 

References for Section 3.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. "Recommendations for Research Leading to New Bench-Scale Experiments 

for the Prediction of Slagging and Fouling Behavior," ASME Research 

Committee on Corrosion and Deposits from Combustion Gases (March 18, 

1985). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W.T. Bakker, "Suggestions for Direction - Low Cycle Fatigue Program," 

Report of the Second Meeting of COGARN, pp. 212-215 (February 25, 

1986), unpubl i shed. 

2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
76 



CHAPTER 4: 
COAL GASIFICATION FOR SNG PRODUCTION* 

4.1. Introduction 

4.1-1. The Great Plains Coal Gasification Plant (GPCGP) 

In the early 1970s, when "Project Independence'' was being defined 

by the Federal Government and serious concerns were being raised about the 

natural gas (NG) reserves and long-term supply of NG, there wer,e more than 

100 major projects under consideration that involved the production of sub- 

stitute natural gas (SNG) from coal. These projects generally involved 

plants that would produce the equivalent of 250 million standard cubic feet 

of gas per day (SCF/d) with a heating value of 950-1000 Btu/SCF. 

these plants were on a schedule that would have placed them on-stream i n  the 

mid- to late-1980s. However, the world energy picture changed dramatically 

and the requirement for producing pipeline-quality gas from coal moved 

further into the future. Now, SNG from coal is being considered as a 

potential pipeline-quality gas supply option for the post-2000 time frame. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As a result of changes in the energy market, only the GPCGP was 

constructed. This plant is located in Beulah, North Dakota, and was 

developed through the combined efforts of a consortium of natural gas 
companies and the Federal Government. Start-up operations began in 1984, 

with a nominal output of 125 million SCF/d (at a 90% stream factor) of 

pipeline-quality gas. 

and its operation is based on dry-bottom Lurgi gasification technology 

together with commercially available methanation, gas conditioning and 

clean-up technology. 

Some of 

This plant uses North Dakota lignite as the feedstock 

*This chapter has been written by Kermit E. Woodcock and Vernon L. Hill of 

GRI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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To date, the GPCGP is clearly a technical success.' It was 

constructed within cost, completed on schedule and has involved only minimal 

problems during its initial period of operation. 

produce 137.5 x 10 SCF/d, but has operated consistently at levels exceeding 

the original design capacity. In March 1986, the plant production was as 

follows: hi.ghest daily rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 154.7 x 10 SCF (112.5% of design), hlghest 

weekly rate = 1.0463 10 

x lo9 SCF (106.4% of design). 

In the current economic climate resulting from low world 0-i1 

prices, the GPCGP is not economically competitive with other gas-supply 

options. However, the experience gained through the construction and 

operation of this plant is providing the gasification community with a bench 

mark of the real costs of SNG based on cdmmercially available technology. 

In addition, it is helping to identify where process improvements car] be 

effected through engineering changes or process selection and where 

supporting research and development efforts could have an impact. 

The plant was designed to 
6 

6 

9 SCF (109% of design), highest monthly rate := 4.536 

4.1-2. General Thermodynamic Considerations 

The atomic ratio of H to C i n  coals is less than one. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAit 

result, in order to convert coal to pipeline-quality gas efficiently at an 

H/C ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 4 ,  it i s  necessary to prov de a source of H2. 
accomplished by the addition of steam. The overall reaction scheme for 

producing pipeline-quality gas from coa , with water as source of the 

necessary hydrogen, represented by 

This is usually 

coal + H20 -CH4 + C02. (4.1-1) 

In most gasification processes, however, this overall reaction is not, 

realized in a single step but is accomplished through a series of steps to 

provide reaction environments for which conversions proceed at accept,able 

rates. These steps are the unit operations of coal-gasification plants. As 

reaction temperatures are raised to higher values (where gasification reac- 

tions proceed at adequate rates), the stability of CH4 (methane) is reduced 

and, at the higher temperatures such as those associated with entrained-flow 



g a s i f i e r s  ( i  . e . ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA125O-137O0C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, there i s  no methane production i n  the 

g a s i f i e r .  Typical off-gas compositions from fixed-bed, f luidized-bed and 

entrained-flow g a s i f i e r s  a re  presented i n  Table 4.1-1, which show the  

ranges of methane production t h a t  can be expected. 

an indicat ion of the  addi t ional  conversion t o  methane t h a t  must be 

accompl i shed i n  order t o  approach the overal l  react ion scheme represented by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E q .  (4.1-1). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As the  react ion temperature i s  ra ised ,  the react ions t h a t  dominate 

These data a lso  provide 

the gas i f i ca t ion  process include 

coal - CH4 + char + t a r s ,  o i l s ,  (4.1-2) 

char + H20 4 CO + HZy (4.1-3) 

char + O2 + CO + H2, (4.1-4) 

r .  

,. ' 

CO + H20 + C02 + H2, (4.1-5) 

+ H20 --I CO + 3H22 (4.1-6) CH4 

ZCH4 + O2 L CO + 4H2, (4.1-7) 

2co * co2 + c. (4.1-8) 

In addit ion t o  the  pr incipal  react ions,  w h i c h  control t he  concentrat ion of 

the major products of gas i f i ca t ion ,  there  occur a lso  a s e r i e s  of react ions 

involving t race  cons t i tuents  in the coa ls ,  such as the  nitrogen, su l fu r  and 

mineral matter,  which r e s u l t  i n  the formation of addi t ional  gaseous species 

(H2S, NH3, COS, mercaptans, su l f ides ,  e t c . ) .  

gaseous species depends on the  g a s i f i e r  condi t ions and coal type and m u s t  

a lso  be d e a l t  with as  pa r t  of a coal-to-SNG process. 

react ions represented by Eqs. (4.1-2) t h r o u g h  (4.1-8) and when SNG i s  t he  

desired end product, addi t ional  processing s teps  are  required t o  convert the  

CO and He produced i n  the  g a s i f i e r  t o  methane. 

accomplish th is conversion a re  (a )  the  water gas sh i f t  react ion (WGSR) of 

The nature of these addi t ional  

When the  gas i f i ca t ion  process i s  contro l led by the  types o f  

The pr incipal  react ions t o  

79 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Eq. (4.1-5), which p rov ides  t h e  d e s i r e d  i n i t i a l  H2/C0 r a t i o  and (b) a 

methanat ion r e a c t i o n  which may proceed accord ing  t o  t h e  f o l l o w i n g  s teps:  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tab le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.1-1. Commerc ia l  and developmental  gasif icat ion processes ,  oxygen- 

blown reac tan t  consumption and gas  production. 

Parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 

Entrained-flow Gasifiers Fluidized-bed Moving-bed Gasifiers Gasifier 
Lurgi BGC slagging Kopper s - 
dry- ash Lurgi Winkler HYGAS Totzek 

(commercial) (pilot pbnta) (commercial) (pilot planta) (commercial 
~ 

Gas exit T, "C 580 440 700 340 

P, psi  430 290 14.7 1000 

Gas analysis, 
vo 1% 

29.7 2.5 20.0 24.7 

co la. 9 60.6 34.0 24.0 

39.1 27.8 41.0 30.5 

11.3 7.6 3.0 19.4 

Other s 1.0 1.5 2.0 1.4 

c02 

HZ 

cH4 

H2/CO volume I 2.1 I 0.46 1 1.21 I 1.27 
ratio 

Product utilization 
Equivalent SNG, 
nM3/lOOO kg of 
coal 

Equivalent CH4, 
nM3/1000 kg of 
coal 

d 

1884 

529 

1939 

517 

15 96 

413 

1850 

I 
I 5 42 

1290 

14.7 

7.1 

58.7 

32. a 
- 
1.4 

0.56 

1845 

462 

Texaco 
(pilot planta) 

1290 

580 

10.6 

51.6 

35.1 

0.1 

2.6 

0.68 

1988 

470 

aPilot plants are of various sizes: BGC/Lurgi, 1200 kg/h; HYGAS, 2500 kg/h; Texaco, 6500 kg/h. 

bThis value includes nitrogen and various impurities (H2S, COS, NH3, etc. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 

'The SNG is assumed to be equal to the sum of the concentrations of H2, CO, and 3 X CH4 . 
dTlie methane potential is assumed to be equal to the methane (CH ) concentration plus (1/4) of the (H2+ CO) 

4 concentration. 

These r e a c t  

methanat ion 

CO + 3H2 

2CO + 2H2 

ons depend on t h e  overa 

c a t a l y s t  used. 

- CH4 + H20, (4.1-9) 

- CH4 + C02, (4.1-10) 

- CH4 + 2H20, (4.1-11) 

1 i n i t i a l  gas compos i t ion  and t h e  



Workers a t  Exxon, t h r o u g h  the use of a l ka l i  metal o r  a lka l ine-  

ear th  s a l t s  as  gas i f i ca t ion  ca ta l ys ts  and an innovative concept, were ab le  

t o  provide a react ion environment i n  the g a s i f i e r  such t h a t  a l l  of the  

methane was formed i n  the g a s i f i e r  i t s e l f  and addi t ional  methanation s teps  

were n o t  required (compare Sec. 7 .2 ) .  However, the methane was s t i l l  only 

one cons t i tuent  of a multi-component gas mixture, and separat ion and gas 

clean-up s teps were required t o  develop a f i na l  product stream of 

pipel ine-qual i ty gas. 

4.1-3. General Flow Sheets 

Because of the heterogeneity of coa l ,  the  presence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  heteroatoms 

and in te rac t ions  of chemical k ine t ics  and thermodynamics, the  production of 

p ipel ine-qual i ty gas from coal requi res in tegrat ion of many process s teps ,  

regard less of the  type of g a s i f i e r  employed. Typical block diagrams showing 

the number and sequence of major process s teps  needed f o r  processes i n  which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Crushing 
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Drying 

Coal 
Feeding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- 

71 Conversion I Shift zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Quench - 
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Removal 

Recycle Gas COa -P Gasification $  ̂ Compression Removal - E CO, 
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 'I Methanation 

Drying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 
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Sour Water 
Skipping 

Ash 

Recovery Gas 
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Fig. 4 .1 -1 .  Coal-to-SNG in the Kellogg-Rust-Westinghouse (KRW) gasification process. 

81 
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Coal Steam 
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Drying 
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Catalyst 

Coal Drying 

I 
I Preoxidationt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA! 

I Feeding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
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Recycle Gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Raw Gas 
Scrubbing r 
Sour Water 
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'Required for caking coals. 

Removal 

Removal 

Process Gas 

Methane H Recovery 

Drying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt co, 

Sulfur 

k Ammonia 

Fig. 4.1-2. Coal-to-SNG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the k o n  gasification process. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
methanation is required downstream of the gasifier and where all methane 

formation i s  achieved i n  the gasifier, as i n  the KRW and Exxon catalytic 

processes, are shown in Figs. 4.1-1 and 4.1-2; the Exxon process i:j 

described i n  detail in Sec. 7.2. 

These diagrams emphasize the importance of effective process 

integration and indicate that there are many opportunities where pi-ocess 

improvements, achieved through continued research and development, can have 
a positive impact on process configurations, capital costs, operating costs 

and, ultimately, the end-product cost zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  pipeline-quality gas. 

process elements contribute to the final end-product cost of SNG from coal, 

the gasifier, methanation process and clean-up systems represent major 

determinants i n  other process requirements and overall process integration. 

While all 
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4.2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAdvanced Gasification Technology for SNG 

The development of gasification technology to convert coal to SNG 

has been the subject for extensive research, developments and demonstration 

programs for at least three decades. 

20 conversion progresses were in vari'ous stages of development, and other 

approaches were being evaluated in Europe. 

exploratory projects, bench-scale studies, evaluations at the 

engineering-test unit (ETU) and process-development unit (PDU) scales, 

pilot-plant studies, and detailed design studies for demonstration plants 

and possible commerical operations. 

being evaluated include the following: 

Bi-Gas (Bi tumi nous Coal Research, Inc. ) C02-Acceptor (Conoco Coal 

Development Co.) Synthane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(U.S. Bureau of Mines), HYGAS (Institute of Gas 

Technology), COGAS (FMC Corporation), High Mass Flux (Bell Aerospace), 

F1 ash Hydropyrolysi s (Rockwell International ) , Exxon Catalytic (Exxon 

Research and Engineering), Winkler (Rheinsiche Braunkohl enwerke AGR), U-GAS 

(Institute of Gas Technology), KRW Ash-Agglomerating (Westinghouse/KRW 

Energy), Hydrane (U.S. Bureau of Mines), Slagging-Fixed-Bed (British Gas 

Corporation/Lurgi GmbH), Fluid-bed Hydrogasification (Rheinische 

Braunkohlenwerke AGR), Ruhr-100 (RuhrgadLurgi GmbH). 

commercially available technology with respect to process efficiency, 

feedstock utilization and flexibility or to reduce the potential for 

unfavorable environmental interactions with the recognition that improved 

technology would translate into lower end-product gas costs. 

program progressed and data became available for use in comparative economic 

evaluations, work was discontinued on most of these approaches when it was 

shown that sufficient economic incentives could not be identified to justify 

continued R&D expenditures. 

and the supporting economic studies, development work is still proceeding on 

the ash-agglomerating, fluid-bed technology (U-GAS, KRW Ash 

In the US in the mid-l970s, over 

These efforts encompassed 

Process concepts that have been or are 

Lurgi dry-botton (Lurg4 GmbH), 

Each of these processes was conceived i n  an effort to improve the 

As the R&D 

Today, as a result of the available data bases 

Agglomerating-process), the British Gas/Lurgi slagging gasifier, and the 

Rheinbraun direct, fluid-bed hydrogasification process for SNG production 

because of the unique characteristics of the available cost resource base 

and the advanced stage of the R&D program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Other than the  fluid-bed hydrogasif icat ion technology, continued 

g a s i f e r  development work i s  being j u s t i f i e d  pr imari ly because of process 

f l e x i b i l i t y  and the  potent ia l  f o r  appl icat ions i n  areas  other  than SNG 

production (e .g . ,  IGCC f o r  e l e c t r i c  power generat ion).  

can be appl ied t o  coal-to-SNG processes, i s  given i n  the following 

subsect ions,  except f o r  the U-GAS process w h i c h  i s  described i n  d e t a i l  i n  

Section 3.3-3. 

A br ie f  summary of the  technologies s t i l l  under development, which 

4.2-1. BGC/Lurgi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS1 aggi ng Gasi f i er  

The BGC/Lurgi slagging g a s i f i e r  i s  a fixed-bed g a s i f i e r  

(Fig. 4.2-1) and cons is ts  of a ver t i ca l  cy l indr ica l  reac tor  i n to  which coal 

i s  i n jec ted  through a lockhopper and a ro ta t ing  coal d i s t r i bu to r .  The coal 

moves slowly down the  reac tor  i n  contact  w i t h  gases passing countercurrent ly 

through the  bed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA mixture of steam and oxygen i s  i n jec ted  a t  the bottom of 

the bed through nozzles ( tuyeres) .  The base o f  the  coal bed i s  ca l led  the  

raceway and i s  the locat ion where h i g h  temperatures cause the  ash t o  melt, 

y ie ld ing  a f l u i d  s lag  which dra ins  from the hearth through a 

central ly-placed s lag  tap .  

water t o  form a g lass  f r i t  and i s  subsequently removed v ia  a s lag lock- 

hopper. 

The  s lag  i s  quenched i n  a chamber f i l l e d  w i t h  

The predominant react ion i n  the  raceway i s  combustion o f  

devo la t i l i zed  coa l ,  y ie ld ing  a product stream of hot gases t h a t  contain 

steam and carbon oxides. As t h i s  gas moves up  through the f ixed bed, carbon 

i s  rap id ly  gas i f ied  by steam and carbon dioxide. Since these react ions a re  

highly endothermic, the temperature drops rap id ly ,  e f fec t i ve l y  l im i t ing  the  

very h i g h  temperature s lag  l ibera t ion  zone t o  a small a rea .  The small s lag 

l i be ra t i on  zone i s  benef ic ia l  i n  reducing the heat t rans fe r  t o  the  coal 

resu l t i ng  i n  progressively lower temperatures, eventual ly reducing react ion 

r a t e s  t o  the point  where gas i f i ca t ion  react ions e f fec t i ve l y  stop. 

t h i s  zone, rapid heating of the  fresh coal r e s u l t s  only i n  drying and 

devo la t i l i za t ion  react ions.  These react ions y i e l d  t a r s  and o i l s ,  

s ign i f i can t  amounts of methane, su l fu r  compounds, steam, and other  minor 

products,  which a re  ca r r i ed  out of the  g a s i f i e r  by the  product gas. The 

BGC/Lurg i  slagging g a s i f i e r  o f f e r s  potent ia l  advantages over t h e  clry-bottom 

Above 
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Lurgi technology since it can accommodate caking coals more effectively, 

utilizes coal fines, and has lower oxygen and steam requirements. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.2-2. KRW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Kel logg-Rust-Westinghouse) Ash-Agglomerating, 

Fluidized Bed Gasifier 

The KRW (Kel logg-Rust-Westinghouse) process is a fluid-gasifier 

(Fig. 4.2-2) in which coal and recycled fines are reacted with steam and 

oxygen to form a synthesis gas consisting mainly of CO, COP, H 2 ,  CH4,  and 

steam. The process development unit (PDU) gasifier is a vertical, 

refractory-lined vessel operable up to 230 psig and 1000°C and consisting of 

four sections: the freeboard, gasifier bed, combustion zone, and char-ash 

separator. 

Feed Coal 

1 
Coal Lock 
Hopper 

Quench - 
SteamlOxygen 

f--- Feed 

Circulating - 
Quench 
Water 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.2-1. The BGC/Lurgi slagging gasifier. 
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Raw coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, ground t o  3/16"xO" (and dr ied t o  5% surface moisture 

when necessary), i s  fed pneumatically t o  the g a s i f i e r  t h r o u g h  a lockhopper 

system, along w i t h  the  char f i n e s  from cyclones downstream of the  
g a s i f i e r .  Feeding i s  accomplished by means of s t a r  wheel feeders and 

recycle gas. The coal and char a re  fed t o  the  g a s i f i e r  along i t s  center 
l i n e  and combusted i n  a stream of oxidant (oxygen o r  a i r )  fed t h rough  a 

coaxial feed tube. When oxygen i s  employed, steam i s  used together with 

the  oxidant as the  gasi fy ing medium. 

There a re  several other key flows in to  the g a s i f i e r ,  as  shown in 

F ig .  4.2-2. A flow of steam i s  provided by annular flow around the  nozzle 

t i p  t o  prevent carbon deposit ion a t  the  base of the  j e t .  

gas o r  steam i s  in jected rad ia l l y  a t  a locat ion near the  middle sect ion of 

t he  in ject ion nozzle. T h i s  flow mildly f l u id i zes  and cools the  ash f o r  

withdrawal; the  sharp temperature gradient a t  the  char/ash in te r face  i s  

u t i l i z e d  t o  control withdrawa'l ra te .  

sparger r i n g  a t  the  base of the ash bed t o  a id  i n  ash withdrawal. 

carbon oxides and residual steam as  the product gas. The carbon i n  the  char 

i s  consumed by combustion and gas i f i ca t ion  as  the bed of char c i r cu la tes  

t h r o u g h  the j e t .  The temperature near the bottom of the  bed i s  maintained 

h i g h  enough t o  ensure t h a t  the  ash-rich pa r t i c l es  resu l t ing  from react ions 

sof ten,  agglomerate and def lu id ize.  The agglomerates migrate t o  the  annulus 

around the  feed tube and are  continuously removed by a ro tary  feeder t o  

lockhoppers. 

isothermal condition up  t o  l , O O O ° C .  The lower port ion of the  annulus 

operates a t  about 26OOC. Carbon conversion i s  t yp ica l l y  90-95% on an 

overal l  bas is ,  while the ash i s  concentrated t o  85% in the agglomerates. 

The raw product gas containing no t a r s  o r  o i l s  passes from the  

Additional recycle 

Recycle gas i s  a lso  in jected t h r o u g h  a 

The coa l ,  char and steam react ions in the  g a s i f i e r  form hydrogen, 

The major p o r t i o n  of the g a s i f i e r  operates i n  an essen t ia l l y  

g a s i f i e r  t o  two refractory- l ined cyclones i n  se r ies ,  where the char 

p a r t i c l e s  are removed. 

inser ted in to  a recycle gas stream and re in jected i n t o  the g a s i f i e r ,  e i t h e r  

with the coal feed o r  separately i n t o  the  lower section of the  bed. The 

product gas i s  then quenched, cooled and scrubbed of any remaining f i nes  

(usual ly  1%) before fu r ther  processing and recycl ing.  

PDU scale have demonstrated t h a t  high conversion e f f i c i enc ies  can be achieved 

The f i nes  co l lected i n  the cyclones a re  cooled, 

Experiments a t  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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w i t h  a wide var ie ty  of feedstocks, including both caking and non-caking 

coa ls ,  and tha t  coal f i nes  can be e f fec t i ve l y  consumed i n  the  g a s i f i e r .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARaw Fuel Gas Product and Fines 

Freeboard 

Auxiliary - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c -  Steam 

Steam ---+ 

Recycle Gas-----+ 

Oxygen 

Ash Agglomerates 

Coal and Transport Gas 

Fig. 4.2-2. Functional schematic of the Westinghouse gasifier, 

4.2-3. Rheinbraun AG, Hydrogasification 

2 Rheinbraun AG has been proceeding w i t h  t he  development and 

evaluation of a process t o  produce SNG t h r o u g h  the d i r e c t  react ion 

o f  hydrogen and coal v ia the  overal l  react ion 

coal i- H2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACH4 + char. (4.2-1) 



The o v e r a l l  process under c o n s i d e r a t i o n  w i l l  u t i l i z e  two f l u i d - b e d  r e a c t o r s .  

I n  t h e  upper bed, hydrogen i s  used as t h e  f l u i d i z i n g  agent f o r  t h e  p r i m a r y  

c o a l  feeds tock .  The r e s u l t i n g  p r o d u c t  gas i s  a m i x t u r e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC H 4 ,  H 2 ,  CO, and 

COP,  a long w i t h  H2S and N H 3 ,  t h a t  must subsequent ly undergo clean-up, 

s e p a r a t i o n  and upgrading s teps t o  achieve t h e  f i n a l  SNG p r o d u c t  stream. 

r e s i d u a l  hydrogen f r a c t i o n  o f  t h e  stream i s  separated c r y o g e n i c a l l y  and 

r e c y c l e d  t o  t h e  r e a c t o r .  

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A schematic diagram o f  t h e  p i l o t  p l a n t  used t o  develop d a t a  f o r  

t h e  h y d r o g a s i f i c a t i o n  r e a c t o r  i s  shown i n  F ig .  4.2-3. 

o p e r a t i n g  d a t a  f rom t h e  h y d r o g a s i f i c a t i o n  p i l o t  p l a n t  f o r  t h e  r e l a t i v e l y  

r e a c t i v e  Rhenish brown coa l  and a l s o  f o r  West German a n t h r a c i t e .  

Table 4.2-1 presents  

Pneumatic 
Conveying Drier 

Hopper 

- 
Gasometer --- -0- 

Methane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(SNG) 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.2-3. Pilot plant for hydrogasification of coal (Rheinbraun AG); 
gasification pressure: up to 1750 psi; coal throughput: up 
to 9 . 6  dried tonslhr; gasification temperature: up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 950°C; 
gas production: u p  to 7800 rn3 (i. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN. )CHq/hr. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 4.2-1. Operat ing data of the semi- technica l  pilot plant for  hydrogasi f icat ion 
of coa l  at Rheinbraun zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-~ 

Par a m e  te r  

Coal  throughput, rnaf 

Specia l  coal  throughput, maf 

Methane content zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof crude gas  

Degree of C-gasi f icat ion 

Operat ing tempera tu re  

0 per at ing pr  e s sur  e 

Solids res idence t ime 

Plant  i n  operat ion 
with coal  throughput 

197 6 - 1982 

Rhen ish  Brown Coal 

1782 tons 

max.  700 lb/hr 

UP to 48 ~0170 

up to 82% 

800- 1000 "C 

800-1375 p s i  

9-80 m i n  

26987 h r  
12253 h r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A nthr a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcite 
~- 

13.6 tons 

max. 350 l b / h r  

up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 25 v0170 

up t o  47% 

940-960 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"c  

1150-1250 psi 

28-38 m i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The hydrogen required for hydrogasification is produced in the 

lower fluid-bed. Residual char from the hydrogasification stage is reacted 

with steam and oxygen to generate SNG that can be shifted to provide the 

necessary concentrations of hydrogen. The basis for the char gasifier is 

the high-temperature Winkler process, a pressurized, fluid-bed gasifier that 

is also being developed by Rheinbraun. 

extension of earlier, atmospheric pressure, fluid-bed gasifier technology 

The high-temperature Winkler is an 

and is designed to provide for higher temperature and higher pressure 

operation. 

increase carbon utilization. 

throughput. 

The high-temperature Winkler technology has been demonstrated i n  a 

nominal 45 TPD pilot plant at pressures t o  approximately 130 psi and 

temperatures t o  approximately l l O O ° C .  All types of coal have been processed 

and it has been demonstrated that the addition of limestone to the fluid-bed 

can significantly reduce the H2S content of the raw gas. 

The higher temperature lowers the make of liquid byproduct and 

Higher pressures increase the gasifier 



4.2-4. Catalytic Coal Gasification 

Exxon Research and Development has conducted an engineering 

development program through the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPDU stage (l-ton/day) to evaluate the 

potential for using coal gasification catalysts and a unique process flow 

sheet to produce SNG from coal i n  a fluid-bed reactor, without the use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof an 

oxygen plant or a separate methanation step. The catalyst, together with 

the process concept, led to the direct formation o f  methane in the gasifier 

according to the overall reaction 

coal + H20 - CH4 + C02. (4.2-2) 

This technology, which is specifically focused on the production of SNG from 

coal is discussed i n  Sec. 7.2. 

4.3. Catalytic Methanation 

Catalytic methanation has been studied extensively since 1902, 

when Sabatier and Senderens published their classical paper on Ni 
 catalyst^.^ Many catalysts were subsequently tried. By 1925, man.y 

eyfective metal catalysts had been identified.4 An excel lent descr 
commercial processes is given i n  Ref. 5. Although this subject zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  

considered in Chapter 7, we shall discuss it here from a somewhat ci 

perspective because of its potential importance for SNG production. 

. -  , -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

90 

- 

ption of 

fferent 

4.3-1. Chemistry and Thermodynamics 

Catalytic methanation involves the exothermic formation of CH4, 

usually starting with a mixture of H2 and COY although methanation can also 

be achieved with mixtures of H2 and C02. 

gasifiers, with the lower temperature gasifiers producing relatively more 

CH4. 
reactor. 

deposition. 

feed gas: 

temperature rise. 

Methane is formed in many coal 

Thus, some amount of CH4 may be present in the feed gas to the catalytic 

Steam is usually present or is added t o  the feed to avoid carbon 

The heat release depends on the amount of CO present in the 

for each 1% of COY an adiabatic reaction will experience a 6OoC 



4Y5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe per t inent  react ions a re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 CH4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ H20, 
-?- 

( 4.3-1) 

2H2 + 2CO A - CH4 + COZY (4.3-2) 

2co A T- c + cozy (4.3-4) 

(4.3-5) a CO + H20 ? C02 + H2. 

I f  methanation begins with a mixture of H2 and CO and nickel-based 

ca ta l ys ts  are used, the  desired H2/C0 r a t i o  of the  feed gas i s  3:l [ react ion 

(4.3-l)]. When ca ta l ys ts  such as  GRI's sul fur - to lerant ,  d i r e c t  methanation 

3-2) ca ta l ys t  are used, the  desired i n i t i a l  H2/C0 r a t i o  i s  1 and Eq. (4 

forms the bas is  fo r  the  methanation react ion.  

Other methane-producing processes include the  hydrocrack ng of  

higher hydrocarbons, typ i f ied  by 

C2H6 + H2 - 2CH4. (4.3-6) 

Values of A HoR and A GoR f o r  react ions (4.3-1) t h rough  (4.3-5) 

are  given i n  Table 4.3-1 f o r  temperatures between 27 and 727OC. 

show t h a t  a l l  react ions are  exothermic, with a l l  but the  s h i f t  react ion 

(4.3-5) being strongly exothervic. 

Table 4.3-1 show t h a t  lower temperatures favor methane production; t h u s ,  

there must be e f fec t i ve  heat-removal methods. A t  temperatures below 

- 425OC, the methane y ie ld  i s  no t  notably af fected by pressure.  

Carbon deposi t ion,  which leads t o  ca ta l ys t  fou l ing,  can be 

These data 

Furthermore , the  free-energy Val ues i n  

encountered under cer ta in  operation condi t ions.  

dependent on i n i t i a l  gas composit ion, c a t a l y s t  proper t ies,  temperature, and 

pressure. 

shown t h a t  H2/C0 r a t i o s  as  low as  0.1 can be processed w i t h o u t  carbon 

deposi t ion.  

These condi t ions a re  highly 

Experience w i t h  sul fur - to lerant ,  d i r e c t  methanation ca ta l ys ts  has 

W i t h  ca ta l ys ts  t h a t  accomplish methanation t h r o u g h  t he  overal l  



react ion represented by E q .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4.3-1) and f o r  which  feed gas H2/C0 r a t i o s  of 3 

a r e  des i red,  carbon deposi t ion occurs more read i l y  and much l a r g e r  regions 

o f  temperature and H2/C0 r a t i o s  must be avoided, a s  i s  shown i n  F i g .  4.3-1. 

4.3-2. Cata lysts  

In order of a c t i v i t y ,  t he  most important metal ca ta l ys ts  a re  

Nickel i s  the  most commonly used c a t a l y s t  i n  Ru > N i  > Co > Fe > M o . ~  

commercial processes because of i t s  r e l a t i v e l y  low cos t .  Despite the ex- 

c e l l e n t  c a t a l y t i c  performance of R u ,  i t s  h i g h  cos t  has precluded i t s  wide- 

spread use. The a c t i v i t y  o f  N i  i s  genera l ly  second t o  t h a t  of R u ,  but i t  

i s  f a r  cheaper and has there fore  become the  most-used c a t a l y s t  i n  commercial 

methanation processes. 4 y  

c a t a l y s t s  are rap id ly  poisoned by S-containing compounds and i t  i s  necessary 

t o  reduce the concentrat ion of su l fu r  species i n  the  i n l e t  gas t o  l e s s  than 

0.5 ppm i n  order t o  maintain adequate c a t a l y s t  a c t i v i t y  f o r  long per iods of 

time. The sul fur - to lerant  methanation c a t a l y s t s  cur ren t ly  under development 

do n o t  have a s imi la r  requirement f o r  low concentrat ions of su l fu r  spec ies 

i n  the feed streams and t h u s  af fo rd  the opportunity t o  make major changes i n  

the process elements and the i r  i n tegra t ion  i n  downstream processing t r a i n s .  

The c a t a l y s t  base used and the  composition of the  Ni-based a l l oy  

a re  important. 

f ind mater ia ls  t h a t  y ie ld  op t imum performance i n  terms of h i g h  

CO-conversion, low C deposi t ion,  h i g h  methane se lec t i ve l y ,  and y i e l d .  Other 

desi rabl e proper t ies a re  1 ong,  stab1 e c a t a l y s t  1 i f e ,  abi 1 i t y  t o  accept 

feeds w i t h  low H2/C0 r a t i o s ,  and high space ve loc i t i es  over a range o f  

temperatures and/or pressures. 

c a t a l y s t s  i s  given i n  Table 5 of Ref. 4. 

ca ta l ys t .  6 y 7  

deposi t ion,  

Nearly a1 1 commerci a1 l y  avai 1 ab1 e methanati on 

Inves t iga tors  developing Ni-based c a t a l y s t s  have t r i e d  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A summary o f  the many d i f f e r e n t  Ni--based 

Cobalt has a l so  been found t o  be quite ac t ive  a s  a methanation 

However, compared t o  N i ,  Co su f fe rs  more severe carbon 

requires h i g h e r  temperatures f o r  s im i la r  CO conversions, 7 

Iron-catalyzed methanation has been described i n  two papers. 8,9 

and i s  less methane-selective. 6Y7 

The long-term e f fec t i veness  of t h i s  c a t a l y s t  was l imi ted by C deposi t ion.  

Because Fe has very poor  methane s e l e c t i v i t y ,  even a t  high H2/C0 

i s  considered t o  be more su i tab le  for  Fischer-Tropsch syntheses than f o r  

i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(4.3-1) (4.3-2) (4.3-3) (4.3-4) (4.3-5) 

-59. I36 

-60.070 

-60.815 

-61.376 

-61.780 

-62. 047 

-62.203 

-62.261 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
_ _  

-39.460 

-40.650 

-41.77 9 

-42.792 

-43.680 

-44.449 

-45.105 

-45.653 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.3-1. Heats of reac t ion  and f r e e  energ ies  of reac t i on  for  reac t ions  (4.3-1) 
through (4.3-5); reproduced f r o m  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 

Tab1 

I 

Temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OC 

-41,227 

-41.434 

-41.. 499 

-41.460 

-41.350 

-41.190 

-40.996 

-40.729 

-9.838 

-9.710 

-9.518 

-9. 292 

-9.050 

-8.7 99 

-8.549 

-8.304 

27 

127 

221 

3 27 

4 27 

5 27 

6 27 

7 27 

-49. 298 

-50.360 

-51. 297 

-52.084 

-52.730 

-53.248 

-53.654 

-53.957 

k, kcal/mole F r e e  Energy of Reaction, A 

27 

1 27 

2 27 

321 

4 27 

5 27 

621 

7 27 

-33.904 

-28.610 

- 23.06 2 

-17.338 

-11.493 

-5.567 

to.  594 

4.6.444 

-40.731 

-34.451 

-27. 956 

-21.329 

-14.620 

-7.865 

-1.079 

t5.715 

-6.821 

-5.841 

-4.894 

-3.991 

-3.127 

-2.298 

- 1.500 

-0.729 

-28.621 

-24.385 

-20.111 

-15.836 

-11.574 

-7.332 

-3.108 

t1.090 

-21.077 

-22.769 

-18.168 

-13.347 

-8.366 

-3. 269 

t1.921 

t7. 173 

Fig. 4.3-1. The ef fects of synthes is  gas r a t i o  and p r e s s u r e  on ca rbon  deposit ion. 
Carbon deposi t ion m a y  occur for condit ions below the curves.  

r 

Carbon Deposition May Occur in Area Beneath Curve t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

" 
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methanation catalysis. 

Fischer-Tropsch products when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1:l synthesis gas was used. 

temperatures for methanation.1oy11 

catalysts is their high resistance to sulfur poisoning. 

methanation." 

and Re have the advantage of being highly methane-selective. 

Typical yields consisted of 20% methane and 80% 

Molybdenum and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW have only moderate activity and require high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

The motivation 'for examining these 
10,12 

Noble metals have also been studied for applications i n  catalytic 

Their activities are generally quite low, but Pd, Rh, Os, 

4.3-3. Commercial Processes 

Methanation systems are used commercially to remove small amounts 

of CO and C02 because these oxides are catalyst-poisons for many chemical 

manufacturing systems. An example of a commercial system for which ,this 

removal is necessary is found i n  ammonia plants where the methanation 

systems serve as gas purifiers. 

concentrations to the ammonia synthesis reactors are usually less than 

1%. 

As a result, input CO and C02 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

When scaling up this technology to the methanation systems 

required in a coal-gasification plant producing SNG, consideration must be 

given to a number of potential problem areas. The SNG systems will be much 

larger and will be required to handle input gases with much higher CO 

concentrations. Because of the high heat release associated with high CO 

input-gas concentrations, adequate heat removal must be incorporated into 

the reactor design. Sulfur poisoning, catalyst deactivation by high 

temperature sintering of Ni catalysts or by C deposition must also be 

addressed. 

Nickel-based catalysts are currently used in the fixed-bed 

methanators at the GPCGP. The feed gases are preprocessed by acid-gas 

e s s  than removal-systems to reduce the sulfur content to acceptable levels ( 

1 ppm) before they enter the methanation units. 

The status of recent advanced methanation technology deve 

activities is summarized in the following sections. 

4.3-4. Direct Methanation 
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Since 1978, GRI has funded the development of the direct 

methanation process because of the potential for improving the coal-to-SNG 

economics. l3 Process development has i ncl uded catalyst development zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
catalyst evaluation, evaluation of materials of construction, and 

preliminary assessment of process economics. 

process based on a catalyst that methanates equimolar concentrations of H2 
and CO, producing C02 rather than steam as a product via the reaction 

Direct methanation is a 

2H2 + 2CO ? CH4 + C02. (4.3-7) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

Accordingly, the process has no requirement for steam, either to shift the 

gas to an H2/C0 ratio of 3 or to prevent caking, as is required for Ni-based 

catalysts. Sulfur removal is not required prior to methanation since the 

catalyst is not poisoned by any sulfur compounds present i n  coal-derived 

gas. As a result, the process can be used to treat the raw, quenched gas 

from a coal gasifier with little or no pretreatment. 

use of the acid-gas removal-system to treat a reduced volume of the acid-gas 

stream to remove H2S and C02. 

bring the gas to US pipeline standards. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To date, more than 800 catalyst formulations have been tested, 

resulting in several compositions that have promise for application i n  the 

direct methanation process. Carbon formations have not been observed, even 

with H2/C0 ratios as low as 0.1 in a dry gas stream. 

from 260 to 65OoC, pressures from atmospheric to 1000 psig, feed gas H2/C0 

molar ratios from 3 to less than 0.4, steam concentrations from 0 to 

15 mol%, and in the presence of up to 1 mol% of sulfur. 

was not detected under any of these conditions. 

2 mol% C6H6, 0.05 mol% C6H50H, and 0.3 mol% HN3 also did not poison o r  foul 

the catalyst. 

yield a single-pass conversion of almost 25% of 22 ppm H2S-containing NG at 

87OOC. 

This procedure allows 

Polishing methanation may be required to 

G R I  catalysts promote the methanation reaction at temperatures 

Carbon formation 

HC additions of up to 

Limited reforming tests have indicated that the catalysts can 

Catalyst samples have been exposed to a Lurgi-type raw gas for 

2300 hr (Fig. 4.3-2) under controlled conditions with maintenance of activity, 

as well as for 10,000 hr under a variety of test conditions. 

tests, a minimum of a l-yr catalyst life has been projected for commercial 

application. 

Based on these 
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Tab le  4.3-2 l i s t s  t h e  ranges o f  o p e r a t i n g  c o n d i t i o n s  over  which 

t h e  c a t a l y s t  has been t e s t e d .  

o p e r a t i n g  c o n d i t i o n s  downstream of a c o a l - g a s i f i c a t i o n  p l a n t .  

can be opera ted  up t o  66OoC, which i s  i n d i c a t e d  by t h e  upper l i m i t  o f  t h e  

temperature range s tud ied .  

which r e f l e c t  (a) a n t i c i p a t e d  raw gas composi t ions and H2/C0 r a t i o s  f o r  a 

v a r i e t y  o f  c o a l - g a s i f i c a t i o n  processes and (b) gas compos i t ions  an t , i c ipa ted  

a t  t h e  o u t l e t  o f  a number o f  d i rec t -methanat ion  r e a c t o r s  o p e r a t i n g  i n  

s e r i e s .  The c a t a l y s t  has been t e s t e d  f o r  heavy HC and s u l f u r  c o n c e n t r a t i o n s  

i n  t h e  range o f  50 t o  1350 ppm. 

wide range of space v e l o c i t i e s  and feed-gas w a t e r  c o n c e n t r a t i o n s  t o  o b t a i n  a 

range o f  CO convers ions an-d CH4 s e l e c t i v i t i e s .  

c h a r a c t e r i s t i c s  o f  a G R I  d i r e c t - m e t h a n a t i o n  c a t a l y s t ,  under c o n d i t i o n s  

s i m u l a t i n g  t h e  f i r s t  stage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a methanat ion process, a r e  p resented  i n  

F ig .  4.3-3. These d a t a  show t h e  e f f e c t  of  temperature and space v e l o c i t y  on 

CO convers ion  and p r o v i d e  a b a s i s  f o r  deve lop ing  process- f low sheets t h a t  can 

be i n t e g r a t e d  i n t o  conceptual  des igns of coal-to-SNG p l a n t s .  

c a t a l y s t s  f o r  c o n v e r t i n g  CO/H2 m i x t u r e s  t o  methane. l4 They zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhave 

demonstrated t h a t  t h e  c a t a l y s t  can a l s o  be an e f f e c t i v e  s h i f t  c a t a l y s t  and, 

The pressure  range i s  t y p i c a l  o f  a n t i c i p a t e d  

The c a t a l y s t  

The exper iments were conducted u s i n g  ga.ses 

The c a t a l y s t  has a l s o  been opera ted  over  a 

The r e s u l t s  o f  l a b o r a t o r y  exper iments t o  determine t h e  Conversion 

Workers a t  Ha ldor  Topsoe, I n c . ,  have been e v a l u a t i n g  S - t o l e r a n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Lurni zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFeed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.s 4 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAco 1 6 . 7 5  
28.35 
39.70 
12 .20  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.47 
0.  28 

29 PPm 
4 PPm 

0 . 5 1  
249 ppm 

1 PPm 
1 eem 
2 P p m  

1.49 
0.22 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 *m 
Time, hr 

, Fig. 4.3-2. Life-test data of the GRI-C-500 and GRI-C-600 catalysts using a 
dry-bottom Lurgi-type raw gas (450 psig, 6000 SCF/hr-ft3 , 
930 to 980°F. 10 g of -12 to +20 mesh catalyst). 
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Table 4.3-2. GRI tests  on d i rect  methanation-catalysts. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ _ _ ~ ~  

Reactor  conditions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 50-1000 p i g ,  outlet T = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400-680°C. 

Types of feed gases simulated (gasification process/coal  type): 
BGC/IL No. 6, KRW/Pittsburgh No. 8, KRW/Wyodak, Lurgi /  
North Dakota Lignite, Lurgi/Rosebud, . .  Shell/Wyodak, UCG/Rosebud. 

Feed-gas compositions 

Species 

co 

c02 

II 2 

CH4 

ZH6 

ZH4 

C3H8 

c4H10 

HZS 

N2 

H2O 

cos 

C6H6 
C6H50H 

"3 
Total S 

HZ/CO ra t io  

Vol% 

4-42 

0-42 

8-44 

6-30 

0-0.7 

0-0.7 

0-0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0-90 ppm 

0.05-3 

0-0. 14 

0.3-1.5 

0-38 

0-2.5 

0-0.06 

0- 1 

100 ppm - 3 

0.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  3 

Space velocity = 500/-25000 SGF/ft3-hr. 

Results: 18-86% CO conversion (defined as percentage of CO i n  the 
feed converted), 21 t o  100% CH4 selectivi ty (defined as the amount 
of CH4 produced as a percentage of the amount of CO converted). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

under some conditions, leads to the formation of other low molecular weight, 

saturated, HCs in addition to methane. The general physical characteristics 

of the catalysts are shown in Table 4.3-3 and the range of test conditions 

investigated using simulated raw gas i s  shown in Table 4.3-4. 

constructed and operated on a slip-stream from an entrained-flow coal 

gasification PDU being eval uated by Mountain Fuel Resources. The 

entrained-flow gasification experiments involved five different coal 

feedstocks and provided different raw gas feed streams to the methanator. 

The results of these experiments are shown in Fig. 4.3-4 as relative 

In addition to laboratory experiments, a methanation PDU was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
97 



catalyst activity vs time. 

velocity for 90% conversion based on the rate-1 imiting component (i .e., the 

minor component which is H2 for CO/H2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 1 and CO for CO/H2 < 1). 

also included from the laboratory experiments carried out with the catalyst 

prior to performing the integra.ted PDU tests. 

levels remaining high throughout the test. 

have no effect the activity of the catalyst and the effects of variations in 

H S concentration were also small. There appeared to be no effect of H2S on 

activity below a 0.07 vol% concentration. 

constant during a 100-hr test with the H2S partial pressure as low as 1 ppm. 

The activity was calculated as the space 

Data are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A total of 1080 hr of testing was completed with catalyst activity 

The type of coal appeared to 

2 
The catalyst activity remained 

4.3-5. Comflux Process (Fluid-Bed Methanation) 

The Comflux process is an Ni-catalysed, pressurized, fluid-bed 

process to convert CO-rich gasification gases into SNG in a single step. 

This process performs both shift and methanation reactions simultaneously i n  

a single reactor with complete CO conversion. 

methanation reaction is available for water-gas shift reaction. Thus, a gas 

with H2/C0 < 3 can be methanated without adding steam. 

A simplified process flow diagram for the Comflux process is shown 

in Fig. 4.3-5. The desulfurized feed gas is preheated by heat exchange with 

the product gas to the reaction-initiation temperature and then fed into the 

reactor. The gas fluidizes the catalyst, and both methanation and water-gas 

shift reactions take place simultaneously i n  the fluidized bed. The axial 

temperature gradient in the fluidized bed is extremely small, and the 

reactor is operated under high loads almost isothermally. Heated catalyst 

particles are cooled sufficiently fast by mixing with colder particles and 

by contact with integrated heat exchangers so that the high heat of the 

methanation reaction does not cause superheating of the bed. 

gas with less than 0.1 vol% of CO is cooled and process water condensed. 

the feed gas has H2/C0 < 3.0, the C02 formed with the reaction must be 

removed to meet pipeline-quality gas specifications. The resulting product 

gas is SNG with a heating value of 926-1016 BTU/SCF and chemical properties 

identical to NG. 

15 

The water formed in the 

The product 

If 



The Comflux process was evaluated initially in a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.3 ft. diameter 

ETU and later at the pilot plant scale with a 3.3 ft. diameter reactor and 

SNG production up to 112,000 SCF/hr. 

development programs are summarized in Table 4.3-5. 

Performance data from these 

4.3-6. HI COM 

HICOM methanation is a fixed-bed process and is being developed by 

the British Gas Corporation to accommodate the relatively low H2/CO-ratio 

product-gases produced by gasifiers such as the BGC/Lurgi slagging gasifier, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
KRW (Fluidized bed), U-GAS (Fluidized bed), Shell (entrained-flow), and Texaco 

(entrained-flow) .I6 
the dry-bottom Lurgi gasifier are shown i n  Table 4.3-6. The gases will also 

Typical off-gas compositions for these gasifiers and 

contain compounds of sulfur (H2S, COS, etc.) at 

sulfur contents of the coals. 

The HICOM process employs a series of 

which involves a fixed bed of catalyst; each is 

simplified process flow diagram of Fig. 4.3-6. 

levels dependent on the 

methanation stages, each of 

connected as shown in the 

The principal method used to 

control the temperature rise in each stage is recycle of cooled, 

equilibrated product gas to dilute the feed gas. 

is minimized by passing it through at least two stages, with fresh gas added 

to each stage (split-stream operation). 

(split-stream operation) also helps control the temperature rise in each 

subsequent reactor and high-grade heat is recovered immediately downstream 

of each reactor. The effect of using split-stream operation in order to 

The amount of recycle gas 

Product gas from upstream stages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 4 . 3 - 3 .  Physical characteristics of the catalyst tested by Haldor Topsol, Inc. 

Name 

Size, L X D 

Density 

Bulk density 

Surface area 

Crushing strength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SMC 324  

4 . 5  mm X 4 . 5  mm ( 0 . 1 8 "  xO.  1 8 " )  

3  
1 .75  gm/cm (109 Ib/CF) 

1.275 kg/l  ( 8 0  lb/CF) 

100  m /gr 

600 kg/cm2 (8700 lb/in2) 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.3-4 .  Summary  of d i rec t  methanation t e s t  conditions 
and resu l ts ;  concentrat ione a r e  given i n  mol%. 

P r e s s u r e ,  ps ia  

Volumetr ic f lowrate, SCF/hr  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ ~~~~~ 

Inlet conditions (adjueted with H2) 

CO/H2 volume ra t io  

HZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
co 

Outlet conditions 

H2 

c02 

H2S 

cH4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C3H8 

N2 

co 

C2H6 

Fract ional  conver sions 

co 

HZ 

Range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Test 
Conditions 

90 - 300 

1 - 8  

0.7 - 1.5 

30 - 45 

30 - 45 

10 - 40  

1 p p m -  3.5 

0 - 13 

2 - 11 

0 - 15 

2 - 15 

40  - 55 

2 ppm - 4 . 5  

16 - 39 

1 - 4  

0.2 - 0.7 

Balance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
70 - 100 

70 - 100 

Typica l  
T e s t  Data 

300 

3 

1.0 

35 

40  

15 

0.1 

1 

5 

8 

8 

50 

0.1 

25 

2 .5  

0 . 5  

Balance 

90 

90 
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0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 0.5 t 

I I I I - 
0 500 1000 

440 -hr co Operat ing time, hr 
test at 0 

HTAS T e s t  
l igni te coke Utah b i tum-  Utah bi tum- com-  

Zr Nor th  Dakota P e t r o l e u m  'P r i ce  R i v e r  SUFCO 

inous coa l  inous coa l  p leted 9 
.", 
5 
Pi 

Fig .  4.3-4. 'Re la t i ve  ca ta lys t  act iv i ty vs t ime i n  the methanat ion PDU at M.ountain 
F u e l  Resources .  

Reactor 

Steam 
Drum Filter Cooler 

Steam *pi 

BFW 

Feed 

Steam 

SNG 

W 

Desulfurization Heat Exchanger 

Preheater Compression 

Fig.  4.3-5. Simpl i f ied process- f low d i a g r a m  for the Comflux process .  
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.3-5.  Comflux methanation performance data for a 
semi -  technical test plant. 

3 
A. Operating Conditions: output capacity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3500 - 12300 f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/hr, p = 290 - 870 psi ,  

T =  400 - 500°C, Hz/CO volume rat io = 1.8 - 3, recycle volume- 

feed rat io = 0 - 0.5,  gas velocity = 0.16 - 0 .82  f t /sec.  

B. SNG production in  ~01%: methane = 86 - 96, HZ = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 - 8, CO = 2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ;  g r o s s  

heating value = 926 - 1016 BTU/SCF. 

C. Operational Data for the Pi lot  Plant: reactor  diameter = 3.28 f t  (internal), 

reactor  height = 36.0 f t ,  p = 190 - 870 psi, fluidized bed tempera ture  = 

450 - 550°C, feed gas = 112,000 - 400,000 SCF/hr ,  H2/C0 volume rat io  = 

2.0 - 3.0, recycle-gas volume rat io = O - 0.3 ,  gas velocity = 0.16 - 
1.0 f t /sec,  SNG production = 45,000 - 112,000 SCF/hr ,  s team produc- 

t ion = 1.0 - 5 . 2  t /hr ,  s team temperature = 370 - 48OoC, fluidized-bed 

height = 6 . 4  - 12.9 ft, catalyst charge = 0 .8  - 1.6, catalyst-part icle 

s ize distr ibution = 10 - 400 pm. 
~~ ~~ ~~~ 

Table 4.3-6.  Typical gasif ier-product gases  (in mol%) for  a number of 
gasi f iers and corresponding s team to dry-gas rat ios,  

Species 

HZ 

co2 

cH4 

N2 

co 

Steam/& y 
gas rat io  

Lurgi  
Dry-Ash 

40 

17 

32 

10 

1 

1.4 

B GC / Lur gi 
S lagging 

She 11 

60 65 

3 2 

6 0.1 

1 4 

0.13 1 0.03 

Texaco 

35 

4 3  

20 

0 . 3  

2 

0 .23  

27 

55 

6 

9 

3 

1.0 

reduce the amount of recycle gas needed for control of the temperature rise 

i n  the reactor beds is shown i n  Fig. 4.3-7. 

steam i n  the feed gas to prevent carbon deposition. 

The HICOM process employs nickel-based catalysts and uses excess 

The process was 
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initially evaluated i n  small-scale laboratory experiments and subsequently 

tested at the semi-commercial scale on a slip stream from the BGC/l..urgi 

slagging gasifier at Westfield, Scotland. 

Westfield, purified gases from the gasifier were successfully processed at a 
nominal rate of approximately 4.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 10 6 SCF/day. 

In  the integrated tests at 

4.3-7. Liquid Phase Methanation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H.P. Steam Boiler Coolers in 
Second Final Melhanalor Stagger Make 

First Mettianalor Gas Cooling Gas Cooling 
Saturator Methanator H.P. Stearnboiler Train Train zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 7 
I I I 

Purified 
Synthesis+ 
Gas 

Make Up Cooling 
Water Train 

Purge Liquor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) Typica l  g a s  composi t ions f r o m  a HICOM pilot test 

CO, - SNG 
and Removal 

Feed to t h e  HICOM 
Reac to r ,  mo l% 

P r o d u c t  from the 
HICOM Reac to r ,  mol'$ Component 

CO 12.6 1.1 

43.0 53.1 

11.7 5.5 

31.7 39.3 

1.0 1. I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc02 

H2 

cH4 

N2 

(b) Range of operat ing conditions 

Inlet T 230 - 320°C 

P 25 - 70 b a r  

Maximum T 460 - 640°C 

T o t a l  test time 15,000 h r  

Fig, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.3-6 .  The HICOM p r o c e s s  d iag ram;  gas composi t ions (a) and 
r a n g e  of opera t ing  condi t iohs (b). 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
100 200 300 400 500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Temperature Rise, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 4.3-7. Effect of the t e m p e r a t u r e  r i s e  on the requ i red  r e c y c l e  ra t i o  

( =  r e c y c l e  f low/product  flow). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Workers at Chem System, Inc., have developed a liquid-phase 

methanation system in which a granular Ni-catalyst is immersed in a 

mineral-oil coolant bath, which serves to control the reactor 

temperature. 17,18 Fluidization of the catalyst occurs by circulating the 

oil and fresh SG upward through the reactor. In a large-scale process, heat 

is recovered from the oil and from the hot product gases. 

streams with H d C O  < 3 are accommodated by adding steam to the feed, thus 

forcing the shift reaction. 

CO-concentration below 0.1%. 

38OOC and pressures between 300 and 1000 psi. 

been demonstrated, but carbon deposition and catalyst disintegration have 

been problems for some operating regimes. 

Feed 

Multiple reactors are required to obtain a 

Operating temperatures are between 300 and 

Very good CO conversions have 

4.4. Acid Gas Removal 

4.4-1. Commercial Processes 

An essential element of a coal-to-SNG process is the removal of 

gases such as C02, H2S, COS, mercaptans, and organic sulfides from the 

product stream in order to satisfy process constraints (such as catalyst 

poisoning), environmental constraints or product requirements (such as 

heating value and trace-constituent levels). 

existed for the removal of these types of gases from a wide variety of 

Because requirements have 
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process streams that are encountered in the chemical industry, in petroleum 

refining and NG production, a large number of unit processes have been 

developed and can be used i n  the downstream processing trains of 

coal-gasification plants. 

examined and/or developed for specific applications. 

more than 90 Rectisol units i n  operation or under construction in various 

parts of the world. The Rectisol technology, which uses methanol as the 

physical solvent, is i n  use at the SASOL plants and is also employed in the 

downstream processing train the GPCGP. 

hot K2C03 solution for the chemical absorption of COP, H2S and COS, is in 
use or being considered in over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA520 applications throughout the world. 

The Selexol process, a physical .absorption process which uses the 

dimethyl ether of polyethylene glycol as the solvent, has been installed at 

approximately 30 commercial and/or pilot-plant facilities. This technology 

is currently being used at the Cool Water IGCC project. 

Table 4.4-1 contains a list of technologies.that have been 

Currently, there are 

The Benfield Process, which uses a 

4.4-2. Advanced Technologies 

Because of the extensive catalog of commercially available 

technologies for acid-gas removal and the large data base that exists on the 

properties of potential sorbents for the gases of interest, there is only a 

limited effort devoted to the development of new processes that could 

improve the economics o f  producing SNG from coal. 

been evaluating an advanced acid-gas removal process specifically for coal 

conversion. This process relies on the unique gas-solid-liquid equilibrium 

phase relationships that exist for CO -H S mixtures. Hydrogen sulfide and 

carbonyl sulfide are soluble i n  liquid However, when the temperature 

of a C02/H2S solution is reduced to the point where crystallization occurs, 

the solid phase that results is almost 100% C02 and contains essent.ially no 

sulfides. This phase behavior provides an effective means for removing acid 

gases such as COP, H2S and COS from a coal-gasification process stream and 

subsequently increasing the concentration of H2S i n  a stream where 'it can be 

effectively converted to elemental sulfur. 

GRI, together with DOE and Consolidated Natural Gas (CNG), has 

2 2  
C02. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 4.4-1. ,Summary of commercial and developmental acid-gas removal processes; 
abbreviations: for the process type, AD =adsorption, AB =absorption, 
CD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= cryogenic distillation; for the solvent, C =chemical solvent, P = 
physical solvent; for the clean-up mode, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS = selective, NS =non-selective. 

Name of Process 

Activated carbon 

A D P  

Alkazid 

Amisol 

B enfield 

Catacarb 

Chemsweet 

CNC 

Estasolvan 

Flcxsorb SE 

Fluor Econamine 

Fluor Solvent 

Giammarco-Vetrocoke 

MEA 

MDEA 

Molecular sieves 

Purisol 

Rectisol 

Ryan Holmes 

Seaboard 

Selexol 

Sepasolv MPE 

SNPA - DEA 

Str efford 

Sulfiban 

Sulfinol 

Tripotassium phosphate 

Vacuum carbonate 

Zinc oxide 

AD 

AB 

AB 

AB 

AB 

AB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AB 

AB 

m 

AB 

AB 

AB 

AB 

AB 

AD 

AB 

A B  

CD 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AD 

Solvent 

C 

C 

C 

CIP 

C 

C 

C 

P 

P 

C 

C 

P 

C 

C 

C 

P 

P 

P 

CD 

C 

P 

P 

C 

C 

C 

CIP 

C 

C 

C 

Mode 

NS 

NS 

S, NS 

S, NS 

NS 

NS 

S 

S 

s, NS 

S 

NS 

NS 

S 

NS 

S, NS 

S 

S, NS 

s, NS 

S 

S 

S, NS 

S, NS 

NS 

S 

NS 

NS 

S 

S 

S 

Major Contaminants 
Removed 



A conceptual flow diagram for the CNG acid-gas removal process is 

shown in Fig. 4.4-1. 

removed in a dehydration system to prevent subsequent icing. 

crude gas is further cooled to its COP dew point (-56OC) by countercurrent 

heat exchange with return clean gas and C02. 

a fraction of the COP in the crude gas stream is condensed together with the 

sulfur compounds. The gas at -55OC is then scrubbed by liquid C02 to remove zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H2S, COS and 0the.r trace impurities. 

thermal since the heat of absorption is dissipated as heat of vaporization 

of a small portion of the liquid COP. 

The liquid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACOZY together with all of the sulfur compounds, other 

trace contaminants and some co-absorbed light HCs is combined with the 

contaminated liquid C02 that was condensed i n  precooling the raw gas. The 

light HCs are stripped from this combined liquid COP stream and recycled and 

mixed with the feed gas. Any higher HCs (c4-c6) i n  the feed gas will remain 

with the condensed COP. 

The contaminated liquid COP stream leaving the light ends 

stripping tower is processed in a direct-contact, triple-point crystallizer 

with vapor compression. 

liquid COP stream near the top of the crystallizer. 

is produced and is continuously withdrawn from the top. 

entering the crystallizer are removed with the H2S-rich stream. The solid 

COP crystals fall to the bottom of the crystallizer, where they are melted 

by direct contact with condensing COP vapor. Pure C02 liquid thus produced 

is split into two streams: 

other is sent back through the process for refrigeration and power rc. 'cove ry 

and is subsequently delivered as a product stream or vented to the 

atmosphere. 

compounds is absorbed at temperatures below the C02 triple point with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

slurry absorbent. 

an organic solvent and C02 containing suspended particles of solid C02. 
COP is absorbed (condensed), the latent heat released melts the solid COP 

contained in the slurry absorbent. 

melting o f  solid COP enables a small absorbent flow to accommodate the 

considerable heat of condensation and absorption of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC O P  vapor. 

The raw feed gas is cooled and residual water vapor is 

The water-free 

Depending on the C02 dew point, 

This absorption is essentially iso- 

Solid C02 is formed by adiabatic flashing o f  the 

An H2S-rich gas stream 

All cZ-c6 HCs 

one is recycled to the H2S absorber and the 

Carbon dioxide remaining i n  the gas after removal of sulfur 

The slurry absorbent is a saturated solution of 

As 

The direct refrigeration provided by the 

The 

108 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
iL,;' 

t 
6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 

t 1 

m 
m 
d) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
k 
a 

c c 
E. E 
al (u > > 

109 



co ld ,  pur i f ied  gas stream then leaves the acid-gas removal process a f t e r  

heat exchange w i t h  the raw gas stream. 

The C02-rich solvent leaving the C02 absorber near the  

t r ip le -po in t  temperature contains no so l i d  C02. 

drum t o  vaporize methane o r  o ther  l i g h t  components. The C02-rich absorbent 

i s  next cooled by external  re f r igera t ion  and then f lashed t o  lower the  

pressure i n  a number of s tages i n  order t o  generate a cold s lu r r y  of l iqu id  

T h i s  stream i s  f lashed i n  a 

so lvent  and so l i d  C02. Nitrogen s t r ipp ing  of the solvent 

required t o  produce a very lean solvent.  The regenerated 

i s  rec i rcu la ted  t o  the  C02 absorber while the C02-flashed 

the  atmosphere a f t e r  recovery of re f r igera t ion  and power. 

4.5. SNG Economics 

The economics associated w i t h  producing natural  

may sometimes be 

s lu r r y  absorbent 

gas i s  vented t o  

gas from coal a re  

a funct ion of coal type and cos t ,  the technologies used i n  the overal l  

conversion processes, a s  well as s i te -spec i f i c  considerat ions.  F i g u r e  4.5-1 

shows a comparison of ca lcu lated end-product gas cos ts  ( i n  1982 do l l a rs )  f o r  

an ash-agglomerating, f lu id ized  bed gas i f i ca t ion  technology and a l so  f o r  

dry-bottom L u r g i  technology w i t h  both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS Western and Eastern coals  a s  the  

feedstock. 

( L C D )  cos t ,  where the level ized price represents  the  average gas se l l i ng  

pr ice required over the l i f e  of the  p lan t  i n  d o l l a r s  f o r  a given year  t o  

r e a l i z e  a r a t e  of re turn on equi ty of 14.5%. 

t h a t  a l l  cos ts ,  except t h a t  of coal ,  esca la te  a t  t he  average r a t e  of 

i n f l a t i on .  

These r e s u l t s  a re  presented a s  a leve l ized constant d o l l a r  

The LCD price a l so  requi res 

Figure 4.5-1 shows the r e l a t i v e  d i s t r i bu t i on  of the major cos t  

elements ( i . e . ,  feedstock, operation and maintenance, and cap i ta l  

investment) f o r  each of the four  cases considered. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA Western coal was used 

a s  the feedstock. The contr ibut ions of the major elements t o  the  overal l  
end-product gas cos ts  are:  feedstock, 25 t o  29%; operation and maintenance, 

45 t o  49%; c a p i t a l ,  25 t o  26%). 
r e l a t i v e  contr ibut ions a re  a s  fol lows: feedstock,  42 t o  50%; operation and 

maintenance, 31 t o  39%; c a p i t a l ,  19 t o  20%. 

W i t h  an Eastern coa l ,  the  

110 



1982/1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

7.00 - 

5.00 - 

3.00 - 

1.00 - 
0 

Os Btu 

I- - LCD 

Western Coal 
(@ S.70IMMBtu Delivered) 

Dry Bottom 
Lurgi 
.--- 

- 
Price 

Eastern Coal 
(@ S1.751MMBtu Delivered) 

Dry Bottom 
Lurgi 

..... ...... ..... zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c - 4 Westinghouse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI m I--7 

Westinghouse = 4 Site Specific Factor (SSF) 
Process Development Allowance 

(PDA) 

...... 

...... 

Variable Operation & Maintenance 
(O&M) 

Project Contingency & Working 
Capital 

Known Capital Investment 

-1.00 1 WIO PDA 5.83 4.93 8.86 6.43 
& SSF 
W PDA 6.14 5.64 9.38 7.06 
& SSF 

Fig. 4.5-1. Comparison of LCD costs of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASNG for selected gasifiers. All estimates 
are based on a 30-yr plant life, 85% debt financing, beginning operation 
in 1990. Delivered coal prices are assumed to escalate at 2% per year 
in real terms. 
unknown factors related to potential site requirements (SSF) and state 
of technology development (PDA). 

Additional primary capital costs were estimated for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 4.5-2 shows a comparison of both the levelized constant 

dollar end-product gas costs and the annual cost of service for coal-to-SNG 

conversion for a process based on dry-bottom Lurgi gasification and 

commercial ly avai 1 ab1 e downstream processes, when using a system based on 

advanced gasification (ash-agglomerating, fluidized bed) and downstream 

processing (direct methanation and an advanced acid-gas clean-up system) 

technologies. Both plants were sized to produce 250 X 10 

pipeline-quality gas using lignite as the feedstock. 

gas cost from approximately $6.20/10 BTU to approximately $4.80/106 BTU on 

a cost-of-service basis. 

year gas cost that is approximately $2.00/10 

for the process based on dry-bottom Lurgi technology. 

6 SCF/day of 

The availability of advanced technologies would reduce the average 

The advanced technology would also lead to a first 

6 

6 BTU less than that estimated 

This reduction in 
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average and f i r s t  y e a r  gas c o s t s  w i l l  p e r m i t  coal-to-SNG processes t o  become 

economica l l y  c o m p e t i t i v e  w i t h  o t h e r  energy- and gas-supply o p t i o n s  i n  an 

e a r l i e r  t i m e  frame than would o t h e r w i s e  be t h e  case. 

4.6. Research and Development Needs 

The r e s e a r c h  and development needs a s s o c i a t e d  w i t h  t h e  long-range 

o b j e c t i v e  o f  p roduc ing  SNG f rom c o a l  cover  a spectrum o f  a c t i v i t i e s ,  r a n g i n g  

f rom e n g i n e e r i n g  s t u d i e s  t o  b a s i c  research.  

(i) operat ional /economic d a t a  on l a r g e ,  i n t e g r a t e d  c o a l  g a s i f i c a t i o n  p l a n t s ,  

(ii) expanded e n g i n e e r i n g  d a t a  bases, and (iii) t h e  development o f  more 

fundamenta l l y -o r ien ted  i n f o r m a t i o n  on t h e  r a t e - c o n t r o l l i n g  s teps o f  t h e  

v a r i o u s  process elements.  

g a s i f i c a t i o n  as r e l a t e d  t o  t h e  p r o d u c t i o n  o f  high-BTU SNG, many o f  t h e  needs 

a r e  g e n e r i c  i n  n a t u r e  and w i l l  be u s e f u l  i n  a v a r i e t y  o f  c o a l - g a s i f i c a t i o n  

a p p l i c a t i o n s .  S p e c i f i c  research  needs a r e  l i s t e d  here  f o r  t h r e e  c a t e g o r i e s  

o f  R & D. 

These needs i n c l u d e :  

Whi le  these needs a r e  focused on c o a l  

4.6-1. Engineer ing  Development and T e s t i n g  

(i) Large-scale o p e r a t i o n a l  and performance d a t a  a r e  needed on 

I G C C  p l a n t s  such as Cool Water and a l s o  f o r  t h e  GPCGP c o n v e r t i n g  

coal-to-SNG. 

(ii) Expanded e n g i n e e r i n g  d a t a  bases shou ld  be developed f o r  

oxygen-blowny ash-agglomerat ing,  f l u i d i z e d  bed g a s i f i e r s  t o  o p t i m i z e  des igns 

f o r  s p e c i f i c  a p p l i c a t i o n s  (pressure,  f i n e s  c o l l e c t i o n  and r e c y c l e ,  coa l  

types ,  in-bed d e s u l f u r i z a t i o n ) .  

(iii) Scale-up d a t a  f o r  

processes as t h e  d i r e c t  methanat 

removal concept. 

emerging techno lag  

on concept  and t h e  

( i v )  I n t e g r a t e d  performance e v a l u a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

es a r e  r e q u i r e d  f o r  such 

CNG advanced ac:id-gas 

advanced g a s i f i c a t i o n  

t e c h n o l o g i e s  a r e  needed f o r  t e c h n o l o g i e s  such as t h e  BGC/Lurgi s l a g g i n g  

g a s i f i e r  and t h e  ash-agglomerat ing,  f l u i d i z e d  bed process w i t h  advanced 

downstream process ing,  as w e l l  as f o r  concepts such as t h e  

d i rec t -methanat ion  process and t h e  CNG acid-gas removal system. 
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Year of operat ion 

, Fig.  4.5-2. Es t ima ted  cos t  of SNG for  dry-bottom Lu rg i  technology and advanced 
gas i f icat ion and downst ream-process ing  technologies (250 mm SCF/ 
day, l ignite); constant 1985 do l l a rs  a r e  used. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(v) 
with particular emphasi s on coal gasifiers. 

(vi) 
data bases for new, advanced process concepts for gasification and 

downstream processing. 

(vi i ) 
(viii) 

Devel opment and val idati on are required of scal e-up model s ,  

Exploratory studies should be carried out to develop initia 

Improved, hi gh-temperature heat recovery systems are needed 

Expanded environmental data bases should be established for 

advanced technologies i n  the areas of production, fate, control, and 

disposal or treatment of trace constituents. 

4.6-2. Technology Base Data for Design 

(i ) 

(ii) 

The development of metal a1 1 oys for high-temperature, heat 

The development of improved ceramics for high-temperature 

recovery applications should be supported. 

applications (i .e., particulate filters, valves) should be encouraged. 
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(iii) 

(iv) 

Expanded data bases are needed on the erosion-corrosion behavior 

Long-term corrosion data (for more than 10,000 hr) should be 

and resistance of metals and ceramics in coal-gasification environments. 

obtained i n  coal-gasification environments, with proper consideration of 

alkali metals, sulfidation, and chlorides. 

Vapor-1 i quid equi 1 i bri um data are needed at el evated pressures and 

temperatures for selected multicomponent systems involving synthesis gas, 

steam, heavy oils (tars), light aromatics, phenolics, fatty acids, CH4, HzS, 

CS2, COS, mercaptans, NH3, HCL, HCN, AsH3, SeH2, Hg. 

be measured for tars and slurries (oil/solids, tar/solids, water/solids). 

free energy of formation, heats of formation, entropies, specific heats. 

Sour-water stripper vapor-liquid equilibria should be measured 

for HZ0/NH3/CO2/H2S systems at 0 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 psig and 20 to ZOOOF. 

coefficients and other engineering design parameters whenever mulitcomponent 

systems are involved. 

(v) 

(vi) Transport data (thermal conductivity, viscosity, diffusivity) should 

(vii) Thermodynamic data are required, including improved estimates for 

(viii) 

(ix) Improved correlations are needed for predictions of mass-transfer 

4.6-3. Basic Research Needs for Advanced Systems 

(i) Improved understanding is needed of the chemical processes 

associated with and controlling the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfragmentation/gasification of coal. 

Improved models are required for predictions of vapor-liquid 

equi 1 i bri a i n mu1 ti -component systems. 
(ii) 
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CHAPTER 5: 

GASIFICATION FOR THE SYNTHESES OF FUELS AND CHEMICALS* 

5.1. Catalytic Conversion of Synthesis Gas to Fuels and Chemicals 

5.1-1. Introduction 

The competition among the various organic-based fuels (chiefly, 

natural gas, petroleum, and coal, with shale oil and biomass representing 

more recent entries) has been waged over the years with strange and 

intriguing use patterns. All but biomass are fossil fuels, omitting the 

possibility of the existence of abiotic methane in the earth's interior. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l l  of these fuels may be converted to synthesis gas (SG, syngas), and this 

resource availability is a potent reason for the use of SG in the production 

of fuels or chemicals. SG can be and, i n  several important applications is, 

a viable source of clean fuels and large-scale chemical manufacture. 

Molecular hydrogen has a myriad of uses and it is very extensively made from 

SG. 

Natural gas (NG) is now the largest source of SG. 

chief constituent of NG is methane (CH4), an unreactive molecule that is a 

clean fuel but requires conversion to SG to yield reactive species. 

Petroleum fractions are the next largest source of SG, and significant 

quantities are being made from coal. 

to SG for commercial use. The manufacture of methanol (MeOH) from 

coal-derived SG was started in Germany i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1923.' 

in i n  German, the Fischer-Tropsch (FT) process' was first put into 

commercial operation. 

By far the 

It is ironic that coal was the first fossil fuel to be converted 

In the same year and also 

The FT process for the manufacture of fuels and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* This chapter has been written by W.O. Haag and J.C. Kuo (both of Mobil 

Research and Development Corporation) and I. Wender (University of 

Pittsburgh) . 



chemicals is now being carried out on a large scale in South Africa and is 

still based on coal-derived SG. 
The route to MeOH, which is now made commercially in large plants 

throughout the world, is through SG in all cases, with NG as the chief 

source of the SG. Since NG has been i n  short supply i n  Europe, petroleum 

fractions have been used as a source of SG. The near-panic programs pursued 

follow-ing the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1973-1974 oil embargo involved coal as the source of fuels and 

chemicals, including increased gasification of coal to SG. Coal utilization 

in the US and worldwide increased and this increase has been sustained, but 

coal research and development have decreased with the decline in ail and gas 

prices. The instability of oil and gas markets is actually one the the best 

reasons for sustaining R&D and technology for the use of SG (often referred 

to as C-1 chemistry). There are a few sa.lient points, most well-known, that 

apply to the the supply of fuels and chemicals i n  general and to SG in 

particular: 

petroleum since the largest ail resource exist in politically unstable areas 

far from the US. 

resources and are ubiquitous. (ii) Petroleum, NG and coal will continue to 

compete for world markets for several decades. Flexibility will be a key so 

that a particular application will not depend on the availability of one 

kind of fuel. 

rank. 

based on SG use will grow. 

and chemicals businesses as many traditionalists are prone to do. 

will govern chemicals use, as they have i n  the petroleum industry. 

are sold by the barrel or by the ton; chemicals are of higher value and are 

sold by the pound. 

more forgiving than direct liquefaction. Variability in coal source, rank, 

mineral matter, etc. is more easily accommodated by gasification processes. 

Indirect liquefaction (via SG) products are relatively easily converted to 

clean gaseous and liquid fuels and chemicals. 

all of the coal is converted to crude SG. The conversion of coal to clean 

SG generally account to 70 - 80% of the capital cost of the plant. 

direct coal liquefaction, the necessary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 is obtained by gasification o f  

coal or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof some heavy coal-liquefaction product. 

costs amount to about 40% of the capital cost of the liquefaction plant. 

(i) The most precarious situation involves the availability of 

In terms of availability, NG and coal constitute large zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As for coal, use should not be tied to a particular mine or 

(iii) It is not possible to separate the fuels 

Since all of these resources are convertible to SG, applications 

Fuels use 

Fuels 

(iv) With regard to coal use, gasification processes are 

(v) In indirect liquefaction, 

In 

In this case, gasification 
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(vi) SG will continue to be the source zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  MeOH, although there is 

significant ongoing research on the direct oxidation of CH4 to MeOH and 

products derived from MeOH, such as formaldehyde. (vii) SG will continue to 

be the world's principal source of H2. Hydrogen has a great many uses, 

including primary application for the manufacture of ammonia (HN3). 
Environmental factors are the eventual determinants in fossil-fuel use. 

Even a large amount of an available resource, if environmentally harmful, 

will lose out sooner or later. For coal gasification, environmental 

constraints are found in gas clean-up and in the nature of gasification 

residues. The latter should be characterized, be non-leachable and, if 

possible, be useful in some way (for roads, driveways, construction, etc.). 

(ix) It is almost inevitable that future power plants will allow the use of 

any clean fluid fuel: NG, oil, SG, MeOH, or even an FT-derived liquid. 

Coal will first be converted to SG, as at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACool Water, and will then be used 

in a type of integrated gasification combined-cycle (IGCC) mode (see Sec. 

3.1 for details). This procedure will result in the proliferation (often 

nearby) of plants that convert the SG to high-quality transportation fuels 

or to chemicals or use the gas as a clean industrial fuel. (x) The modern 

petrochemical industry is based on NG and the by-products of petroleum 

refining. The so-called petrochemical feedstocks are comprised of ethylene, 

propylene, the butenes, benzene, toluene, and the zylenes. All of these and 

liquid fuels can be made from SG and it is therefore possible to envision a 

petroleum-less refinery. (xi) As tetraethyllead disappears from automobile 

gasoline tanks, the demand will grow for oxygenated chemicals with high 

octane ratings. An economical synthesis of such fuel-blending agents or 

additives is needed. An economical synthesis of ethanol from SG would help 

solve this problem. 

crude SG and can be sold as solid sulfur or an NH3, respectively. 

Gasification processes produce C02 in considerable amounts. 

short supply and has growing uses. 

from gasification processes than from flue-gas streams. 

made to remove C02 in a fairly pure state from gasification processes to 

satisfy the growing demand for this chemical. 

Northern Great Plains coal-to-CH4 plant included a pipeline to transport C02 

to oil fields for enhanced o i l  recovery; this would have produced revenues 

of $17 million per year. 

(viii) 

(xii) Sulfur and nitrogen compounds are removed from 

This gas is in 
It is considerably easier to isolate C02 

Efforts should be 

Original plans for the 

Other uses for C02 are in syntheses of urea, 



supercritical extraction, refrigeration, carbonation of beverages, synthesis 

of polymers, etc. 

of fuels and chemicals, to gain some idea of the amount of SG used i n  the 

world today. 

consumed each year for the following uses (in SCG): 

trillion; Me0 manufacture, -1 trillion; FT products, -800 billion; 

miscellaneous uses (H2 used in processes other than NH3 synthesis, i.e., in 

petroleum ref ning, hydrogenations, for the production of various chemicals, 

carbonylation reactions, etc.), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-500 billion; the hydroformylation (OXO) 

reaction (conversion of olefins to aldehydes and alcohols), -150 billion. 

Present, emerging and possible future uses of SG will now be discussed. 

transported economically by pipeline over 100 miles for industrial use or it 

may be used directly as a fuel for the generation of electricity i n  IGCCs. 

direct conversion of SG to fuels and chemicals (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5-l), (ii) indirect 

conversion to fuels and chemicals via MeOH or MeOH plus SG, CO or H2 (Table 

2.5-2), and (iii) products obtainable from synthesis gas plus a chemical not 

derived from SG (Table 2.5-3). 

Commercial or near-commercial processes for the production of 

fuels form SG are outlined in Fig. 5.1-1. Commercial, near-commercial and 

potential chemicals from SG are given in Fig. 5.1-2. The first integrated 

US process to produce chemicals for coal-derived SG is shown in Fig. 5.1-3. 

It is of considerable interest, before discussing SG as a source 

About 7.5 trillion standard cubic feet (SCF) of SG are 

synthesis of Nt13, -5 

SG or medium-BTU gas is itself an excellent fuel. It may be 

Other ways for utilizing SG may be summarized as follows: (i) 

5.1-2. Synthesis of Methanol and Higher Oxygenated Compounds 

Over ten million tons per year of MeOH are currently produced. 

There are several reasons why MeOH is an important key to an SG-based fuels 

and chemicals industry. First, MeOH is synthesized with over 99.9% 

selectivity, i n  sharp contrast to the melange of products, for CH4 t o  waxes, 

obtained i n  the FT reaction. 

as a feedstock for MeOH approaches 100%. 

pathways to a number of important chemicals, including formaldehyde and the 

widely used two-carbon oxygenated chemicals. 

two-carbon chemicals from MeOH is presently more attractive than their 

Second, the weight retention of SG (2H2/1CO) 

Third, MeOH furnishes selective 

This route t o  fuels arid to the 
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direct synthesis from SG. 

versatile compound, chiefly as a fuel, will be discussed, 

In addition, although many more uses of this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Gasoline <2liE~- Fis cller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
Diesel oil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 Diesel oi l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAops cl, ______c Gasoline 

/ Other products 

Turbine Isobutylene / 

fuel (additive) 

Automobile 
fuel (neat) 

Me thane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 Isos in thes is  Ga 6 oline 
Diesel  oi l  
Aromatics (BTX) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C ommer  cia1 process e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

Processes  commerc ia l  in  1984-85 
Processes  possibly for the next decade 

-.-.-. - - -  
'MTBE i s  a n  octane enliancer (CH~OC(CH I. 3 3  

Fig, 5.1-1. Commercial, near-commercial, and potential processes for  the production o f  f lu id  
fuels from synthesis gas. 

there is the exciting discovery that MeOH can be converted to high-octane 

gasoline by Mobil I s MeOH-to-gasol ine (MTG) process using a shape-selective 

zeolite catalyst (HZSM-5). 
high-octane gasoline form MeOH went on-stream in New Zealand in late 1985. 

There are presently two primary processes for the manufacture of 

MeOH from SG, namely, high-pressure and low-pressure processes. 

high-pressure process is 

A plant producing about 14,000 BPD of 

The 

Z nO/C r203 

CO + 2H2 - CH30H , AH298K = -21.68 kcal/mol ; 

25-35 MPa, 

(5.1-1) 

623K 
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Formic  acid 

E tliyle ne Acetic 
.Ammonia zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor mate  glycol anhydride 

Me thy1 

Vinyl 

Methyl acetate 

Ethanol,. Rh Rh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
Acetic acid + -  c oxygenates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF-T 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Single-cell 
glycol protein Butenes 

Benzene 
Toluene 

Commerc ia l  
Near commerc ia l  - . - I -  

- -  - Potential (next decade) 

Fig. 5.1-2. Commercial,. near-commercial, and potent ia l  chemicals from synthesis gas. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
gasification LA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb syuthes i s  

Sulfur 
removal  

Shift 

I-- 
0 

CIT3COCH3 I I' 

4. CO(Rh) 

0 
I I  

-CI-13COH 

Ccllulosc 
acetate 

0 0  

CH3COCCH3 
11 I 1  

Fig  .5.1-3. F i r s t  integrated process i n  the US to produce chemicals from coal-derived syngas 
(Tennessee Eastman). 
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the low-pressure process is based on the reaction 

Cu/ZnO/Al 203 

CO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 2H2 * CH30H 

5MPa, 523K 

(5.1-2) 

MeOH can be and has been synthesized by the hydrogenation of C02 

with the same catalysts: 

C02 + 3H2 - CH30H i- H2O , A H 2 g 8 ~  = -11.83 kcal/mol . (5.1-3) 

All of these reactions are exothermic and involve a contraction in volume. 

Highest yields and conversions to MeOH are obtained at elevated pressures 

and low temperatures. 

5.1-2A: History of Methanol Production 

The commercial source of MeOH, prior to introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof synthetic 

In 1905, Sabatier and 

In the 

processes, was the destructibe distillation of wood. 

Senderens3 suggested that MeOH could be synthesized from CO and H2. 

following years, particularly after the successful high-pressure synthesis 

of NH3, there were a number of patent applications by BASF in Germany and 

Patart in France covering the hydrogenation of CO to oxygenated compounds at 

elevated temperatures and pressures, with catalysts made up of Cry Coy and 

Mn in the metallic form, as oxides, o r  as other compounds. In 1923, BASF 

built the first commercial MeOH synthesis plant and, a few years later, 

started exporting synthetic MeOH to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS at a much lower cost and greater 

purity than that of wood-derived MeOH. 

oxide/chromium oxide catalyst operating at 673K and 20MPa. 

At this stage, realizing the MeOH could be manufactured more 

economically by the catalytic process, Commercial Solvents Corp. and DuPont 

started experimenting with MeOH synthesis and, in 1927, the commercial 

production by the high-pressure process was inaugurated i n  the US. 

Commercial Solvents process, C02 produced at the company's butanol 

fermentation plant was hydrogenated to MeOH at 30.6 MPa with metal oxide 

catalysts. 

The process used a zinc 

In the 



I n  1927, DuPont opera ted  a p l a n t  a t  B e l l e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWV, t h a t  used coa l  as 

t h e  source of t h e  gaseous feedstock.  

tandem i n  t h e  same p l a n t .  

produced f rom coal  o r  coke by t h e  water-gas r e a c t i o n ,  p u r i f i e d  and passed 

over  a MeOH-synthesis c a t a l y s t  and subsequent ly over  a methanat ion c a t a l y s t  

t o  remove CO. 

NH3. 

chromium-copper. 

t h e  l a t e  1940s. A t  t h a t  t i m e  a p l e n t i f u l  supply  o f  NG became a v a i l a b l e  and 

c o a l  was abandoned as a feeds tock .  However, i n  t h e  l o n g  run ,  coa l  promises 

t o  be t h e  p r e f e r r e d  feedstock f o r  t h e  p r o d u c t i o n  o f  MeOH; t h i s  b e l i e f  

p e r s i s t s  i n  s p i t e  o f  c u r r e n t  low o i l  p r i c e s .  

Ammonia and MeOH were manufactured i n  

The raw gas, a m i x t u r e  of C O Y  COP, H2 and N2, was 

The remain ing  gases, N2 and H2, were used i n  t h e  s y n t h e s i s  o f  

Co-product ion o f  MeOH and NH3 c o n t i n u e d  a t  t h e  p l a n t  u n t i l  

The DuPont process used SG and c a t a l y s t s  made o f  zinc-chromium o r  

A t  present ,  a commercial p l a n t  u s i n g  coa l  i s  i n  o p e r a t i o n  i n  South 

A f r i c a .  Here, t h e  SG i s  produced by t h e  Koppers-Totzek e n t r a i n e d - f l o w ,  

atmospher ic-pressure g a s i f i c a t i o n  o f  coa l  and t h e  s y n t h e s i s  i n v o l v e s  use o f  

t h e  I C 1  MeOH process. 

zinc-chromium c a t a l y s t s  i n  Germany i n  1913. T h i s  was a h igh- temperature 

c a t a l y s t  o p e r a t i n g  a t  623-673K because o f  i t s  low c a t a l y t i c  a c t i v i t y .  

c a t a l y s t s  must opera te  a t  h i g h  pressures (25-35 MPa) because o f  low SG 

convers ion  r e s u l t i n g  f rom l e s s  f a v o r a b l e  thermodynamic e q u i l i b r i u m  

l i m i t a t i o n s  a t  h i g h  temperatures.  

copper-zinc-based c a t a l y s t s  b u t  a r e  more t o l e r a n t  towards p o i s o n i n g  by 

compounds c o n t a i n i n g  s u l f u r .  

1966. 

The use of these c a t a l y s t s  was made p o s s i b l e  because more e f f i c i e n t  SG 

p u r i f i c a t i o n  processes had become a v a i l a b l e .  

much more s u s c e p t i b l e  t o  p o i s o n i n g  by s u l f u r  compounds and a r e  e a s i l y  and 

permanent ly d e a c t i v a t e d  a t  h i g h  temperatures.  

r e a c t o r  temperature i s  necessary.  But ,  even w i t h  t h e  most c a r e f u l l y  

prepared c a t a l y s t s ,  smal l  amounts o f  CH4, d i m e t h y l  e t h e r  and traces; o f  

h i g h e r  a l c o h o l s  appear among t h e  produc ts .  

BASF may be c r e d i t e d  w i t h  t h e  d i s c o v e r y  o f  

These 

The c a t a l y s t s  a r e  l e s s  a c t i v e  than t h e  

I C 1  i n t r o d u c e d  t h e  more a c t i v e  copper-z inc based c a t a l y s t s  i n  

These low-temperature c a t a l y s t s  operate a t  523-573K and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-2!i MPa. 

The copper-z inc c a t a l y s t s  a r e  

Hence, p roper  c o n t r o l  o f  

5.1-2B. Chemistry o f  Methanol Synthes is  

An e a r l y  e x c e l l e n t  r e v i e w  o f  t h e  s y n t h e s i s  o f  MeOH has been 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 



published by Natta.' 

thermodynamics, kinetics and catalysis of the high-temperature synthesis of 

MeOH and the use of the copper catalysts now employed in most new MeOH 

plants (the low-pressure process). 

contains some COZY are highly active and, most importantly, very selective. 

Among the many products obtainable from the catalytic reactions of SG, CH4 

is thermodynamically the most favored. Longer chain HCs are the next most 

favored. Even longer chain alcohols are thermodynamically more favored than 

MeOH. MeOH synthesis reactors must operate with narrow temperature ranges 

that are set by too low activity at lower temperatures and a thermodynamic 

limitation at higher temperatures. 

have been studied in detail and reviewed by Strelzoff. 

In this section, we briefly outline the 

The catalysts used in the synthesis of MeOH from SG, which usually 

The effects of temperature and pressure 
5 

It is particularly important to avoid contamination of the 

MeOH-synthesis catalyst by metals that are FT catalysts. 

in catalyst preparation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso as to obtain pure MeOH. 

iron, both of which form volatile metal carbonyls [Ni(CO>4 and Fe(COI5 

respectively], must not be allowed to come in contact with the SG under 

reaction conditions. 

to the metal and CO at higher temperatures, possibly i n  upstream heat 

exchangers, etc. The presence of FT metals in the catalyst or on the 

reactor walls will result in the formation of CH4, as well as of higher HCs 

and higher molecular weight oxygenated products. 

shells are typically lined with copper, although internals may be 

constructed of 18-8 stainless steel. 

Care is required 

Nickel and especially 

The carbonyls form at lower temperatures and decompose 

MeOH-synthesis reactor 

The formation of higher alcohols (ethanol, propanol , etc.) can be 

suppressed by careful exclusion of alkalis from the catalyst. Dimethyl 

ether is formed by a the dehydration of MeOH or by the hydrogenation of CO 
and may form in the presence of A1203. 

catalyst is employed with about 7.5% Al2O3 as stabilizer and promoter, ether 

formation is negligible. 

composition and contain different amounts of other metals such as Cry Al, 

MN, V, Ag, etc. 

laydown, is not significant if the temperature is carefully controlled, 

despite a highly favorable thermodynamic tendency. 

However, if a CuZnO low-pressure 

The copper-zinc catalysts vary in zinc-copper 

The Boudouard reaction, 2CO C + C02, which results i n  carbon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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In the  high-pressure process, the  react ion r a t e  decrease:; with 

conversion because the  synthesis of MeOH i s  strongly inh ib i ted ,  both by 

approach t o  equil ibrium and by the  adsorption of MeOH on the  ca ta l ys t .  

gas leaving the l a s t  react ion vessel wi l l  t yp ica l l y  contain only about 3% of 

MEOH. The unreacted gases a re  recycled. I n  the  low-pressure MeOH 

synthes is ,  the gas leaving the reactor  contains 4 t o  6.5 vol% of MeOH. 

In pract ice,  SG made from any source contains some C02. SG made 

by CH4 reforming has a stoichiometr ic r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  H2 t o  CO t h a t  approaches 3. 

I t  contains some C02, which may a lso  be hydrogenated t o  MeOH. 

added t o  the SG i n  order t o  convert some of the excess H2 t o  CO via the 

reverse water-gas s h i f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(WGS), which i s  favored a t  higher temperature [C02 

the 

Co2 may be 

and H2 + CO + H20]. 

MeOH y ie lds  by about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23% in the Lurgi MeOH synthesis.6 

The presence of 6% by volume of C02 i n  the  SG increases 

In various 

operat ions,  C02 leve ls  vary from 2 t o  6% and are  usually speci f ied by the 

various producers. 

As s ta ted ,  MeOH i s  made i n  numerous p lants  with over 99% 

s e l e c t i v i t y  when a mixture of CO, C02, and H 2  i s  passed over a Cu-%n0-A1203 

ca ta l ys t  a t  elevated pressures and temperatures between 493 and 573K. 

Surpr is ingly f o r  such a widely pract ice process, however, there are  few 

known f a c t s ,  o ther  than t h a t  the react ion i s  exothermic. 

synthesis i s  whether the alcohol i s  synthesized from CO o r  from CO,,. 

Rozovskii e t  a l . ,  lo u s i n g  14C02, showed t h a t  the MeOH synthesis proceeds 

t h r o u g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC02 ra ther  than t h rough  CO as follows: 

7-9 

A major question bedevil ing the  mechanistic in te rpre ta t ion  of MeOH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L. 

CO + H20 + C02 + H - CH30H + H20 . (5.1-4) 2 

Chinchen e t  a1 .7 a t  IC1 have confirmed these f indings. 

formed from C02 and H 2 ,  possibly t h r o u g h  a surface formate intermediate. 

In any event, the  hydrogenation of CO t o  MeOH can be guided by 

ca ta l ys ts  t h a t ,  unl ike FT ca ta l ys ts ,  do n o t  d issoc ia te  the CO molecule. 

i s  known t h a t  Pd, P t ,  I r ,  and C u  ca ta l ys ts  chemisorb CO assoc iat ive ly  and 

a l l  a re  candidates f o r  use i n  the synthesis of MeOH from SG. Copper-zinc 

ca ta l ys ts  a re  present ly the  ca ta l ys ts  of choice b u t  there  i s  act ive  research 

MeOH appears t o  be 

I t  

on the synthesis of MeOH using Pd (and Pt)  ca ta l ys ts .  11 

126 



It appears 

c a t a l y s t s  a r e  cu0-cu+ 

l o s e s  i t s  a c t i v i t y  i f  

perhaps H20 o r  O2 may 

i k e l y  t h a t  t h e  a c t i v e  components i n  t h e  copper-based 

species i n  a s o l i d  s o l u t i o n  o f  Zn0.I2 

t h e  SG i s  comple te ly  d e v o i d  o f  C02. The C02 and 

preserve  copper i n  t h e  Cu s t a t e .  I n  t h e i r  absence, 

The c a t a l y s t  

+ 

Cu' i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs gradual  l y  reduced t o  meta l  1 i c  copper. 

s i n c e  t h e y  a r e  more s e n s i t i v e  t o  p o i s o n i n g  and s i n t e r  more e a s i l y ,  have 

s h o r t e r  l i f e  spans than t h e  z i n c  oxide/chromium o x i d e  base c a t a l y s t s .  

The copper-based c a t a l y s t s  , 

5.1-2C. K i  n e t i  c s  

The k i n e t i c s  f t h  MeOH synthe es a r e  complex and a r e  a f f e c t e d  by 

a number o f  v a r i a b l e s ,  such as t h e  n a t u r e  o f  t h e  c a t a l y s t ,  t h e  p h y s i c a l  

changes o f  t h e  c a t a l y s t  as t h e  r e a c t i o n  progresses, t h e  compos i t ion  o f  t h e  
gas (which i s  a l s o  c o n s t a n t l y  changing i n  t h e  r e a c t o r ) ,  temperature,  and 

pressure .  

s i n c e  t h e  s y n t h e s i s  r e a c t i o n  proceeds t o  thermodynamic e q u i l i b r i u m  v e r y  

r a p i d l y ,  t h e  k i n e t i c  behav io r  o f  t h e  c a t a l y s t  i s  n o t  so i m p o r t a n t .  

should be no ted  t h a t  a l l  commercial c a t a l y s t s  and hence t h e i r  k i n e t i c  

behav io r  a r e  p r o p r i e t a r y .  

Modern MeOH syntheses use copper-z inc low-pressure c a t a l y s t s  and,. 

It zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.1-2D. Feedstocks 

The p r i m a r y  raw m a t e r i a l  as t h e  source o f  SG f o r  p roduc ing  MeOH a t  

p r e s e n t  i s  NG, which i n  1980, accounted f o r  70% o f  wor ldwide p r o d u c t i o n .  

Residual  f u e l  o i l ,  naphtha and c o a l  a r e  t h e  o t h e r  feedstocks.  I n  1980, t h e y  

accounted f o r  about  15, 5 and under 2% o f  wor ldwide  produc t ion ,  

r e s p e c t i v e l y .  

above t h e  s t o i c h i o m e t r i c  requ i rement  f o r  MeOH s y n t h e s i s .  

be purged and used as a f u e l  t o  generate steam. 

adding C02 t o  SG, t h e  excess H2 can be conver ted  t o  MeOH. 

of naphtha g i v e s  t h e  r e q u i r e d  r a t i o  o f  H2/C0. 

o i l  produces SG wi th  an H2/C0 r a t i o  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1:l; t h i s  r a t i o  must be s h i f t e d  t o  

achieve t h e  r e q u i r e d  gas r a t i o .  Never the less,  t h i s  raw m a t e r i a l  i s  

a t t r a c t i v e ,  s i n c e  t h e  bo t tom o f  t h e  crude o i l  b a r r e l  i s  p r o f i t a b l y  u t i l i z e d .  

I n  t h e  l o n g  run,  more SG f o r  MeOH manufacture w i l l  be made f rom c o a l .  

Steam r e f o r m i n g  o f  NG g i v e s  SG w i t h  a one mole excess o f  H2 

The excess H2 can 

Steam r e f o r m i n g  

As mentioned e a r l i e r ,  by 

P a r t i a l  o x i d a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  r e s i d u a l  
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5.1-2E. Process Technology and Reactors 

The production of MeOH is an established commercial technology. 

Nevertheless, constant improvements are being made in process technology and 

reactor design for better recovery, in lower compression costs, and in 

processing of the raw MeOH. 

these subjects. 

Marschner13 and Satterf i el dI4 have summarized 

5.1-2F. Liquid-Phase Methanol Synthesis 

An MeOH synthesis utilizing a liquid-phase slurry reactor is under 

development. 

LaPorte, Texas, by Air Products and Chemicals, Inc., with the technical 
assistance of Chem. Systems. 

Air Products, Fluor Corp., and EPRI. The construction of a pilot plant 

based on this technology using SG derived from coal is under consideration. 

The SG will probably be made i n  a Texaco gasifier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the H2:C0 ratio 

will be low. 

This concept is being tested in a process-development unit at 

The project is jointly funded by the US DOE, 

The liquid-phase reactor for MeOH synthesis, in design as well as 

in operating procedures, is basically similar to that originally proposed by 

Kolbel for FT synthesis. In laboratory-scale experiments, commercial and 

experimental MeOH-synythesis catalysts have been tested at 3.5-7.0 l4Pa i n  

the temperature range 488-523K. Because equilibrium conversion is favored 

by low temperature and the temperature is well-controlled in the slurry 

reactor, high single-pass conversion is possible. About 20% conversion of 

CO to MeOH with a feed gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof balanced composition can be expected. 

The SG used at LaPorte is a synthetic mixture of H2, COY (IO2, and 

CH4, representing gas from conventional or high-temperature coal-gasifiers. 

In the tests conducted so far, the tail gases are not recycled; instead, 

they are used to generate power in gas turbines. 

enrich the exit gases from the reactor with H2 (by adding steam to %he feed 

gas) so that part of the tail gas can be recycled. 

:15 

But it is possible to 

5.1-26. Other Routes for Methanol Synthesis 

The production of MeOH from SG using low-pressure Cu-ZnO-based 

catalysts will remain dominant in the MeOH industry whether NG or coal is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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the feedstock. However, there are  other react ions t h a t  produce MeOH. One 

route i s  th rough the  synthesis of methyl formate and i t s  subsequent 

hydrogenation t o  MeOH. The equations f o r  t h i s  two-step synthesis are:  

NaOCH3 

CH30H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CO - HCOOCH3 , 
HCOOCH3 + 2H2 CU catalysts* 2CH30H , 

(5.1-5) 

(5.1-6) 

CO + 2H2 --+ CH30H . (5.1-7) 

Methyl formate (HCOOCH3) i s  prepared zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby react ing MeOH and CO i n  the  presence 
of a homogeneous sodium methoxide c a t a l y s t  a t  353K and 3.0MPa; t h i s  step i s  

followed by the  c a t a l y t i c  hydrogenation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  methyl formate t o  MeOH a t  45SK 

and 3.0MPa. 

pressure required f o r  hydrogenation of the  formate t o  MeOH can be lowered 

s ign i f i can t ly .  

mole of s ta r t i ng  MeOH. 

patent,"  in which the c a t a l y s t ,  operating temperature and pressure f o r  t he  

hydrogenation react ion a re  copper chromite, 373-443K and 2-6 MPa, 

respect ive ly .  A p i l o t  p lant  was b u i l t  in Germany i n  1945.18 The method may 

be a t t r a c t i v e ,  s ince lower temperatures and pressures a re  used than even i n  

t he  present low-pressure commercial processes. 

has high y ie lds  in b o t h  s teps ,  t h u s  avoiding the  equil ibr ium cons t ra in ts  i n  

the  present ly pract iced MeOH synthesis.  

C2-C5 HCs. 

around 723K t o  l i qu id  and gaseous oxygenated products. 

f o r  the  process are  i r o n ,  nickel and copper as  metals, a s  oxides, o r  a s  

mixtures of metals and oxides. 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC1 and C2 aldehydes a re  produced i n  s ign i f i can t  amounts. 

increasing research i n  t h i s  area. 

Methanol has been synthesized u s i n g  copper-thorium ca ta l ys ts .  IC1 

has developed a synthesis of MeOH u s i n g  an a l loy w h i c h  contains copper w i t h  

a metal other than radioact ive t h o r i u m .  This a l loy  ca ta l ys t  operates a t  low 

temperatures (-100°C) and therefore gives h i g h  conversions t o  MeOH. 

Unfortunately, the system i s  sens i t i ve  t o  C02 and the cos t  o f  completely 

Work by Trimm e t  a1 . I6 has shown t h a t  the  temperature and 

The net r e s u l t  i s  the  synthesis of two moles of MeOH per 

A modified version of t h i s  process i s  described i n  a German 

T h i s  route t o  MeOH from SG 

Another route t o  MeOH involves the  pa r t i a l  oxidation of CH4 and 

These compounds may be c a t a l y t i c a l l y  air-oxidated a t  3.0MPa and 

Sui tab le ca ta l ys ts  

Se lec t i v i t y  t o  MeOH i s  very poor; acetone 

There i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 " 

.... :, . 
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removing C02 from the feed gas stream makes this process presently 

unattractive. 

Workers at Brookhaven National Laboratory have discovered a 

low-temperature, low-pressure system, based on the use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  a homogeneous 

transition metal complex, that yields a selectivity of over 99% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof MeOH per 

pass. 

interest. 

Further developments of this and similar systems will be of great 

5.1-2H. Methanol from Coal 

Coal-based MeOH plants will be more costly and complex than NG 

plants because of the additional facilities needed to handle coal and solid 

residues and the required cleanup zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  resultant gases. The cost and 

complexity will also be influenced by the type of coal selected and the 

gasifier used. 

is derived from a second-generation slagging gasifier while the MeOH 

synthesis, at east for the near future, is accomplished by one of the 

low-pressure processes, are: (i) the gas is mainly H2 and CO, with smaller 

amounts of C02, and is virtually free of CH4; (ii) it is at a much higher 

temperature than the MeOF-synthesis temperature; (iii) the SG is compressed 

to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 to 8MPa, thereby eliminating the cost of compression to the 

MeOH-synthesis pressure; and (iv) it has a low value for the H2/C0 ratio. 

The low level of C02 and CH4 minimizes the buildup of in(- >rts in 

the MeOH-synthesis loop, thus reducing the amount of purge gas. 

can be recovered i n  high-pressure steam generators and the steam produced 

may be used to run compressors and to generate electricity. 

deficient in H2 and additional units may have to be added to the plant. 

H2/C0 ratio must be adjusted to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2:l or slightly higher by the WGS reaction. 

Since the shift reaction is exothermic, the heat may be recovered t o  

generate additional high-pressure steam. It is probably not economical to 

have more than 15% of C02 in the feed gas. 

The gasifier is a vitally important part of a coal-to-MeOH plant. 

It influences the synthesis pressure and thus the selection of the 

commercial synthesis process. It also determines the extent to which the SG 
must be shifted and the specific plant design to optimize waste heat 

recovery at different stages. In spite of this complexity, a large 

coal-to-MeOH industry may well be a reality one day. 

Some of the features of coal-to-MeOH technology, in which SG 

Excess heat 

But the SG is 

The 

Several conceptual 
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plant designs with economic evaluations are available. 

units of a coal-to-MeOH plant (the shift converter, acid-gas removal unit 

and MeOH converter) are fairly well-proven processes. 

second-generation gasifiers, the Texaco gasif'm is commercially proven and 

is in operation in several plants. Shell is building a 200-400 TPD of coal 
unit using a dry feed system to the gasifier. 

systems of interest have been reviewed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2o Moreover , three 

Among the 

Other coal-gasification 
21 

5.1-21. Methanol and Higher Oxygenated Compounds as Fuels 

Chemicals from MeOH, though now important, will probably be made 

from excess MeOH or SG manufactured primarily for fuel use. Methanol is 

used as a gasoline extender, as a neat fuel for automobiles, in the 

synthesis of methyl tert-butyl ether (MTBE) which is an octane extender, as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a turbine fuel, and as a source of CO and H2 for the synthesis of 

transportation fuel. 

early part of the 20th century until cheap gasoline made its appearance. 

1937, some 70,000 tons of synthetic MeOH were used i n  vehicles in Germany. 

Methanol has been and still is used in racing cars because of increased 

power obtainable compared to gasoline. Blends of ethanol in gasoline have 

been i n  commercial use in Cuba, South Africa and South America for some 

years.' A number of surveys and reviews have been published on the use of 

alcohols as automotive fuels. 

Alcohols were used as transportation-fuels in the 

BY 

22-25 

Europe's dependence on imported petroleum, coupled with the 1973 

Studies on MeOH as an additive to gasoline have continued 

embargo, led Germany to sponsor a comprehensive study on the use o f  MeOH and 

H2 as fuels. 

since 1975, often with US government support. 26 In 1976, the Swedish 

Methanol Development Co. sponsored the first international meeting on MeOH 

at the Royal Swedish A~ademy.'~ Methanol may ultimately be made from remote 

sources of NG, from coal, and eventually from renewable resources. 

large scale for peak loads in turbines. Methanol and ethanol are already in 
use as gasoline additives. 

initially to fleets in selected regions; hundreds of cars are being tested 

on neat MeOH i n  California. Gasohol, a blend of 10% ethanol and 90% 

gasoline, has been used in Nebraska for many years and has been sold 

Electric utilities have been interested in MeOH as a fuel on a 

The use o f  neat MeOH will probably be limited zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I '  

< " zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t :  
i_ 

t 

, '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

*. 
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throughout the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS. 

20% ethanol-gasoline mixtures in Brazil. 

isooctane i n  that it is a polar molecule with oxygen constituting half of 
its weight; it thus picks up water easily. 

additive. 

all over the world from SG that is obtainable from almost any organic 

resource. Phase separation (caused by water pick-up), possible corrosion of 

some engine parts and volatility considerations rule out the use o f  straight 

MeOH or gasoline mixed with large amounts of MeOH (>5%), except for cars 

that are specially built for use of these fuels. 

for a MeOH plus cosolvent mixture with gasoline and sold the product i n  

parts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  New York State and i n  Pennsylvania until about 1985. Arco's 

additive consisted of 4.75% MeOH and 4.75% TBA (tert-butyl alcohol) i n  90.5% 

unleaded gasoline. Blending 5% MeOH and 5% cosolvent into all gasoline used 

i n  the US could reduce crude oil imports by over 200 million BPY. 

no suitable distribution system exists for such a blend. 

Over a million cars are fueled by neat ethanol or 10 to 

Methanol differs from a typical gasoline component such as 

It is an attractive gasoline 

It has a higher octane rating than isooctane and is manufactured 

Arc0 received EPA approval 

However, 

Two other points are pertinent. Emissions from the MEOH- 

cosolvent-gasoline blends are lower than from straight gasoline. Also, the 

cosolvent is not limited to TBA; other alcohols and ethers may be used as 

cosolvents. 

It is possible that MeOH-gasoline blends will serve as a bridge 

between straight gasoline and straight MeOH. 

additi-on of tetraethyllead to gasoline to 0.1  gram'per gallon; octane 

enhancement by added alcohols and ethers may therefore become necessary to 

retain octane ratings. 

statedz8 that coal -based processes for the synthesis of MeOH wi 1 1  eventual ly 

win out but NG will have the edge for a long time to come. 

EPA has lowered the allowable 

But the MeOH-gasoline blending picture is complex. It has been 

A rapidly growing use of MeOH as a fuel is i n  thc synthesis of 

methyl tert-butyl ether (MTBE). This ether was approved by EPA in 1979 as 

an octane enhancer for unleaded gasoline at concentrations of 7% or' less by 

volume. 

metric tons in 1985 and its projected growth seems to be limited only by the 

avai 1 abi 1 i ty of i sobutene. 

MTBE capacity in the US grew from zero i n  1970 to 2.18 million 

The MTBE-gasoline blend provides a number of advantages over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MeOH-gasoline blends. It has a lower oxygen content, less severe water 

separation problems, fewer front-end volatility effects, and also has a high 
octane quality. In addition, MTBE is useable in all proportions with 

gasoline. it is, however, more expensive than MeOH as a gasoline extender. 

Methanol as a fuel i n  stationary combustion turbines for peak 

loads of electric utilities has often been mentioned. 

reliable source of the alcohol would be needed to avoid the possibility of 

brownouts. 

potential as a fuel may be realized. 

necessary to modify turbines somewhat. The sodium content of the fuel i n  a 

gas turbine should be kept below 1 ppm. MeOH readily picks up water and the 

water could be contaminated with alkali slats. On the other hand, MeOH'as a 

gas-turbine fuel has low pollutant emissions, good performance and good 

handling and storage properties. 

factors which will influence the introduction of MeOH as a turbine fuel. 

Large amounts of a 

Crude oil prices must eventually rise and, when they do, MeOH 

Methanol is an excellent gas-turbine fuel, although it may be 

In any case, supply and cost are the main 

5.1-25. Dissociated Methanol as a Fuel For Automobiles and Gas Turbines 

It is well known that MeOH dissociates into CO and H2 as the 

temperature is raised and the pressure is lowered according to the process 
low p, high T 

high p, low T 
CH30H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+. 2H2 + CO . (5.1-8) 

At equilibrium, over 80% of the MeOH is dissociated at lMPa and 473K. 

this reason, the MeOH-combustion characteristics are similar to those of SG. 
The major difference in properties is caused by the heat of dissociation of 

MeOH, which is 90.56 kJ/mol at 298K and 1 atm for the. gas (13.4% of the LHV) 
and 128.5 kJ/mol at 298K for liquid MeOH (20.1% of the LHV). 
possible, however, that a significant amount of exhaust heat used to 

evaporate and dissociate MeOH may be recovered and this is what is generally 

counted on in automotive use. 

For 

It is 

Dissociated MeOH may offer higher efficiencies than conventional 

liquid fuels for three reasons: 

(ii) extended lean misfire limits, and (iii) higher allowable compression 

ratios. Also, exhaust emissions are lower. At 573K, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa temperature which 

matches the available heat i n  an engine exhaust, equilibrium favors 99.9% 

conversion of MeOH to CO and He, although side reactions can occur. 

(i) the just noted waste heat recovery, 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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number of catalysts, including Pt, Pd, Cu, Zn, etc. are known to be active 

in the dissociation of MeOH. 

been discussed by Finegold et a1 ." 
advantages of burning liquid MeOH, dissociated MeOH,,and steam-reformed 

The application of MeOH dissociation in combustion turbines has 

Woodley et a1.30 have compared some 

MeOH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

5.1-2K. Ethanol as a Transportation Fuel 

Methanol is toxic to humans. Eth no1 (CH3CH20H) i somewhat less 

polar than MeOH but the additional CH2 group converts it into a beverage 

made and consumed in a great variety of forms all over the world. 

group also greatly influences the properties of ethanol as a transportation 

fuel. Ethanol is more HC-like than MeOH and is therefore more soluble in 

gasoline. 

while their specific gravities are essentially the same. The oxygen atom in 

MeOH comprises half of its molecular weight, whereas, in ethanol, only 34.7% 

of the molecular weight o f  the molecule is due to oxygen; ethanol is thus 

less hygroscopic. The LHV of MeOH is 56,560 BTU/gallon (8,600 BTU/lb); that 

for ethanol is considerably higher, 75,670 BTU/gallon (11,500 BTU/lb). Both 

have excellent research octane ratings (106-108). The chemical and physical 

properties of ethanol make it a better gasoline extender. 

The manufacture of ethanol has an interesting history, one that is 

presently changing rapidly. 

the fermentation of naturally occurring carbohydrates since prehistoric 

times. Such ethanol is still made by fermentation. 

1930 i n  the US. 
presence of an acid catalyst. 

fermentation processes until the late 1920s, over 95% of ethanol for 

industrial consumption was made synthetically from ethylene in the 1!370s. 

But, with the growing use of ethanol in transportation fuels initiated as a 

result of the 1973 oil embargo, the production ration of fermentation 

ethanol to synthetic ethanol grew rapidly. 

The use of alcohol fuels has been studied for many years i n  a 

number of countries. In 1907, for instance, the US Department of 

The CH2 

Ethanol has a higher boiling point than MeOH (351.3 vs 337.7K), 

Ethanol for human consumption has been made by 

The first synthetic ethanol for industrial use was produced about 

It involved the hydration of ethylene with water in the 

From almost complete dependence on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Agriculture published a report on the use of alcohol-gasoline mixtures in 
farm engines.31 

embargo i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1974. Since then, a great deal of work has been focused on the 

use of ethanol as a gasoline extender, octane enhancer or as an alternative 

fuel. There are many studies dealing with engine performance, emission 

characteristics and the advantages and problems associated with ethanol use 

in conventional spark-ignition engines.32 

alcohol for fuel use was about 80 million gallons i n  1979. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA year later, 

production of ethanol by fermentation neared 300 million gallons, with 

production by fermentation continuing to grow. Gasohol and neat ethanol are 

now used in many countries, especially Brazil. 

Ethanol from the fermentation of grain has been made competitive 

as a transportation fuel i n  the US largely because of federal and state 

subsidies aimed at reducing US dependence on imported oil. It is possible 

that US. production of fermentation alcohol may rise to about a billion 

gallons by 1990 and may then invade the industrial market of more than 200 

million gallons. 

explore the production of fermentation alcohol. We note, however, the 

important question as to the economic viability of using arable land for the 

production of fuel rather than food. 

Interest i n  grain alcohol was given impetus by the oil 

US production of fermentation 

Since this study deals with the use of SG, we shall not further zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.1-2L 

a1 coho 

Ethanol from SG 

What are the possibilities of obtaining ethanol and higher 

s directly from SG? This conversion would seem to be highly 

desirable because it would eliminate the need for subsidies and return some 

land for other uses. In the long run, ethanol from SG may be cheaper than 

fermentation alcohol and be independent of ethylene made from (imported) 

petroleum. Ethanol and higher alcohols are better energy-storage chemicals 

and are less toxic and corrosive than MeOH. 

Ethanol and other C2-oxygenated compounds have been synthesized 

I ~ h i k a w a ~ ~  studied rhodium directly from SG using modified FT catalysts. 

catalysts on several moderately acidic oxides such as La203, Ti02, Ce02, and 

Zr02 as supports. He obtained large yields of ethanol and other C2 
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oxygenated compounds such as  acetaldehyde and some acetates.  

heterogeneous ca ta l ys t  prepared from Rh4 (CO) 12-La203 ca ta l ys ts  y ie lded,  

u s i n g  1 atm of SG a t  473K, the following product d is t r ibu t ion  based on 

carbon ef f ic iency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(%): CH30H, 10; CH3CH,0H, 49; CH3CH0 + CH3Coor, 2; CH4, 

14; C2-C4, 6 ;  C02 + other products, 8. 

T h i s  i s  a luc ra t i ve  f i e l d  f o r  f u r the r  invest igat ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA synthesis 

of ethanol d i rec t l y  f o r  SG w i t h  over 90% s e l e c t i v i t y  would be a g rea t  s tep 

forward i n  the manufacture of t ranspor tat ion fue l s  and chemicals d i r e c t l y  

from SG. 

A 

5.1-2M. The Homologation of Methanol t o  Ethanol 

The homologation o r  reductive carbonylation of MeOH t o  y ie ld  ethanol plus 

acetaldehyde and aceta tes  has been extensively studied b u t  has n o t  y e t  been 

commercialized. 

ca ta l ys ts  34y35 in the process 

Homogeneous t rans i t i on  metals have been used a s  

c02(c0)8 

CH30H + 2H2 + CO - CH3CH,0H + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH20 . (5.1-9) 

RuCl 3, I, 

While the  methanation of MeOH i s  the  most thermodynamically favored react ion 

a t  298K and O.lMPa, the  formation of ethanol i s  almost as  favorable. A t  

higher temperatures, ethanol and CH3CH0 become l e s s  favored a t  the  expense 

of dimenthyl e ther  and C02. The synthesis of ethanol i s  thermodynamically 

more strongly favored as  the  pressure i s  ra ised t o  10MPa. The pr incipal  

problem i s  k inet ic  control over the  number of possible react ion products 

(CH4, ace ta tes ,  ace t i c  ac id ,  dimethyl e ther ,  ace ta ls ,  and CO,). 

a c t i v i t y  and se lec t i v i t y  f o r  the conversion o f  MeOH and SG t o  ethanol and 

Cobalt complexes were used f i r s t  and a re  good ca ta l ys ts  in t h e i r  

yzed 

a 

CH3CH0. Rhodium, usually more act ive than cobal t  in homogeneously cata 

react ions involving MeOH and SG, produces ac ids and e s t e r s ,  with ethano 

s ign i f i can t  product a t  high H2 par t i a l  pressures (H2/C0 = 4 0 : l ) .  

Operating temperatures in the 450-485K range are  usually used with 

cobal t .  A s  the  temperature r i s e s ,  s e l e c t i v i t y  t o  ethanol increases a t  the 

expense of acetaldehyde. 

while product s e l e c t i v i t y  a lso  remains constant. 

A r i s e  in pressure increases conversion of MeOH 

A t  h i g h  CO par t i a l  
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pressures,  t h e  competing a l c o h o l  c a r b o n y l a t i o n  dominates and over  70% 

s e l e c t i v i t y  t o  methy l  a c e t a t e  i s  observed. 

t h e  c a t a l y s t  tends  t o  decompose t o  meta l  w i t h  an accompanying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss o f  MeOH 

t o  CH4 and d i m e t h y l  e t h e r .  The h i g h e s t  e thano l  s e l e c t i v i t y  i s  o b t a i n e d  a t  ~ 

H2/C0 r a t i o s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1:l. 

The most s i g n i f i c a n t  d i s c o v e r y  i n  MeOH homologat ion has been t h e  

r a t e  o f  enhancement a s s o c i a t e d  w i t h  a d d i t i o n  o f  i o d i n e  o r  i o d i d e .  T h i s  

enhancement a r i s e s  m o s t l y  f rom t h e  -- i n  s i t u  f o r m a t i o n  o f  CH31, which r e a c t s  

w i t h  SG much f a s t e r  than does MeOH. By t h e  use o f  c o c a t a l y s t s ,  a 

s e l e c t i v i t y  t o  acetaldehyde above 60% can be o b t a i n e d  a t  68% convers ion.  

For  t h e  p r o d u c t i o n  o f  e thano l ,  ru thenium has been found t o  be t h e  b e s t  

c o c a t a l y s t  s i n c e  a l l  o f  t h e  aldehyde i s  hydrogenated t o  e thano l .  

A t  h i g h  H2 p a r t i a l  pressures,  

As an 

example , 

c o n v e r t s  

a d d i t i o n  

e f f e c t s  : 

t h e  use o f  c o b a l t  ace ta te ,  I*, RuC13, and PPh3 a t  450K and 27.2MPa 

43% o f  MeOH t o  e thano l  w i t h  a s e l e c t i v i t y  o f  80%. 36,37 The 

o f  t e r t i a r y  phosphine l i g a n d s  t o  t h e  c a t a l y s t  has two d e s i r a b l e  

g r e a t e r  c a t a l y s t  s t a b i l i t y  and enhanced e thano l  s e l e c t i v i t y .  

I n  conc lus ion ,  t h e  coba l t -carbony l -ca ta lyzed r e d u c t i v e  

c a r b o n y l a t i o n  o f  MeOH w i t h  SG t o  produce acetaldehyde, e thanol  and a c e t a t e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i s  a compl ica ted  system which a l l o w s  a remarkable h i g h  degree zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  k i n e t i c  

c o n t r o l  over  t h e  thermodynamical ly  f a v o r e d  p r o d u c t  m i x t u r e ;  however, 

s e l e c t i v i t i e s  t o  e thano l  o f  80% a r e  r a r e .  Whi le  t h e  chemical  r e a c t i o n s  and 

promoter e f f e c t s  a r e  f a i r l y  w e l l  understood, i t  i s  d i f f i c u l t  t o  see how t h e  

system can be p e r t u r b e d  t o  f u r n i s h  h i g h e r  a c t i v i t i e s  o r  s e l e c t i v i t i e s  

approaching t h e  c a r b o n y l a t i o n  o f  MeOH, f o r  which o v e r  99% s e l e c t i v i t y  t o  

a c e t i c  a c i d  i s  achieved. 

a c t i v i t y  make MeOH r e d u c t i v e  c a r b o n y l a t i o n  an u n l i k e l y  source o f  e thano l .  

p o s s i b l e  use o f  t h e  p r o d u c t  m i x t u r e  i s  as a f u e l  b lend.  

Chen e t  a1 .38 have shown t h a t  i r o n  o r  ruthenium, promoted by a 

t e r t i a r y  amine, c a t a l y z e  t h e  homologat ion o f  MeOH t o  e thanol  a t  SG pressures  

near  30MPa and temperatures o f  about  475K. Carbon d i o x i d e  r a t h e r  t h a n  water  

i s  t h e  by-product  and no a l c o h o l s  h i g h e r  than ethanol  a r e  formed, n o r  a r e  

a c e t a t e s  o r  a c e t a l  s produced (CH30H + H2 + 2CO - 2CH3CH20H + C02). 

r e a c t i o n  c a l l s  f o r  f u r t h e r  s tudy,  a l t h o u g h  r e a c t i o n  r a t e s  appear t o  be 

somewhat 1 ow. 

The d i v e r s e  m i x t u r e  o f  p r o d u c t s  coupled w i t h  low 

A 

T h i s  



5.1-2N. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Synthesis of Higher Alcohols 

In 1923, Fischer and Tropsch 2 y 3 9  used a1 kal ized iron c a t a l y s t s  t o  

obtain mostly oxygenated products from SG; they ca l led  t h i s  the Synthol 

process. I t  was ca r r i ed  out  a t  460 t o  500K and 2MPa and the product 

contained up t o  70wt% of a lcohols  w i t h  carbon numbers up t o  Cz0. The aim a t  

the  time, however, was t o  obtain HCs by the hydrogenation o f  CO. In 1953, 

Anderson3' found t h a t  i ron n i t r i d e s  were durable,  unique c a t a l y s t s  f o r  the  

FT synthes is ,  y ie ld ing about 40wt% of alcohols.  

I t  has long been known t h a t  MeOH-synthesis c a t a l y s t s  promoted w i t h  

a l k a l i  and containing up t o  three metal oxides y ie lded h i g h e r  alcohols 

[l-propanol and 2-methyl-1-propanol ( i  sobutanol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA)] together  w i t h  the expected 

MeOH. The c a t a l y s t s  f o r  t h i s  synthes is  general ly operated a t  about 675 and 

20MPa and lower space v e l o c i t i e s  than a re  employed f o r  t he  usual MeOH 

synthes is .  Cesium, rubidium and potassium were the  most ac t i ve  promoters, 

w i t h  potassium obviously the most prac t ica l  promoter. 

products f o r  fuel  use, there has been a paucity of s tud ies  deal ing with the  

quant i ta t i ve  aspects  of the  k ine t i cs  and s e l e c t i v i t y  f o r  these promoted MeOH 

c a t a l y s t s  w h i c h  d id  not contain copper. 

ac t i ve ,  low-pressure, Cu/ZnO MeOH-synthesis c a t a l y s t s  has been reported 

mostly i n  the  patent l i t e r a t u r e .  

Work has l a t e l y  begun t o  center on the use o f  MeOH-synthesis 

c a t a l y s t s  combined w i t h  FT c a t a l y s t s ,  often i n  the  presence of alka1.i. 

Courty e t  a1 .40 a t  the  Inst i tu t  Francai zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs du Petro le  ( IFP)  have been studying 

the  synthesis o f  higher alcohols.  

members of RAPAD (Research Associat ion for  Petroleum Al ternat ive 

Development), have been working on syntheses of  h i g h e r  alcohols .  

a lcohols  of up t o  30wt% of C2 and higher alcohols have been produced u s i n g  

a lka l in ized  zinc and chromium oxides. Using copper-cobalt c a t a l y s t s ,  up  t o  

70wt% of heavier a lcohols  were obtained a t  moderate condi t ions.  

coba l t ,  zinc,  aluminum, and sodium oxides have been used, a s  well a s  copper, 

coba l t ,  chromium, and mixed a l k a l i  oxides. 

p lan t  i n  Japan based on IFP's design.41 

Although the  h i g h e r  alcohols  (C1-C6 espec ia l l y )  a re  des i rab le  

The e f f e c t  of promoting the more 

IFP  and Japan's  Idemitsu Kosan, both 

Mixed 

Copper, 

The Idemitsu Kosan Company has b u i l t  a 7000 BPD demonstration 

F i r s t  runs confirmed bench-scale 
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tests, with C1-C6 alcohols forming more than 99% of the product. 

alcohol mixture appears to resemble tert-butyl alcohol as far as 

compatibility with gasoline is concerned. 

The 

The reduced cobalt probably acts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas  an FT catalyst, dissociating 

Work is proceeding on understanding 

CO to furnish the alkyl part of the alcohols, while the action of the copper 

resembles its role in MeOH synthesis. 

the mechanisms involved in these complex catalytic reactions. 

procedures used in their preparation are critical, especially to avoid FT 
active catalysts which would yield HCs. 

The 

5.1-3. SG as a Source of Chemicals 

Of the thirty top organic chemicals (in terms of weight) 

manufactured in the US in 1985, all but seven are or can be produced from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SG.42 
ratios of H2 and CO. 

Several of these are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa lso  used as fuels. SG i s  composed of various 

The largest use of SG in the world is in the manufacture of 

molecular hydrogen, and most of the H2 used worldwide is made from SG. 

5.1-3A. H2 Manufacture 

Hydrogen can be separated cryoscopically or chemically from SG. 

The CO is SG is usually converted to an equivalent amount of H2 via the 

water gas shift (WGS) reaction 

CO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ H20 - H2 + C02 . (5.1-10) 

Hydrogen is used above all for the manufacture of ammonia: 

Fe203 

N2 + 3H2 * ZNH3 . 
200 350 atm 

400 5OO0C 

(5.1-11) 

As was stated earlier, about 5 trillion SCF of  SG are used worldwide i n  NH3 
synthesi s .  



Hydrogen has many other uses and there is no doubt that the 

demand for this chemical will grow. 

hydrogenation reactions to saturate aromatics or other molecules containing 

double bonds. It is used in hydrocracking heavy oils, i n  hydrodealkylation 

reactions, hydrorefining, hydrodesulphurization reactions, etc. Hydrogen is 

used to upgrade petroleum residua, which constitute a growing part of the 

petroleum barrel. 

consume enormous amount of H2, essentially all of which well be derived from 

SG. 

It is employed in numerous 

Synthetic fuels, when and if they are produced, w i l l  

5.1-3B CO Manufacture 

CO is isolated from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG by cryogenic liquefaction or by selective 

absorption in cuprous ammonium salt solutions. Reactions involving the 

addition of CO to another molecule are called carbonylation reactions; those 

involving the reaction of both CO and H2 (SG) with another chemical are 

called reductive carbonylations; those involving oxygen and CO are called 

oxidative carbonylations. These terms are helpful in describing the many 

reactions of SG, especially the conversion of MeOH to various chemicals. 

5.1-3C. Methanol as a Chemical, Chemical Precursor and Fuel 

In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1980, of the trillion SCF of SG used i n  the synthesis of MeOH, 

NG feedstock accounted for 75% o f  US and 70% of worldwide MeOH capacity. 

Methanol made from residual fuel oil accounted for about 15% of domestic 

and worldwide MeOH, naphtha was used to produce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5%, and coal was the raw 

material for under 2% of worldwide production. Methanol promises to 

continue to be not only one of many feedstock chemicals i n  the future but 

also an extensively used clean fuel. 

growing number of important organic chemicals that have significant uses. 

Historically, almost half of all MeOH produced has been converted to 

formaldehyde (HCHO), which is a precursor to a number of chemicals. 

future, formaldehyde will lose this position because of MeOH use i n  the 

production of faster growing chemicals (acetic acid, acetic anhydride, 

methyl-t-butyl ether, etc.). Methanol conversion to gasoline, olefins and 

It is the precursor to a large and 

In the 



aromat ics  v i a  M o b i l ' s  MTG process w i l l  account f o r  i n c r e a s i n g  use o f  t h i s  

compound. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMethanol 1 

co %O o2 I 
Reductive carbonylation Oxidative carb  onylation 

I 
Acetic acid Acetaldehyde Dimethyl carbonate 

1 
Dimethyl oxalate 

Ethylene glycol 

I 
I 
I 
I 

Ethanol 

E thy1 acetate 

Ethylidene diacetate 

I 
I 
I 

I 
Methyl acetate 

Acetic anhydride 

Methyl formate 

Vinyl acetate 

Formaldehyde 

Car  bonylation Reductive carbonylation 

Glycolic acid Glycolaldehyde 

Ethylene glycol 
I I 

Glycolic acid e s t e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.1-4. Scope of methanol-syngas chemist ry .  

L " 

Chemicals made f rom MeOH can be d i v i d e d  i n t o  two c lasses :  those 

now made commerc ia l ly  and those t h a t  a r e  emerging commercial processes. 

methy l  ace ta te ,  c h l o r i n a t e d  methanes, methylamines, d ime thy l  ace ta te ,  v i n y l  

ace ta te ,  e thy lene g l y c o l ,  s tyrene,  and d ime thy l  t e r e p h t h a l a t e .  The scope o f  

MeOH-SG chemis t ry  i s  i n d i c a t e d  i n  F ig .  5.1-4. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I fo rmer  i n c l u d e  formaldehyde, methyl  formate,  f o r m i c  a c i d ,  a c e t i c  ac id ,  : 

5.1-30 Formaldehyde (HCHO) 

Formaldehyde i s  made f rom MeOH by dehydrogenat ion i n  t h e  presence 

o f  Ag o r  Cu c a t a l y s t s  o r  by o x i d a t i o n  o f  MeOH i n  t h e  presence o f  
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i r o n - c o n t a i n i n g  Moo3 c a t a l y s t s .  A p a r t  f rom d i r e c t  a p p l i c a t i o n s  o f  aqueous 

HCHO s o l u t i o n s  ( f o r m a l i n ) ,  e.g., as a d i s i n f e c t a n t  and p r e s e r v a t i v e  and i n  

t h e  t e x t i l e ,  l e a t h e r ,  fu r ,  and paper and wood i n d u s t r i e s ,  most HCIiO i s  used 

f o r  t h e  manufacture o f  r e s i n s  w i t h  phenols,  urea and melamine. A number o f  

o t h e r  chemicals a r e  made commerc ia l ly  f rom HCHO, i n c l u d i n g  p o l y h y d r i c  

a l c o h o l s ,  b u t y n e d i o l ,  isoprene,  and 8-prop io lac tone.  

5.1-3.E. A c e t i c  Acid (CH3COOH) 

About zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 b i l l i o n  pounds o f  t h i s  i m p o r t a n t  chemical  were produced i n  

t h e  US i n  1985. As l a t e  as 1973, about  40% o f  t h e  a c e t i c  a c i d  c a p a c i t y  was 

made by o x i d a t i o n  o f  t h e  acetaldehyde produced v i a  t h e  Wacker process, which 

was based on t h e  o x i d a t i o n  of e thy lene.  A l l  processes f o r  t h e  p r o d u c t i o n  o f  

a c e t i c  a c i d  have been o r  a r e  b e i n g  s t e a d i l y  r e p l a c e d  by processes based on 

t h e  c a r b o n y l a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  MeOH, so t h a t  SG r a t h e r  than e t h y l e n e  o r  o t h e r  HCs i s  

now t h e  raw m a t e r i a l  o f  cho ice  f o r  a c e t i c  a c i d  manufacture.  

I n  1960, BASF i n t r o d u c e d  t h e  c a r b o n y l a t i o n  o f  MeOH t o  a c e t i c  a c i d  

u s i n g  a c o b a l t  c a t a l y s t  i n  18OoC and 3,000 t o  10,000 

CH3COOH. I n  1976, two p l a n t s  based on t h i s  techno logy  were b u i l t  i n  t h e  FRG 

(35,000 TPY) and i n  t h e  US (52,000 TPY), b u t  then a new process t o o k  over .  

I n  t h e  m i d - s i x t i e s ,  t h e  Monsanto Co. d iscovered t h a t  rhodium p l u s  i o d i n e  was 

a c o n s i d e r a b l y  more a c t i v e  c a t a l y t i c  system f o r  MeOH c a r b o n y l a t i o n  than 

c o b a l t .  I n  t h i s  process, MeOH and CO r e a c t  i n  t h e  l i q u i d  phase a t  150-200°C 

a t  pressures below 5OOpsi t o  form a c e t i c  a c i d  w i t h  s e l e c t i v i t i e s  o f  over  99% 

(based on CH30H) and over  90% (based on CO). 

p l a n t  went on-stream i n  Texas City; i t s  c a p a c i t y  was 150,000 TPY o f  a c e t i c  

a c i d .  

process o f  cho ice  and a l l  new p l a n t s  w i l l  use t h i s  process w i t h  SG as t h e  

o n l y  raw m a t e r i a l  used. 

V i n y l  a c e t a t e  i s  t h e  p r i n c i p a l  o u t l e t  f o r  a c e t i c  a c i d  i n  t h e  US 

Ha l f  as much goes i n t o  making c e l l u l o s e  a c e t a t e  (22%). Another 

p s i g :  CH30H + CO 

I n  1970, t h e  f i r s t  i n d u s t r i a l  

The rhodium-catalyzed c a r b o n y l a t i o n  o f  MeOH t o  a c e t i c  a c i d  i s  t h e  

(40wt%). 

10% i s  used i n  t h e  p r o d u c t i o n  o f  b u t y l  and i s o p r o p y l  ace ta tes ,  a c e t y l  

c h l o r i d e  and acetamide. 

a c e t i c  a c i d  produce by t h e  c a r b o n y l a t i o n  o f  MeOH. 

f a c i l i t y  f o r  t h e  p r o d u c t i o n  o f  chemicals  f r o m  coa l  a t  K ingspor t ,  TI\I ( F i g .  

5.1-3). 

There a r e  many o t h e r  growing uses f o r  t h e  cheap 

I n  1984, t h e  Tennessee Eastman Co. s t a r t e d  up t h e  f i r s t  i n t e g r a t e d  

About 900 TPD o f  t h e  h i g h - s u l f u r  b i tuminous  coa l  a r e  ground i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42 



water t o  form a s lu r ry  of 55 t o  65wt% by weight of the  coal i n  water. 

coal contains from 12 t o  15 w t %  of mineral matter. The s lu r r y  i s  fed t o  two 

Texaco gas i f i e rs ,  each gasifying 200 gal lons per minute of s lu r ry .  

g a s i f i e r  can provide a l l  o f  t he  SG needed f o r  the  p lant .  

produce about 500 mil l ion pounds per year of ace t i c  anhydride. 

gas i f i ca t ion  of coal ,  four f o r  SG preparation o r  by-product recover, and 

three of the synthesis of MeOH, methyl ace ta te  and ace t i c  anhydride. The 

react ions involved are:  

The 

Each 

The p lant  wi l l  

The complex contains eleven separate u n i t s ,  four involved i n  the  

Cu-ZnO 

2H2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CO - CH30H , (5.1-12) 

Rh 

CH30H + CO - CH3COOH (ace t i c  acid) (5.1-13) 

0 
H+ II 

CH30H + CH3COOH - CH3COCH3 + H20 , 
(methyl acetate)  

(5.1-14) 

0 
II 

0 
I1 Rh + I2 

CH3COCH3 + CO - (CH3CO)20 ( a c e t i c  anyhydride) , (5.1-15) 

0 
II 

(CIj,CO),O + ce l lu lose  - ce l lu lose  ace ta te  + CH3COOH . (5.1-16) 

(recycled) 

All o f  these react ions,  except f o r  react ion (5.1-15), a re  known 

commercial react ions.  

of methyl ace ta te  t o  ace t i c  anhydride have been developed by Tennessee 

Eastman and some were developed by Hancon In ternat ional .  

conversion have been obtained by Halcon, Hoechst, Aj inomoto,  and Showa 

Denkon using rhodium a s  the ca ta l ys t .  Halcon and Mitsubishi Gas Chemical 

Co. have a lso been granted patents f o r  the  use of a l e s s  expensive nickel 

c a t a l y s t  f o r  t h i s  conversion. 

s imi lar  t o  MeOH carbonylation t o  ace t i c  acid.  

Eastman's locat ion near substant ia l  reserves of high-grade coal i s  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A number of new c a t a l y t i c  systems for  t he  conversion 

Patents f o r  th is  

I t  i s  probably t h a t  ace t i c  anhydride i s  

Eastman views t h i s  pro ject  as  current ly  economically v iable.  
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posi t ive factor .  I t  i s  possible t h a t  Eastman stands t o  be the f i r s t  company 

t o  develop a whole series of important oxygenated chemicals from 

coal-derived SG. 

5.1-3F. Methyl Formate, Formamide, and Formic Acid (HCOOH) 

These chemicals are a lso  made from MeOH and CO but i n  the presence 

ys t .  The reactions of a base ca ta lys t  ra ther  than a transition-metal cata 

a re  

NaOCH3 

CH30H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CO - HCOOCH3 (methyl formate) , (5.1-17) 

343OC 
2-20MPa 

"3 

HCOOCH3 - HCONH2 + CH30H , 
(formamide) 

(5.1-18) 

H2s04 

HCONH2 - (NH4)2S04 + HCOOH (formic acid) (5.1-19) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

World production o f  formic acid i s  about 100,000 TPY. 

5.1-4. Fischer-Tropsch Synthesis 

5.1-4A. Catalysts and Chemistry of FT Syntheses 

The Fischer-Tropsch (FT)  synthesis was f i r s t  p u t  i n t o  commercial 

Numerous FT cata lysts  have been operation by V i  ktor-Rauxel i n  I935 .43 

discovered since then. 

in te res t .  Both Fe and Co were used i n  commercial appl icat ions,  b u t  only Fe 

i s  employed a t  the SASOL plant i n  S o u t h  Africa since i t  i s  inexpensive and 

allows versa t i le  appl ications. 

450 psig) t o  produce paraf f ins and o le f ins.  

produce large amounts of o le f ins  and some oxygenates. 

ca ta lys ts  are used a t  high pressure ( u p  t o  14,000 psig).  

Of these, Fe, Co, Ru, and Tho2 are o f  special 

The ca ta lys ts  Fe and Co are used a t  moderate pressure (up t o  about 

I r o n  cata lys ts  general ly 

Ruthenium and Tho2 

The Ru cata lys ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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are  applied i n  paraf f in  wax production, while Tho2 ca ta l ys ts  a re  used t o  

make isoparaf f ins.  

ca ta l ys ts  were a lso  employed. They are  predominantly u t i l i zed  f o r  

methanation and a re  not su i tab le  f o r  l iquid-fuel synthesis.  The enhanced 

water gas s h i f t  (WGS) a c t i v i t y  i s  a lso an important function of FT 

ca ta l ys ts .  

has WGS ac t i v i t y .  

The performance of FT ca ta l ys ts  depends strongly on other  fac to rs  

such as  the promoters and s u p p o r t s ,  preparation and act ivat ion method, and 

reactor  design. W i t h  few exceptions, a l l  ca ta l ys ts  a re  sens i t i ve  t o  su l fu r  

poisoning. 

developed by D o w , ~ ~  which i s  mainly used t o  produce l i g h t  paraf f ins.  

following discussions a re  l imi ted t o  Co and Fe ca ta l ys ts .  

Cobalt ca ta l ys ts  were f i r s t  used f o r  commercial FT operation b u t  

were l a t e r  replaced by Fe because of the  low c a s t  and u t i l i t y  of the  l a t t e r .  

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100Co/18Th02/100kieselguhr ca ta l ys t  was f i r s t  used i n  an 

atmospheric-pressure d i r e c t  heat-exchange reactor  a t  Oberhausen-Holten, 

Germany, i n  1936. 

medium-pressure (100-150 ps ig ) ,  d i r e c t  heat-exchange reactor .  

f i xed ,  f luidized-bed reactor  i n  the Hydrocol Process a t  Brownsville, TX, i n  

1950. 

SASOL. 

d i f f e ren t  reactor  types and d i f f e ren t  process condit ions needed t o  make 

various product d i s t r i bu t i ons .  

i n t e r e s t :  ( i )  supported prec ip i ta ted  Fe promoted w i t h  Cu and K ( d i r e c t  

heat-exchange reac tor ,  Arge Process a t  SASOL I ) ,  ( i i )  fused Fe promoted w i t h  

a lka l i  and other propr ie tary  promoters (entrained fluidized-bed reactor ,  

Synthol process a t  SASOL I ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, and 111), ( i i i )  fused Fe promoted w i t h  l w t %  

K2C03 ( f ixed fluidized-bed reac tor ,  Hydrocol process) , ( i v )  unsupported, 

prec ip i ta ted Fe promoted w i t h  Cu and K (s lu r ry  reac tor ) ,  and (v )  n i t r ided  Fe 

c a t a l y s t  developed by the  US Bureau of Mines. Alkali components, usually 

K2C03, a re  the  most important promoters f o r  the  Fe compounds. 

common promoter i s  C u ,  which supposedly promotes the  reduction of Fe203 t o  

ac t ive  Fe and i r on  carbides. 46 

D u r i n g  the  ear ly  period of  FT process development, N i  

Iron i s  well-known f o r  i t s  WGS a c t i v i t y ,  while ne i ther  Co nor Ru 
44 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A major exception i s  the  su l fur - to lerant  Mo-based c a t a l y s t  

The 

A 100Co/5Th02/7.5Mg0/200 kieselguhr was used l a t e r  i n  a 

The f i r s t  commercial Fe ca ta l ys t  was used in a medium-pressure, 

Today, Fe i s  the  only ca ta l ys t  used i n  large-scale operation a t  

The ca ta l ys ts  can be made in to various forms t h a t  ma tch the  

The following Fe ca ta l ys ts  a re  of special  

Another 

Many other promoters have been proposed. 



The p r o d u c t s  f rom FT r e a c t i o n s  a r e  HCs ( m a i n l y  n - p a r a f f i n s ,  

t e r m i n a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-methyl-branched-isoparaffins, and a - o l e f i n s )  and oxygenates 

( m a i n l y  p r i m a r y  a l c o h o l s ) .  The chemical  r e a c t i o n s  may be represented  as 

f o l l o w s :  

(2n+l)H2 + nCO - CnH2n+2 + nH20 , (5.1-20) 

2nH2 + nCO --+ CnHZn + nH20 , (5.1-21) 

2nH2 + nCO - CnH2n+10H + (n-1)H20 . (5.1-22) 

These r e a c t i o n s  i m p l y  a minimum H2/C0 use r a t i o  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and an average use 

r a t i o  s l i g h t l y  l a r g e r  t h a n  2 ,  depending on. t h e  p r o d u c t  d i s t r i b u t i o n .  

c a t a l y s t s  t h a t  promote t h e  WGS r e a c t i o n ,  t h e  H20 formed d u r i n g  FT r e a c t i o n s  

can r e a c t  f u r t h e r  w i t h  t h e  CO t o  form H2 accord ing  t o  r e a c t i o n  (5.1-10). 

FT r e a c t i o n  temperatures (200-350°C) , chemical equi  1 i b r i u m  s t r o n g l y  f a v o r s  

H2 fo rmat ion .  Consequently, as l o n g  as t h e  c a t a l y s t  has s u f f i c i e n t  WGS 

a c t i v i t y ,  t h e  apparent  H2/C0 use r a t i o  becomes much s m a l l e r ,  except  f o r  

MeOH-synthesis. 

and t h e  maximum i s  1.0 f o r  CH4 and e thano l  f o r m a t i o n .  

carbon number d i s t r i b u t i o n .  

t h e  chain-growth p r o b a b i l i t y  mechanism, which i s  f r e q u e n t l y  used i n  

d e s c r i b i n g  p ~ l y m e r i z a t i o n . ~ ~  The d i s t r i b u t i o n  i s  

For 

A t  

The minimum H2/C0 usage r a t i o  i s  0.5 f o r  o l e f i n  Format ion 

The HCs and a l c o h o l s  produced by FT r e a c t i o n s  have a v e r y  wide 

T h i s  d i s t r i b u t i o n  i s  g e n e r a l l y  determined by 

log(Mi/I) = log(kn'a) + I ( 1 o g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa) , (5.1-23) 

where Mi i s  t h e  w e i g h t  f r a c t i o n  o f  t h e  I carbon number HC and a t h e  

p r o b a b i l i t y  o f  c h a i n  growth.  

log(a)  as t h e  s l o p e  and log(Qn a) as t h e  i n t e r s e c t i o n .  

o f  a, h e a v i e r  components. a r e  produced. 

i m p l i e s  t h a t  t h e  h e a v i e r  compounds are  produced i n  reduced molar  q u a n t i t y .  

g i v e n  by Kuo,' w h i l e  a thorough t r e a t m e n t  may be found i n  S t o r c h  e t  a l .  

A l l  FT r e a c t i o n s  a r e  h i g h l y  exothermic.  

A p l o t  o f  log(Mi/I) vs  carbon number. y i e l d s  

2 W i t h  a h i g h e r  va lue  

A Schu lz -F lo ry  d i s t r i b u t i o n  a1 so 

A l i m i t e d  t r e a t m e n t  on t h e  thermodynamics o f  FT r e a c t i o n s  has been 
43 

The heats  o f  r e a c t i o n  range f rom 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 kJ/g-HC, excluding CH4 and MeOH formation. Equilibrium H2+C0 

conversion ca lcu lat ions show t h a t  h i g h  single-pass conversion may be 

achieved i f  the  H2/C0 r a t i o  i n  the  feed gas matches the  usage r a t i o .  

equil ibrium conversion a t  25OoC and 145 p s i g  ranges from 94 t o  99mol%, 

excluding CH4, ethane and MeOH formation. 

increasing temperature and paraf f in  carbon number and a lso  w i t h  decreasing 

o le f in  and oxygenate carbon numbers. 

syntheses when l iqu id  f u e l s  a re  made. Since CH4 and ethane a r e  

thermodynamically more s tab le  than other FT compounds, low CH4 and ethane 

y ie lds  can only be achieved by careTul se lect ion of  ca ta l ys ts  and process 

condit ions. 

ca ta l ys ts .  

In terms of process condi t ions,  low CH4 and ethane y ie lds  may be achieved by 

low temperatures and H2/C0 r a t i o s  and by high pressures. 

performance. 

The 

The conversion decreases w i t h  

Low CH4 and ethane formation are  very of ten emphasized i n  FT 

Iron ca ta l ys ts  y ie ld  l e s s  CH4 and ethane than other  FT 
Proper use of a l ka l i  promoters will fu r ther  reduce t h i s  y ie ld .  

Carbon formation i s  an important fac to r  t h a t  a f f e c t s  FT c a t a l y s t  

I t  i s  described by the  following two react ions:  

2 C O  - C + C02 , AH(250'C) = -174kJ ; (5.1-24) 

CO + H 2  -+ C + H20 , AH(250'C) = -134kJ . (5.1-25) 

The f i r s t  process i s  the Boudouard react ion and may be more important than 

the  second react ion i n  carbon formation. Generally speaking, carbon 

formation i s  expected t o  increase d r a s t i c a l l y  w i t h  temperature and CO 

par t i a l  pressure. 

on Fe ca ta l ys ts .  

t h a t  there was a s t rong re la t ion  between the  carbon formation r a t e  and the  
value of pco/pH2 a t  the reactor  entrance on a fused Fe ca ta l ys t .  49 I n  an 

e a r l i e r  studyY5' the  act ivat ion energy of the  Boudouard react ion f o r  a fused 

Fe ca ta l ys t  was found t o  be 113kJ/mol, w h i c h  i s  much grea ter  than t h a t  f o r  

the  FT react ion.  

Mechanisms fo r  FT react ions have a t t rac ted  substant ia l  s c i e n t i f i c  

i n te res t .  Many mechanisms have been proposed including: ( i )  carbide by 

Fi scher and Tropsch;" ( i  i )  hydroxycarbene by Storch e t  a1 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA;43 ( i  i i )  

Dry48 has given an excel lent  review of carbon deposit ion 

Extensive experimental work a t  SASOL led t o  the  conclusion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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carbonium by Rogin~ky;~’ (iv) carbonyl by Pichler and S ~ h u l z . ~ ~  The details 

of these mechanisms are not discussed here. However, they all contain the 

concept of chain growth and termination as in polymerization. Amoiig these 

mechanisms, the carbide and hydroxycarbene mechanisms seem to give the best 

descriptions of experimental data. However, none of the other mechanism is 

f i rmly excl uded. 

FT kinetics is another area of great interest, although ‘it is not 

well understood. Complications arise because-of the many catalyst 

variables, such as composition, support, preparation activation, aiid aging. 

An excellent review of this work has been given by Storch et a1 ,43 while 

Kuo provides a bried summary of the various forms of proposed kinetic 

expressions for catalysts, including zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACoy fused-Fey and precipitated-Fe. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

5.1-4B. Commercial Fischer-Tropsch Processes 

For FT reactions, removal of the large exothermic heat is. a major 

problem i n  commercial reactor designs. Heat removal is essential in order 

to maintain good temperature control and, hence, catalyst stability and 

product selectivity. Three types of reactors have been used in conimercial 

application: fixed fluidized-beds, direct heat-exchange reactors and 

entrafned fluidized-beds. The fixed fluidized-bed reactor was used i n  the 

Hydrocol process (Hydrocarbon Research Inc.). 54y55 The plant used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANG feed 

and was,erected at Brownsville, TX, i n  1950. The reactor was 5m i n  diameter 

and had about a 100 m 

the size range 43-165pm). 

cooling tubes to remove reaction heat. 

parameters listed i n  Table 5.1-1. 

of the abundance of low-priced crude and never reached design capacity. 

used. All use the principle of keeping the catalyst close to a cooling 

surface in order to control catalyst temperature. Only one is still i n  

operation today (at SASOL I). 
developed by Lurgi and Ruhrchemie. The reactor is 2.9m in diameter and 

contains 2,052 tubes with 4.6cm id and a 12m catalyst-bed height. 

heat is removed by steam generation on the shell side. 

3 volume holding 150-180 Mg of catalyst (with 80% i n  

It also contained bundles of vertical water- 

The reactor had the operating 

The plant was shut down in 1957 because 

Three different designs of direct heat-exchange reactors have been 

It is called the Arge Reactor and was 

Reaction 

The average 



performance of t h i s  reactor  i s  summarized i n  Table 5.1-2. 

capacity of about 18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 000 Mg/year . 

h is to r ica l  value. 

syntheses with Co ca ta l ys ts  during the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1930s.~~ The atmospheric pressure 

u n i t  was 4.6m long, 2.4m h i g h ,  and 1.8m wide and consisted o f  555 laminated 

p la tes  with cooling tubes penetrat ing the bundle perpendicular t o  the  

p la tes.  

were loaded between the  p la tes .  

(nominally, 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm / h r  of synthesis gas). 

o f  2,040 double tubes (2.5 and 4.8cm diameter), 4.6m i n  length. 

ca ta l ys ts  were loaded i n  the annulus and the cooling water was c i rcu la ted  

ins ide the  inner tube and outside the  outer tube f o r  heat removal. Reactor 

capaci ty was comparable t o  t h a t  of the  normal pressure u n i t .  

I t  has an HC 

The other  two designs of d i r e c t  heat-exchange reactors  a re  only of 

They were used i n  atmospheric and medium-pressure 

The d is tance between the p la tes  was about 7.4mm and the  ca ta l ys ts  

The capacity o f  the  reactor  was small zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

The medium-pressure u n i t  consisted 

The 

Gasif icat ion for the Syntheses of Fuels and Chemicals 

Table 5.1-1. Operating parameters of the fixed fluidized-bed 
reactor used in the Hydrocol process. 

Parameters Numerical values 

T, "C 300- 350 

P, psis 375-450 

Molar H2/CO ratio 1.8-2.1 

Molar recycle ratio 2 
C3+ yield, g/m3 (H2+CO) 165 

H2+CO conversion, % 90-95 



The entrained fludized-bed reactor is the most important FT 
reactor used today (in SASOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ,  11, and 111) and is now identified zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the 

SASOL Synthol Reactor. 

reactor while Table 5.1-2 summarizes typical operating conditions arid 

product selectivities for SASOL I and 11. SASOL I11 is a duplicate o f  SASOL 

11. 

Arge reactors i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs clearly shown. 

more light HCs, gasoline, and oxygenates. 

and contain fewer n-paraffins. The combined fresh feed and recycle gas is 

heated immediately to the reaction temperature (315OC) by the returning hot 

catalyst. The reaction heat is removed i n  the intercoolers located in the 

reactor section. There are two versions of the intercooler. The older 

version uses tube bundles with cooling oil on the shell-side. This method 

causes occasional catalyst plugging on the tube-side. The newer version 

uses serpentine coils placed vertically up and down in the reactor section 

as intercoolers. The entrained catalyst exits from the reactor section at 

about 34OoC. SASOL I1 reactors use the new intercooler and have about two 

and a half times the capacity of the SASOL I reactor. 

Figure 5.1-5 illustrates the major features o f  the 

The difference i n  the product selectivities between the Syntho'l and 

Then Synthol reactor general ly produces 

The HCs are also more olefinic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 5.1-2. The SASOL Fischer-Tropsch reactors. 56-59 

Operating conditions and 
product selectivity (wt%) 

Catalyst, alkali promoted Fe 
Catalyst circulation rate, Mg/hr 
T, OC 

Fresh feed H2/CO, molar 
Recycle ratio, molar 
H2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CO conversion, mol% 
Fresh feed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANkm3/hr 
Diameter x height, m 

P, MPa 

~ 

C1 
c2= 
c2 
c3- 
c3 
c4- 
c4 
C5-cl2 

c13-c18 

c19-c21 
c22-c30 
c30 

SASOL I 

Arge Synthol 

?recipitated 
0 

220-255 
2.5-2.6 
1.7-2.5 
1.5-2.5 

60-68 
20 - 28 
3x17 

~ 

Fused 
8000 
315 

2.3-2.4 
2.4-2.8 
2 .O-3 .O 
79-85 

70-125 
2.2~36 

5.0 
0.2 
2.4 
2.0 
2.8 
3.0 
2.2 

22.5 

15.0 

6.0 
17.0 
18.0 

10.0 
4.0 
6.0 

12.0 
2.0 
8.0 
1.0 

39.0 

5.0 

1.0 
3.0 

12.0 

Nonacid chemicals 
Acids 
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3.5 6.0 
0.4 1.0 

SASOL I1 

Synthol 

Fused 
N.A. 
320 
2.2 
N.A. 
N.A. 
N.A. 

300-350 
3x75 

11.0 

7.5 

13.0 

11.0 
37.0 

(Cg-19IoC) 
11.0 

(191-399°C) 
3.0 

(399-521°C) 
0.05 

(>521 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO C) 

6.0 
N.A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F r e s h  
and r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" 
out1.e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

Catalyst zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I Standpipe - 

cooling -oil' 
inlet 

Slide valves 

feed 
cycle - 

- Riser zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Gas and 
catalyst: 
mixture zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

60 
Fig. 5.1-5. Schematic diagram of an entrained fluidized-bed FT reactor. 

152 

__ 



5.1-4C. Fischer-Tropsch Processes Not  Yet  i n  Commercial Opera t ion  

FT development work was and i s  b e i n g  c a r r i e d  o u t  i n  and o u t s i d e  o f  

t h e  US. 

o i l - r e c y c l e  r e a c t o r ,  t h e  s l u r r y  r e a c t o r ,  SASOL development, t h e  S h e l l  SMDS 

process,  and DOW'S FT process. 

t i m e s  t h a t  

temperature c o n t r o l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.61 

d i r e c t e d  t o  use high-voidage c a t a l y s t s  i n  o r d e r  t o  min imize  t h e  r e a c t o r  

p ressure  drop caused by h i g h  gas- f low r a t e s .  

The o i l - r e c y c l e  r e a c t o r  used r e c y c l e  c o o l i n g  o i  

expanded-bed r e a c t o r  t o  c o n t r o l  t h e  c a t a l y s t  temperature.  A f i xed-bed 
63 r e a c t o r  concept was i n v e s t i g a t e d  by Duftschmid and o t h e r s  i n  1934. 

L a t e r ,  workers a t  PETC extended t h e  concept t o  expanded-bed r e a c t o r s .  

Var ious  FE c a t a l y s t s  were i n v e s t i g a t e d .  A 100-150 BPD demonst ra t ion  p l a n t  

was b u i l t  a t  Louis iana,  M0,64 wi th  a r e a c t o r  d iameter  o f  91cm and a h e i g h t  

o f  9 . 4 ~ .  

i t s  des ign  c a p a c i t y .  

good temperature c o n t r o l  w i t h  an Fe c a t a l y s t .  

The f o l l o w i n g  d i s c u s s i o n s  i n c l u d e  t h e  hot-gas r e c y c l e  r e a c t o r ,  t h e  

The hot-gas r e c y c l e  r e a c t o r  r e c y c l e s  a l a r g e  volume (about  100 

o f  t h e  f r e s h  feed) o f  h o t  gas i n  a f i xed-bed r e a c t o r  f o r  

D u r i n g  t h e  1960s, work a t  what i s  now PETC was 

62 

over  a f i x e d -  o r  

62 

Table 5.1-3 summarizes t h e  o p e r a t i o n a l  d a t a  f o r  t h e  p l a n t  a t  h a l f  

A l ow H2/C0 r a t i o  s y n t h e s i s  gas was used because o f  

A s l u r r y  FT r e a c t o r  has been under development d u r i n g  t h e  l a s t  few 

years .  

r e a c t o r  t h a t  was demonstrated t o  y i e l d  h i g h  s ing le-pass H2+C0 convers ion  

w i t h  low (0.6-0.7) H2/C0 r a t i o  gases. 

h i g h  C3 p r o d u c t  y i e l d s  and a s imp le  r e a c t o r  des ign.  

low-cost  advanced g a s i f i e r  and an improved FT product -upgrading scheme, t h i s  

r e a c t o r  c o u l d  become t h e  backbone f o r  a p o t e n t i a l l y  economical i n d i r e c t  

c o a l - l i q u e f a c t i o n  process. 

a f i n e l y  d i v i d e d  c a t a l y s t  suspended i n  an o i l  r e a c t o r  medium. 

s u b s t a n t i a l  research  and development work have been conducted by v a r i o u s  

workers,  i n c l  u d i  ng Hal 1 , 66 Schl  e s i  nger  e t  a1 . ,67 Koel b e l  ,68 M i  t r a  and 

t h e  s l u r r y  FT work up t o  t h e  1970s was g i v e n  by Koelbe l  and Ralek.46 A h i g h  

p o i n t  o f  t h e  development was t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  t h e  

Using a p r e c i p i t a t e d  Fe c a t a l y s t ,  t h e  s l u r r y  r e a c t o r  i s  t h e  o n l y  FT 

It has t h e  a d d i t i o n a l  advantages o f  

+ 
By c o u p l i n g  i t  w i t h  a 

The s l u r r y  r e a c t o r  was f i r s t  used by F i s c h e r  and coworkers,65 wi th  

Since then, 

and Sakai and Kunugi.70 An e x c e l l e n t  r e v i e w  o f  t h e  development o f  
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Rheinpreussen-Koppers demonstration plant i n  1953. 

diameter of 1.55111, was 8.6m i n  height,  and had a capaci ty t o  produce 

11.5Mg/day of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHCs. 

ins ide the reactor  f o r  temperature contro l .  Prec ip i ta ted,  unsupported FE 
c a t a l y s t s  (promoted w i t h  potassium and copper) were used. Table 5.1-4 

summarized typical  operational data from the  p lant ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2/C0 r a t i o s  a s  low as  

0.67 were used. 

The reactor  had a 

Vert ical cooling tubes w i t h  steam generation were placed 

Table 5.1-3.  Operational data from the Louisiana o i l -  
recycle FT demonstration plant. 64 

Parameter 

Fresh feed gas flow, 

Feed-gas H2/CO ratio 

Recycle ratio 

Maximum T 

Rise in T 

Maximum p 

Pressure drop 

Space velocity 

Oil-recycle rate 

H2+CO conversion 

C1+C2 yield 

Numerical Value 

1,750 Nm3/h 

0.76 mole/mole 

1.63 mole/mole 

273°C 

8°C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . 4  MPa 

0.2 MPa 

531 vol/vol-hr 

114 m3/hr 

85.9 mol% 

13.8 wt% 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.1-4. Typical operational data from Rheinpreussen- 

Koppers slurry FT demonstration plant. 68 

Parameter 

Expanded slurry volume 

Precipitated Fe catalyst 

Pressure 

Temperature 

H2/CO molar ratio 

Feed gas rate 

H2+CO feed rate 

Superficial feed-gas velocity 

CO conversion 

H2+CO conversion 

Hydro carbon products 

c1+c2 

c3+ 

Water-soluble oxygenates 

Numerical Value 

10 m3 

880 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkg of Fe 

1.2 MPa 

26aoc 

0.67 

2,700 Nm3/hr 

2,300 Nm3/hr 

9.5 cm/sec 

91 mol% 

89 mol% 

12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ g/Nm3 (H2+CO) 

166 [ g/Nm3 (H2+CO) 

3 [ g m 3  (H~+co) 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The major development on s lu r r y  FT processes since 1980 have been car r ied  

o u t  a t  the Mobil Research and Development Corp., w i t h  par t i a l  funding from 

DOE. 71972 The development was done i n  associat ion w i t h  the concept of 

upgrading a t o t a l  vaporous FT reac tor  e f f l uen t  over a ZSM-5 ca ta l ys t .  Two 

modes of operation were establ ished:  

operat ion and ( i i )  a gasol ine and d iese l  (G+D) o r  high-wax mode of 

operat ion.  

d i s t r i bu t i on .  

( i )  a gasol ine (G) o r  low-wax mode of 

The major d i f fe rence between these two modes i s  the HC 

In the G-mode o f  operat ion,  the reac tor  wax y i e l d  i s  def ined 
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as  the  l iqu id  product  f o r  the FT reactor  condit ions and i s  5-20wt% of the 

t o t a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHCs produced, while the CH4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ ethane y ie lds  a re  8-15%. Typical HC 

s e l e c t i v i t i e s  a re  given i n  Table 5.1-5. In the  (G+D)-mode of operation, the 

reactor  wax y ie ld  increases subs tan t ia l l y  t o  40-60wt% w i t h  a decrease i n  CH4 

and ethane y ie ld  t o  2-6wt%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs wil l  be discussed l a t e r ,  the reactor wax can 

be fu r the r  upgraded t o  make G+D. Table 5.1-6 shows typical  HC s e l e c t i v i t i e s  

f o r  th is  mode. The intrinsic re la t ion  between the reactor  wax y ie ld  and CH4 

y ie ld  found i s  one of the  most i n te res t ing  phenomena establ ished (see Fig .  

5.1-6). The high-wax mode of operation i s  excel lent  i n  maximizing the G+D 

y ie ld .  These d i f f e ren t  modes of operation were achieved by varying the  

c a t a l y s t  preparation and process condit ions. 

condi t ions of the  two-stage (s lu r r y  FT/ZSM-5) p i l o t  p lant  a re  l i s t e d  i n  

Table 5.1-7. 

a lso  successful ly developed t o  withdraw continuously reactor  wax containing 

l e s s  than O.O3wt% o f  so l id  ca ta l ys t .  In both operat ions,  single-pass H2+C0 

- 

The ranges of normal operating 

A method f o r  us ing  an on-line ca ta l ys t  s e t t l i n g  devic:e was 

Table 5.1-5. Gasoline mode hydrocarbon selectivities obtained in the 
two-stage slurry FT/ZSM-5 pilot plant. 71 

Product Type 

C1 

c2=/c2 

c3=/c3 

c4= 

i - C4/n- C4 

c5-cll 

C12+ (liquid) 

Reactor wax 

Gasoline Properties 
RVP, psi 
PONA, vol% 
R+O 
M+O 

After FT 
synthesis 

7.5 

1.6/3.0 

8.0/2.0 

6.6 

0/2.0 

33.5 

27.8 

8.0 

Yield, wt% 

After the 
ZSM-5 catalyst 

~~ 

7.7 

1.1/3.1 

4.0/5.1 

4.4 

7.8/4.3 

52.8 

1.7 

8.0 

After 
Alkylation 

7.7 

1.1/3.1 

0.0/5.1 

0 

(2.2)/4.3 

71.2 

1.7 

8.0 

10 
66/13/4/17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

90 
83 
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conversions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  80-85mol% were reached. 

86-day run was completed with a total HC production of 815g/gFe. 

high-wax mode of operation, a 34-day run with 350gHC/gFe was terminated when 

catalyst segregation occurred in the bubble-column reactor. 

segregation is a new phenomenon and probably resulted from catalyst 

agglomeration or some unknown phenomenon, which requires further studies. 

In the G-mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  operation, an 

In the 

This catalyst 

Table 5.1-6. High reactor-wax mode hydrocarbon selectivities 
for the two-stage slurry FT/ZSM-5 pilot plant.72 

Product Type After 
FT 

C1 

C 2 V 2  

c3=/c3 

c4= 
i - C4/n- C4 

C5-%l 
C12+ (liquid) 

Reactor wax 

Oxygenates 

3.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.8/0.7 

2.8/0.8 

2.5 

o/o .9 

22.4 

9.7 

50 

5.1 

Gasoline Properties 
RVP, psi 
PONA, vol% 
R+O 

Yield, wt% 

After ZSM-5 
(after alkylation) 

3.4 

1.1/0.7 

0/3.2 

0 

(1.0)/0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.7 

39.6 

1.0 

51.3 

- 

10 
60/14/7/19 

92 



Fig. 5.1-6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAReactor-wax vs methane yields for slurry FT operation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA72 

80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
70 - 
60 - 

!E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 50 

9 
- 

Q) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'g 40 - 
x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Id 
3 
Fc 

30 - 
Id 

2 
20 - 

' A  

A 

72 
X CT-256-7 (Mobil)' 

CT-256, runs 1-5 (Mobil) 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Dry (1981)48 
A Farley and Ray (1964)~~ 
A Kunugi et a1 (1968), Sakai and Kunugi 
-i- 

Benson et a1 (1954), oil circulation 73 

Schlesinger et a1 (1 954) 67 

0 

(1 97 47 

0 0  
10 +*A@ 

0 I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  1 'B1 *. 
- 

e Q  

6 8 10 12 2 4 

Methane yield, wt% HC 

Table 5.1-7. Range of normal operating conditions for the 
two-stage slurry FT/ZSM-5 pilot plant. 71* 72 

First-Stage FT Reactor 

T 240- 280 "C 

P 
Superficial gas velocity 

150-35Opsig 

2-6cm/sec 

Molar ratio H2/CO I 0.6-0.7 
Space velocity 

Catalyst loading 
1.5-5.ONl/gFe-hr 

10- 20wt% 

Slurry inventory 8 - 12kg 

Second-Stage ZSM-5 Reactor 

Inlet T 288-454°C 

P 150-35Opsig 
Space velocity 0.5-1.5gHC/g-hr 

Catalyst loading 200-3OOg 
Severity index, molar ratio i-Cq/(C3'+Cq') 0.2-0.2 
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Workers a t  SASOL have conducted a p i l o t  p l a n t  s tudy  w i t h  a 5cm i d  

and 3.8m l o n g  s l u r r y  bubble-column, u t i l i z i n g  a commerc ia l ly  p r e c i p i t a t e d  FE 
I '  

c a t a l y s t . 4 8  T h i s  s tudy  d i f f e r e d  form t h e  o t h e r  s l u r r y  FT work i n  two 

aspects:  

and t h e  use o f  a supported, p r e c i p i t a t e d  Fe c a t a l y s t .  

gas w i t h  h i g h  H2/C0 r a t i o ,  t h e  s tudy i s  r e l a t e d  t o  t h e  dry-ash L u r g i  

g a s i f i e r s  used a t  SASOL b u t  n o t  t o  advanced g a s i f i e r s  which generate gases 

w i t h  low H2/C0 r a t i o s .  

e x i s t i n g  Arge and Synthol  reac tors .76  

Arge u n i t  i n v o l v e  e i t h e r  i n c r e a s i n g  t h e  r e a c t o r  d iameter  o r  e l s e  r a i s i n g  i t s  

t h e  use o f  s y n t h e s i s  gas w i t h  an H2/C0 r a t i o  equal  t o  2 o r  h i g h e r  

Because o f  t h e  use o f  

Workers o f  SASOL have a l s o  i n v e s t i g a t 5 d  improvements t o  t h e  

The p o t e n t i a l  improvements o f  t h e  

o p e r a t i n g  pressure.  The p o t e n t i a l  improvement o f  

r e p l a c e  i t  w i t h  f i x e d  f l u i d i z e d - b e d  r e a c t o r .  Few 

improvements have been r e p o r t e d .  

I n  1985, S h e l l  announced i t s  SMDS (She1 

t h e  Synthol  u n i t  i s  t o  

d e t a i l s  concern ing these 

middl e-d i  s t i  11 a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
I 

synthes i  s) process f o r  p roduc ing  middl e d i  s t i  11 a t e s  (keros  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj ne and gas o i  1 ) 

f rom NG.77 

p a r t i a l - o x i d a t i o n  process and i s  then conver ted  t o  h i g h l y  p a r a f f i n i c  HCs 

over  a p r o p r i e t a r y  FT c a t a l y s t  i n  an Arge-type r e a c t o r .  T h i s  p a r a f f i n  

s y n t h e s i s  r e a c t o r  i s  h i g h l y  s e l e c t i v e  i n  p roduc ing  heavy p a r a f f i n  wax; no 

l i g h t  p a r a f f i n  y i e l d  was repor ted .  

NG, i t  i s  expected t o  have l i t t l e  o r  no WGS a c t i v i t y  because o therw ise  a 

l a r g e  p o r t i o n  o f  CO w i l l  be conver ted  t o  C02. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t o  HC l i q u i d  v i a  CH4 steam r e f o r m i n g  f o l l o w e d  by FT synthesis.78 The 

proposed s y n t h e s i s  r e a c t o r  i s  a l s o  an Arge-type r e a c t o r .  

The s y n t h e s i s  gas i s  produced by a convent iona l  

S ince  t h e  s y n t h e s i s  gas i s  o b t a i n e d  f rom 

Gulf  announced i n  1983 t h e  Gulf-Badger process f o r  c o n v e r t i n g  NG 

The c a t a l y s t  used 

i s  n o t  d i s c l o s e d  b u t  i t  has l i t t l e  o r  no WGS a c t i v i t y .  

t y p i c a l  process c o n d i t i o n s  and HC p r o d u c t  s e l e c t i v i t i e s .  The d i e s e l  

f r a c t i o n  o f  t h e  p r o d u c t  has good p r o p e r t i e s .  

feed. r a t i o  between 1.5 and 2, a C02 r e c y c l e  t o  t h e  steam r e f o r m e r  and H2 

removal f rom t h e  s y n t h e s i s  gas a r e  r e q u i r e d .  The i n t e g r a t e d  system appears 

t o  be compl ica ted  and expensive.  

Workers a t  Dow have developed new Mo-based c a t a l y s t s  f o r  t h e  

s y n t h e s i s  o f  C2-C4 p a r a f f i n s  and o l e f i n s . 4 5  The process was demonstrated i n  

a s ing le - tube,  d i r e c t  heat-exchange r e a c t o r  c o n t a i n i n g  26-28 l i t e r s  o f  

c a t a l y s t .  The c a t a l y s t  i s  Mo on a carbon suppor t  (6-20wt% l o a d i n g )  promoted 

w i t h  0.5-4 w t %  K. The Mo i s  a known methanat ion c a t a l y s t .  The a d d i t i o n  o f  

Tab le  5.1-8 l i s t s  

I n  o r d e r  t o  m a i n t a i n  t h e  H2/C0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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K maximizes t h e  C2-C5 y i e l d .  

as a feeds tock  i n  making e thy lene  i n  conven t iona l  thermal  c rackers .  The 

major  process d isadvantage i s  t h e  h i g h  CH4 y i e l d  o f  30-40wt%. 

used 0.8 H2/C0 f e e d  gas, 350-400°C, 5OOpsig and up, and y i e l d e d  57-80mol% 

H2+C0 convers ion.  

20ppm. 

The C2-C5 i s  t h e  main p roduc t  and can be used 

The process  

The Mo c a t a l y s t s  have t h e  advantage o f  S- to le rance up t o  

5.1-5. Syntheses o f  Chemicals Us ing  SG, CO o r  Methanol P lus  O the r  

Chemical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

The h y d r o f o r m u l a t i o n  (OXO) r e a c t i o n  i s  represented  by t h e  

convers ion  

CH3CH = CH2 + CO + H2 + ,CH3CH2CH2CH0 + CH3CH( CH3)CH0 (5.1-22) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

V 

H2 

a1 cohol  s 

Almost  eve ry  o l e f i n  undergoes t h i s  r e a c t i o n  a t  11O-16O0C and 20-250 atm o f  

SG. The r e a c t i o n  was d i scove red  by Roelen i n  1937 w h i l e  s t u d y i n g  t h e  

mechanism o f  t h e  c o b a l t - c a t a l y z e d  FT r e a c t i o n .  

a l c o h o l s  i s  now about  10 b i l l i o n  pounds p e r  y e a r .  

i n  ope ra t i on ,  used c o b a l t  s a l t s  o r  t h e  s imp le  t r a n s i t i o n - m e t a l  ca rbony l ,  Co2 

(CO)8, as t h e  c a t a l y s t .  New p l a n t s  use r h o d i u m - t e r t i a r y  phosphine complexes 

as c a t a l y s t s ;  these opera te  a t  l ower  temperatures and pressures.  

po lymer ized o l e f i n s  such as s t y rene  and methy l  me thac ry la te  r e a c t  c l e a n l y  

w i t h  rhodium c a t a l y s t s  t o  y i e l d  aldehydes hav ing  t h e  one carbon atom more 

than t h e  o r i g i n a l  o l e f i n .  

Wor ld  p r o d u c t i o n  o f  OXO 

F i r s t - g e n e r a t i o n  h y d r o f o r m y l a t i o n  p l a n t s ,  most o f  which a r e  s t i l l  

E a s i l y  

Produc ts  from t h e  h y d r o f o r m y l a t i o n  o f  o l e f i n s  i n c l u d e  s o l v e n t  

a1 cohol  s (n-propanol , n-butanol , C5 a1 cohol  s) , p l a s t i c i z e r  a1 cohol s ( C8, 

a1 cohol  s) and d e t e r g e n t  a1 cohol  s ( Cll - C16 pr imary  a1 cohol s)  . c9, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc l o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 5.1-8. Typical process conditions and HC selectivities 
of the Gulf -Badger process. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA78 

Parameter 
~ 

Process Conditions 

T 

P 

H2/CO feed ratio 

Space velocity 

CO conversion 

C5+ selectivity, % of carbon converted 

Parameter 

HC Selectivities 

CH4 

C2H4 to c4H10 
C5-Cg .(naphtha) 

Cg-C20 (distillate) .. 
c21+ (wax) 

Oxygenates 

Values 

210 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 
25Opsig 

1.5-2 

500-1,000R/hr 

40-60mol% 

>70% 

Values 

13.7 

11.6 

25.4 

33.4 

14.2 

1.7 

The important plasticizer 2-ethylhexanol is made i n  large 

quantities from propylene. This olefin is hydorformylated to 

n-butyraldehyde, which then undergoes a base-catalyzed aldolization to 

2-ethylhexenal that is hydrogenated to 2-ethylhexanol. The conditions used 

for preparation of this alcohol from propylene with commercial cobalt and 

rhodium catalysts are shown i n  Table 5.1-9. 

Table 5.1-9. Preparation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 2-ethylhexanol. 

Property 

P, atm 

T, OC 

Selectivity to 

n-butyraldehyde, % 

161 

Catalyst 
~ 

Cobalt Rhodium 

250 . 20 

145 120 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
66 85 



. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe hydroformylation of o le f i ns  w i t h  SG has been used w i t h  a great  

var ie ty  of compounds such a s  s te ro ids ,  terpenes, and many other  unsaturated 

compounds t o  synthsize various aldehydes and alcohols,  so lvents ,  and 

spec ia l ty  chemicals. 

5.1-5A. Me'thyl t-Butyl Ether (MTBE) 

A steadily.growing use f o r  MeOH a s  a fuel i s  i n  the  synthesis of 

MTBE, an e f fec t i ve  octane booster,  by the  process react ion:  

acid res in  

CH30H + CH3-C-= CH2 - CH30C(CH3)3 (MTBE) . (5.1-27) 

I 8 O o C  

CH3 

5.1-58. Methyl Chloride from Methanol and H C 1  

Methanol can be e s t e r i f i e d  w i t h  HC1, e i t h e r  i n  the l iqu id  phase a t  

100-150° i n  the  presence of e . g . ,  ZnC12 o r ,  preferably ,  i n  the  gas phase a t  

300-380°C and 3-6 atm w i t h  A1203 a s  the ca ta l ys t :  CH30H + HC1 + CH3C1 + H20. 

The s e l e c t i v t t y  t o  methy.l..chloride i s  almost 98% r e l a t i v e  t o  MeOH. Stauf fer  

Chemical developed a process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the  l a t t e r  type and produced 27,000 t o n s  of 

CH3C1 i n  1973. 

process, produced about 40,000 tons of MeOH and 28,000 t o n s  of CH3C1, 

r.espectively,- i n  1973. . In  1976;Japanes.e production of t h i s  chemical 

exceeded 22,000 tons.  

synthes is  of the  higher chloromethanes (CHC13, CC14) by thermal 

ch lo r ina t ion .  

Hoechstand Huls i n  the FRG, us ing  a modified Stau f fe r  

Methyl ch lor ide i s  a lso  used instead of CH4 f o r  the 

5.1-5C. The Koch Reaction : Carbonyl a t i  on of 01 ef i ns t o  Branched Acids 

Several companies operate indus t r ia l  processes based on t.he Koch 

react ion.  T h i s  react ion involves the  acid-catalyzed react ion of o le f i ns  

w i t h  CO and water t o  give highly-branched ac ids which a r e  thermally, 

ox idat ive ly ,  and hydro ly t ica l ly  s tab le :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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5.1-5D. 

CH3 
H2S04 I 

RCH2CH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= CH2 + CO + H20 * R-C-COOH . (5.1-28) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
CH3 

Styrene From Methanol and Toluene 

About zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 billion pounds of styrene are produced each year i n  the 

US. Traditionally, styrene is made by a two-step process:-.benzene is 

alkylated to ethylbenzene, which i s  then dehydrogenated to styrene. But 

toluene is cheaper than benzene and MeOH is or will be cheaper than 

ethylene. A one-step route- to styrene via a1 kylation of to1 uene . .  -with MeOH 

would offer advantages of both lower raw material costs and smaller energy 
costs. This reaction can be accomplished, using a zeolite-containing boron, 

as follows: 

CsBX zeolite 

C6H5CH3 + CH30H * .C6H5CH = CH2 + H20 + (H2) . (5.1-29) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 1  4A pore - . 
4OOOC . (styrene) 

. .  
1 .  

The geometry and acidity- of the cesium-,boyon type-X zeolite both activate 

the toluene molqcule and protect , i t  from attack at an undesirable, location , 
i.e., at the para position of toluene. In a most unusual type of reaction, 

only the methyl group in toluene is exposed for alkylation. This process 

falls in the category of emerging processe-s-. 

5.1-5E. Terephthalic Acid From Toluene and Methanol and From Toluene and 

co , -  - 

Terephthalic acid is usually made.by.the oxidation of p-xylene 

obtained from petroleum reformate. 

relatively new ways to synthesize the important chemical, terephthalic acid. 

The production of .terephthalic acid is illustrated by the process 

But-toluene can be used in two 



P-modified H-ZMS-5 oxidation 
C6H5CH3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CH30H * p-xylene - terephthalic acid 

300 - 500C (>80%) 

(5.1-30) 

The grea-t concentration of p-xylene, because of the restricted pore size of 

the ZSM-5 shape-selective catalyst, could lower the costs of the separation 

process that is ordinarily used for its recovery from reformate. 

carbonylating toluene to p-tolualdehyde; the aldehyde is then oxidized to 

terephthalic acid. 

t o  dimethyl terephthalate. 

were produced in the US. 

An alternate route is to eliminate p-xylene completely by 

A significant amount of MeOH is used to esterify terephthalic acid 

In 1985, 7.2 billion pounds of terephthalic acid 

5.1-5F. Some Miscellaneous Uses of Methanol 

About 4% of MeOH is consumed in the manufacture of methyl 

methacrylate, a chemical used to produce acrylic sheet, surface coating 

resins, and molding and extrusion powders. 

Methylamines are produced by catalytically reacting MeOH with NH3. 
Solvents account for about 8% of MeOH demand. It is also used as 

an antifreeze, gasoline de-icer, windshield washer fluid, and hydrate 

inhibitor i n  NG. 

5.1-6. Other Chemicals from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS G ,  Methanol and CO; Emerging Processes - 

As already indicated, S G ,  MeOH and CO are the raw materials for 

the syntheses of a number of fuels and chemicals of commercial and 

near-commercial use. It is well to summarize, at' this point, the scope of 

MeOH-SG chemistry as it applies to the synthesis of important oxygenated 

chemicals. Some are already commercial, some are coming on stream, and some 

are of potential interest. 

5.1-6A. Vinyl Acetate (VA) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The present commercial process for VA is based on SG for 70% of 

its weight and the process has high yields and moderate processing costs. 

It consists of the vapor-phas.e acetoxylation of ethylene: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 
II zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII 

CH3COH + CH2 = CH2 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1/2)02 - CH3COCH = CH2 + H202 . (5.1-31) 

(VA) 

Halcon has developed the reductive carbonylation of methyl acetate 

(made from SG) to ethylidene diacetate: 

CH3COOCH3 + 3CO + 3H2 - CH3CH(OCOCH3)2 + H20 . (5.1-32) 

ethylidene diacetate 

The ethylidene diacetate may then be pyrolyzed to VA. The chemistry of the 

reductive carbonylation of methyl acetate strongly resembles that of its 

carbonylation to acetic anhydide, but the mechanism is not so well defined. 

Both palladium and rhodium have been claimed to be good catalysts for the 

reaction. 

the present stage of development. 

This technology, while promising, is not competitive i n  the US at 

5.1-6B. Ethyl ene Glycol ( HOCH2CH20H) 

About 4.7 billion pounds of -ethylene glycol (EG) were produced in 

the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS in 1985. 

from ethylene to ethylene oxide to EG. 

The present commercial process for its synthesis proceeds 

Ag H2° 

H2C = CH2 + (1/2)02 - H2C - CH2 HOCH2CH20H . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.1-33) 

\ /  
0 catalyst 

The synthesis is vulnerable to replacement by processes based on SG or raw 

materials derived from SG. 
from SG is 3H2 + 2CO -+ HOCH2CH20H and has been realized previously, 

although at pressures too high to be'of commercial use. 

raw-material consumption in 1 lb of feed per lb of product is unity and the 

The reaction for the direct production of EG 

But the 
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H2/C0 r a t i o  i n  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG i s  1.5, making th is route t o  EG very at t rac: t ive.  

synthesis of EG from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG would present a .case of h i g h  added value i n  the  

f ina l  product. 

h i g h  and there  a re  a number o f  new processes under deveqopment t o  achieve 

t h i s  end. 

appears t o  have th-e edge. 

underway t o  synthesize EG from SG o r  from CO. 

The 

The driv ing force f o r  the development of a route from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG t o  EG i s  

A t  t he  current  stage of development, the route from MeOH and HCHO 

A la rge research and development program i s  

EG from Methanol and Formaldehyde 

Cel anese and Redox Techno1 ogies 79 have devel oped an economical l y  

a t t r a c t i v e  process t d - E G  from MeOH and HCHO. 

material advantages over the  ethylene oxide process. Methanol and HCHO react  

I t  has s ign i f i can t  raw 

in the  l iqu id  phase a t  125-2OO0C and 300-600 psig us ing  a f ree  radical 

i n i t i a t o r .  

EG i s  high. The'process is :  

Both s t a r t i n g  mater ia ls a re  made from SG and the  se lec t i v i t y  t o  

peroxide 

CH30H + HCHO * HOCH2CH20H (EG) . 
125 - 25OOC 

(5.1-34) 

EG by Carbonylation of HCHO 

DuPont  operated a commercial process catalyzed by H2S04 unt i l  1968 

but i t  required high pressure and temperature and neutra l izat ion o f  the  

H2S04 t o  recover the  product. 

u s i n g  HF as  both ca ta l ys t  and solvent,  which r e s u l t s  i n  much lower pressure 

(-100 p s i g )  and ease o f  ca ta l ys t  separation and recycle: 

Chevron 79 has improved t h i s  route t o  EG by 

HF 

HCHO + CO + H20 - HOCH2COOH (hydroxyacetic acid) . (5.1-35) 

100 ps i  

The acid i s  e s t e r i f i e d  and then hydrogenated t o  EG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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EG from Oxalate Esters (Oxidative Carbonylation) 

In th is route t o  EG, oxidat ive coupling of MeOH and CO (Pd-based) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. .  

i s  separated from a water-generation react ion (Cu-based) by using n i t rous 

e s t e r s ,  which  represents a preoxidation of. the  alcohol. 

equation may be wr i t ten a s  2CH30H + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1/2)02 + 2CO - dimethyl oxalate + 

H20. 

The overal l  

The dimethyl oxalate is hydrogenated t o  EG and MeOH. 

EG Direct ly from SG 

Although the  d i r e c t  synthesis of EG from SG i s  the most a t t r a c t i v e  

route from a raw material p o i n t  of view, the  following synthes-is.has t h u s  
f a r  been an e lus ive goal: 3H2 + 2CO Rh O r  R'+ HOCH2CH20H. The react ion 

r a t e  i s  t o o  low, pressures (up t o  20,000 psig) t o o  h i g h ,  and the  production 

of  MeOH as a s ign i f i can t  (20-40% carbon ef f ic iency w i t h  rhodi-um). by-product 

have combined t o  make th is  route uneconomical a t  present.  

s ign i f i can t  potent ia l  rewards j u s t i f y  continuing e f f o r t s  t o  imp.rove th i s '  

process. 

B u t  the  very 

EG by Reaction of HCHO w i t h  SG 

79 A number of companies have obtained patents u s i n g  the  route 

HCHO + CO + 2H2 - HOCH2CH20H . (5.1-36) 

T h i s  react ion proceeds under mild condit ions b u t  poten t ia l l y  ser ious 

problems may a r i s e  by s ide react ion of HCHO, i . e . ,  reduction t o  MeOH and the 

formation of formose (sugar-1 i ke) products. 

Newer Routes t o  EG Star t ing  w i t h  Formaldehyde 

One route,  studied a t  Monsanto, i s  shown by the  following 

equation: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I .  . .  HZ ' Rh complex 

HCHO - HOCH2CH0 - EG . (5.1-37) 

95% conversion 
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Another approach is followed at Exxon: 

HZ solid acid resin 

HCHO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* HOCH2COOH (70%) - EG . (5.1-38) 

15OoC, H20 CH30H 

5.1-6C. Big Acids From Little Ones: Homologation of Acids 

Texaco has discovered a potentially useful reaction for increasing 

the chain length of a carboxylic acid by one carbon, i.e., converting acetic 

acid to propionic acid 8o i n  the presence of a Ru02-HI catalyst at 1110 atm 

and about 220OC. Since acetic acid is itself made entirely from SG, all of 

these acids can, if need be, be built exclusively from SG and no petroleum 

feedstock would be needed. 

5.1-D. Single-cell Protein From Methanol 

A protein-rich animal feed ingredient has been made by the 

continuous fermentation of MeOH or ethanol. The product may eventually be 

processed into an ingredient suitable for human food. 

Petroleum Company has a product called Provesteen which is 60% prote-in, 5% 

lipid and 18% carbohydrate with essential vitamins and minerals. 

The Phillips 

5.2. Catalytic Processing of Synthsi s-Gas-Derived Products 

5.2-1. Introduction 

The discussions in this section deal mainly with further 

processing of two major synthesis gas derived products, namely, MeOH and FT 
products. 

products: light olefins zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C,-) and liquid fuels (gasoline and diesel). 

Since MeOH is a chemically reactive compound, it is an excellent 

building block in making chemicals and liquid fuels. The MeOH-to-gasoline 

(MTG) process developed by the Mobil Research and Development Corp. is one 

In particular, they are targeted at making the following end zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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of the very few synthet ic  fuel technologies being p u t  i n t o  commercial 

appl icat ion since the  1973 o i l  embargo. Conversions of MeOH f i r s t  t o  

o le f i ns  and then t o  d iesel  a re  a lso  being developed. 

Established pract ices of  upgrading zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFT products a t  SASOL w i l l  now 
be reviewed. 

from FT processes has been a f a i l u r e  a f t e r  many years -o f  in tense s tud ies.  

I t  i s  re la t i ve l y  easy t o  make l i g h t  paraf f ins and h i g h  molecular-weight 

waxes. 

as gasol ine,  d iese l ,  or o le f ins .  

f o r  f u r the r  processing because they a re  thermodynamically very s tab le .  

con t ras t ,  the FT waxes have the  u n i q u e  charac te r i s t i c  t h a t  they a re  

excel lent  feedstocks f o r  c a t a l y t i c  cracking. Consequently, t he  high-wax 

mode of operation i n  FT synthesis is a prudent approach. 

f o r  upgrading the  FT reactor  wax wi l l  be summarized. 

operation a lso r e s u l t s  i n  low CH4 and ethane y i e l d ,  w h i c h  i s  highly 

des i rab le  i n  making l iqu id  fue ls .  

upgrading of the  t o t a l  vaporous FT reactor  e f f luen t .  

potent ia l  of saving a la rge  number of upgrading u n i t s  t h a t  a re  current ly  

used i n  the  SASOL plants .  

The use of z e o l i t e s  i s  essent ia l  i n  processing o f  the SG-derived 

products because of t he  unique shape-selective cha rac te r i s t i cs  of these 

ca ta l ys ts .  

The e f f o r t  of producing more se lec t ive  product s l a t e s  d i r e c t l y  

Further processing i s  necessary t o  produce desirabqe products such 

In 

The l i g h t  para f f ins  a re  poor  feedstocks 

Various approaches 

The high-wax mode of 

Another prudent approach i s  the  d i r e c t  

T h i s  procedure has t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A discussion of t h i s  aspect will a lso  be given here. 

5.2-2. Methanol t o  Gasoline (MTG) 

5.2-2A. Catalysts and Chemistry of the  MTG Process 

The work on the  MTG Process has been dominated by Mobil. The 

technology i s  based on the  zeo l i t es  of the ZSM-5 class.81 A review by 

Chang8' on MeOH conversion t o  HCs included a de ta i l ed  descr ipt ion of o ther  

z e o l i t e  and non-zeoli t ic ca ta l ys ts  fo r  MeOH conversion. None of these 

ca ta l ys ts  give ~~ the  following unique r e s u l t s  t h a t  a r e  obtained by u s i n g  ZSM-5 

ca ta l ys ts :  h i g h  gasol ine y ie ld ,  excel lent  gasol ine qua l i t y ,  very low CH + 
ethane y ie ld ,  h i g h  a c t i v i t y ,  high s t a b i l i t y ,  and very low coke y ie ld .  

4 
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Symbolically, MTG reactions may be represented by the following dehydration 

reaction. 

nCH30H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- (CH2)n + nH20 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 (5.2-1) 

The actual reaction path is quite complex 83 and will not be discussed here. 

The folalowing steps describe the essence of the reaction path: 

2CH30H --+ (CH3)20 + H20 , ( 5.2-2) 

CH30H (CH3l2O -+ light olefins + H20 , ( 5.2-3) 

light olefins 4 heavy olefins , (5.2-4) 

heavy olefins - aromatics,. paraffins, naphthenes . (5.2-5) 

Because of the shape-selective pore structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the ZSM-5 class 

catalysts, the HCs fall predominantly in the gasoline boiling range. A 

large yield of aromatics is obtained and the paraffins are dominated by 

isoparaffins. 

are high-octane compounds. 

the result of the alkylation of the aromatics by methanol and dimethyl 

ether. 

reflecting the shape-selective structure of the catalysts. 

benzene), which has an excellent octane number but a freezing point of 79OC. 

Too high a durene content i n  the gasoline may impair automobile driving 

characteristics because of the crystallization of durene at low 

temperatures. 

drivability loss at -18OC when using a gasoline containing 4wt% of durene. 

Nevertheless, in order to remove process Gontraints on MTG operation and to 

retain a lower target o f  durene, Mobile has also developed a heavy gasoline 

treating (HGT) process to convert durene into other high-quality gasoline 

components by isomerization and dealkylation. 

ranges from 1.5 to 1.75kJ/g of MeOH and varies with product distributions. 

The product distribution varies with process conditions and reactor types. 

Consequently, the majority of the compounds in the C5+ range 

The aromatics are highly methyl-substituted as 

Cg+ aromatics ‘are dominated by symmetrical ly methylated isomers, 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA‘Cl0 aromatics are dominated by durene (1,2,4,5-tetramethyl- 

Workers at Mobil have conducted a fleet test and found no 
84 

85 
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MTG reactors  a re  designed t o  remove the large amount of react ion heat i n  a 

manner t h a t  i s  s imi lar  t o  the  procedure used in FT reactors .  

5.2--2B. Various MTG Reactor Designs 

Three types of reactors  were developed f o r  the  MTG: ( i )  adiabet ic  

f i xed-bed, 

f i r s t  two types were developed by Mobil and the  l a s t  by L u r g i .  

In the 

f i r s t - s tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADME reactor ,  which contains a dehydration ca ta l ys t ,  the  MeOH i s  

dehydrated t o  an equil ibr ium mixture o f  MeOH, dimethyl e ther ,  and water. 

The e f f l uen t  i s  then mixed w i t h  the l i g h t  recycle gas and fed i n t o  a fixed- 

bed ZSM-5 reactor .  The temperature r i s e  i n  th is reactor  i s  l imi ted by the  

heat carrying capaci ty of the  recycle gas. 

per iodic oxidat ive regeneration t o  overcome gradual coke deposi t ion.  The 

typ ica l  cycle length i s  20 t o  40 days, depending on the  space ve loc i ty  and 

operating condit ions. Af ter extensive ear ly  development work u s i n g  micro- 

reac tors  and bench-scale p i l o t  p lan ts ,  a 4-BPD demonstration p lant  was 

developed. A lOcm id  by 

4m long MTG reactor  was erected. 

d i t i ons  and product y ie lds  (averaged over one cycle) f o r  t h i s  plant .  The 

f i r s t  commercial p lan t  of 14,500 BPD gasol ine capaci ty was constructed i n  

New Zealand. 

The synthesis gas used i s  generated via steam reforming from the  NG obtained 

from the  off-shore Maui f i e l d .  

i n  New Zealand and reduces the  durene i n  the gasol ine t o  2wt%. 

w i t h  the  fixed-bed reactor  a t  Mobil. The heat o f  react ion can be removed 

e i t h e r - d i r e c t l y  from the reactor  u s i n g  a cooling coil o r  i nd i rec t l y  by u s i n g  

an external ca ta l ys t  cooler. The reactor  can be made t o  maintain a constant 

c a t a l y t i c  a c t i v i t y  by continous ca ta l ys t  regeneration and makeup. T h i s  concept 

has gone t h r o u g h  many stages of p i lo t -p lant  development, including bench-scale 

f ixed fluidized-bed, 4BPD, and l O O B P D  cold-flow models, and f i n a l l y  a llPOBPD 

semi-work plant .  

4BPD p i l o t  p lan t  a re  a lso  given i n  Table 5.2-1. 

( i i ) f ixed f 1 uidi zed-bed, and ( i  i i ) di r e c t  heat exchange. The 

The adiabet ic  fixed-bed process uses a two-stage concept. 

The ZSM-5 c a t a l y s t  requires 

I t  had a 5cm id  and 4m long dehydration reactor .  

Table 5.2-1 shows typical  process con- 

The p lant  has been r u n n i n g  successful ly since 1985 start-up. 

An HGT plant  i s  a lso  operating successful ly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A f luidized-bed MTG reactor  concept was developed concurrently 

Typical process condit ions and product y ie lds  from the  

The product y ie lds  a re  



J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.2-1. Typical prozzss conditions and product yields for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMTG 

processes. O-I 

Conditions 

MeOH/water charge, w/w 

Dehydration reactor inlet T,"C 

Dehydration reactor outlet T,"C 

Conversion reactor inlet T,"C 

Conversion reactor outlet T,"C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P, kPa 

Recycle ratio, mol/mol charge 

Space velocity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWHSV 

Yields (wt% of MeOH charved) 

MeOH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ dimethyl ether 

HCs 

Water 

co, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc02 

Coke, other 

~ 

Hvdrocarbon DrOdUCt (wt%) 

Light gas 

Propane 

Propylene 

Is obu t ane 

n-Butane 

Butenes 

C5+ gasoline 

Gasoline (including alkylate), 

LPG 

Fuel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas 

RVP- 62kPa (9psi) 

Gasoline octane (R+O) 

Fixed- bed reactor 

83/17 

316 

404 

360 

415 

2,170 

9.0 

2.0 

0.0 

43.4 

56.0 

0.4 

0.2 

100.0 

1.4 

5.5 

0.2 

8.6 

3.3 

1.1 

7 9 . 9  

100.0 

85.0 

13.6 

1.4 

100.0 

93 

Fluid-bed reactor 

83/17 

- -  
- -  

413 

413 

275 

- -  
1.0 

0. 2 

43. !i 

56.0 

0 . I 
0.2 

100.0 
-- 

5.6 

5.9 
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q u i t e  d i f f e r e n t  f rom those o f  t h e  f i xed-bed r e a c t o r ,  m a i n l y  because o f  

non-recycle ope ra t i on .  W i thou t  r e c y c l e ,  l a r g e  amounts o f  l i g h t  o l e f i n s  a r e  

preserved. By p r o p e r l y  b a l a n c i n g  t h e  C3 and C4 o l e f i n  y i e l d s  wi th  t hose  o f  

i sobutane,  a maximum y i e l d  o f  h i g h - q u a l i t y  a l k y l a t e  can be produced when 

u s i n g  convent iona l  a l k y l a t i o n  processes. T h i s  procedure r e s u l t s  i n  a h i g h  

g a s o l i n e  y ie ld .  The f u e l  gas c o n t a i n s  s u b s t a n t i a l  amounts o f  e thy lene,  

which may be r e c y c l e d  t o  make more gaso l i ne .  

Rheinische Braunkohlen K r a f t s t o f f  AG (URBK), Uhde GmbH, and Mobi le,  w i t h  

a d d i t i o n a l  f und ing  from t h e  FRG Bundesminister ium f u r  Forschung and Tech- 

n o l o g i e  (BMFT) and t h e  US DOE. The program was s u c c e s s f u l l y  concluded i n  

l a t e  1984. The MTG r e a c t o r  has a 60cm i d  and a maximum bed h e i g h t  o f  15m. 

The t e s t s  demonstrated b e t t e r  t han  99.9% MeOH convers ion ,  a g a s o l i n e  y i e l d  

o f  over 92wt% ( i n c l u d i n g  a l k y l a t e  and r e c y c l e  o f  the excess l i g h t  o l e f i n s ) ,  

and a low c a t a l y s t  makeup r a t e .  

L ~ r g i . ~ ~  

accomplished by c i r c u l a t i n g  a b r i n e  i n  t h e  s h e l l  s ide,  i s  a l so .used  t o  

c o n t r o l  t h e  r e a c t o r  temperature.  The convers ion ,  g a s o l i n e  y i e l d  and q u a l i t y  

a r e  s i m i l a r  t o  those o f  t h e  f i xed-bed r e a c t o r .  

t han  t h a t  o f  t h e  f i xed -bed  b u t  t h e  r e a c t o r  i s  more c o s t l y .  

The 100BPD semi-work program,was j o i n t l y  conducted by Union 

86 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A d i r e c t  heat-exchange MTG r e a c t o r  concept was developed by 

Some l i g h t  gas r e c y c l e ,  i n  a d d i t i o n  t o  t h e  p r i m a r y  heat  removal 

The c y c l e  l e n g t h  i s  l o n g e r  

5.2-3. Methanol Conversion t o  O l e f i n s  and D i e s e l  

5.2-3A. Methanol Conversion t o  O l e f i n s  (MTO) 

Dur ing  t h e  MTG development work a t  Mob i l  , i t  was discovered88 t h a t  

t h e  HC-product d i s t r i b u t i o n  can,be s h i f t e d  t o  l i g h t  o l e f i n s  by i n c r e a s i n g  

t h e  space v e l o c i t y ,  decreas ing  t h e  MeOH p a r t i a l  p ressure ,  and/or i n c r e a s i n g  

t h e  r e a c t i o n  temperature.  S ince  then, ma jor  p i l o t - p l a n t  development work 

was conducted a t  M o b i l ,  i n c l u d i n g  t h e  use o f  m i c r o r e a c t o r s ,  a bench-scale 

f l u i d i z e d - b e d  p i l o t  p l a n t ,  and a 4BPD f l u i d i z e d - b e d  r e a c t o r .  These t e s t s  

f i n a l l y  l e d  t o  demonst ra t ion  runs  i n  t h e  lOOBPD semi-work p l a n t  p r e v i o u s l y  

used f o r  f l u i d i z e d - b e d  MTG process development (see Sec. 5.2-2B). 

were conducted under t h e  sponsorship o f  t h e  same p a r t n e r s  as those o f  t h e  

The r u n s  



lOOBPD MTG program. The ranges of operating condi t ions are:89 T,  470-515OC; 

p ,  1.2-2.5 bar gauge; space ve loc i ty ,  0.8-1.15Uhr; react ion index (C3/C3=), 

0.5-0.1; super f i c ia l  gas ve loc i ty ,  0.35-0.55ds. The c a t a l y s t  makeup 

rate- was l e s s  than 0.5% of the  t o t a l  ca ta l ys t  inventory per day. 

data agreed well w i t h  those from the 4BPD p i l o t  p lan t .  For the 4BPD p i l o t  

p lant  operat ion,  the  following typical  y ie lds  were reported: 

para f f ins ,  4wt%; C4 para f f ins ,  4wt%; C2-C4 o le f i ns ,  56wt%; C5+ gasol ines,  

36wt%. 

of BASF invest igated the  use of zeo l i t es  f o r  

the  conversion of MeOH t o  o le f i ns  f o r  MTO. 

invest igated were atmospheric pressure,  300-600°C, 2.7-7.8Uhr WHSV and 

25-80wt% MeOH. 

c a t a l y s t s  .87 The fo l  1 owi ng product y ie lds  were obtai ned based on an average 

over 1,000hr of operat ion:  o le f i ns ,  8:Lwt%; C5+ 

hydrocarbons, 13wt%. Cata lyst  and process condi t ions were not reported. 

The y ie ld  

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-c 1 3  

Hoelderich e t  a1 

The nominal condi t ions 

C2-C4 o le f in  s e l e c t i v i t i e s  a s  h i g h  a s  80 w t %  were reported. 

Lurg i  has a lso  reported MTO pi lo t -p lant  r e s u l t s  u s i n g  commercial 

C1-C4 para f f ins ,  4wt%; C -C 2 4  

5.2-3B. Olef in Conversion t o '  Diese'l and Gasoline 

Using o le f i ns  from the MTO and FT processes, d iesel  and gasol ine 

may be made from MeOH v ia a process t h a t  converts o le f i ns  t o  D+G. Cata ly t i c  

polymerization i s  a standard ref inery process us ing  acid ca ta l ys ts  and i s  

cur ren t ly  being used a t  SASOL t o  convert C3-C4 o le f i ns  i n t o  G+D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA92 Detai led 

operational information i s  not avai lab le.  

Recently, Mobil has developed an MOGD (Mobil o le f i ns  t o  gasol ine 

and d iese l )  process u s i n g  a Mobil commercial z e o l i t e  ca ta l ys t .  90,93,94 The 

G+D s e l e c t i v i t y  i s  b e t t e r  than 95wt% and i s  highly f l ex ib le  w i t h  respect t o  

G-to-D d i s t r i bu t i on  (from 100% G t o  9O%D). Because o f  the ca ta l ys t  

shape-selectivi  t y ,  the majori ty of the products a r e  methyl-branched 

isoo le f ins .  

The 'diesel-range o le f i ns  may be hydrogenated t o  give isopara f f ins ,  which 

These compounds have good octane ra t ing  i n  the gasol ine r'ange. 
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have excel lent  d iesel  proper t ies.  

j e t  fuel f rac t ions  exceed the  required product spec i f i ca t ion .  A 

commercial-scale t e s t i n g  of t he  MOGD process was made i n  a Mobil re f inery i n  

l a t e  1981. 

an FCC un i t .  The t e s t  was car r ied  o u t  successful ly f o r  70 days. 

The q u a l i t i e s  of the  proper d iesel  and 

The feedstock was a mixture of C3-C4 o le f i ns  and paraf f ins from 

5.2-4. Processing of Fischer-Tropsch Products 

5.2-4A. Special Feature of Fischer-Tropsch Products 

The FT products general l y  exh ib i t  the  f o l l  owing special features:  

( i )  very wide carbon-number d i s t r i bu t i on  f o r  both HCs and oxygenates, 

nominally following the  Schulz-Flory d i s t r i bu t i on  [Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.1-23)]; ( i i )  no or 
minimal r i n g  compounds; ( i i i )  highly o l e f i n i c  (mainly a-olef ins) character ;  

( i v )  production of mostly n-paraff ins; and ( v )  n-alcohols as  oxygenates. 

These fea tures  a re  re f lec ted  i n  the  following de f ic ienc ies  of the  FT raw 

products:- ( i )  low gasol ine and d iesel  y ie lds ;  ( i i )  low octane number i n  the 

gasol ine f rac t ion ;  ( i i i )  waxy d iesel  f rac t i on ;  and ( i v )  l a rge  amount of 

oxygenates i n  the product water. 

necessary- to  overcome these def ic ienc ies.  Upgrading schemes wi l l  now be 

discussed b r ie f l y .  

Further processing of  these products i s  

5.2-48. SASOL Pract ices 

Because the  p rpduc t . se lec t i v i t i es  from t he  Arge and Synthol 

reactors  a re  very d i , f fe ren t ,  the. upgrading schemes a re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaqso d r a s t i c a l l y  

d i f f e ren t .  Hoogendoorn and Salomon 59395 have g i ven  an excel lent  review of 

SASOL I (containing both Arge and Synthol reactor)  upgrading schemes. The 

SASOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 and. 111. (containing only SynthoJ reactors)  -upgrading- schemes were 

reported by Dryg6 and Brink."  Upgrading schemes f o r  both cases a re  
comp 1 ex. . .. 

Following the Arge reac tor ,  the C3-C4 f rac t ion  i.s sent  t o  a 

c a t a l y t i c  polymerization u n i t  t o .  u,pgrade the  C3-C4 ol.efins i n to  ,G+D.. 

gasol ine f rac t ion  i s  sent  t o  a hot; re f in ing u n i t .  (a  fixed-bed c a t a l y t i c  
$he . 

- -  



r e a c t o r )  t o  conver t  oxygenates i n t o  HCs and a - o l e f i n s  i n t o  the h i g h e r  

octane-number i n t e r n a l  o l e f i n s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA moderate p ressure  hydrogenat ion  u n i t  (a  

f ixed-bed c a t a l y t i c  r e a c t o r )  i s  used t o  upgrade t h e  37OoC+ wax by c o n v e r t i n g  

o l e f i n s  and oxygenates i n t o  p a r a f f i n s .  A d e - o i l i n g  u n i t  ( s o l v e n t  

e x t r a c t i o n )  i s  used t o  remove o i l  f rom t h e  hydrogenated 370-460°C wax. 

46OoC+ wax i s  t h e r m a l l y  c racked i n  a para former  u n i t  t o  make medium and s o f t  

wax. The same u n i t  i s  a l s o  used t o  c r a c k  t h e  320-370°C wax i n t o  D+G. The 

oxygenates i n  t h e  aqueous stream a r e  f i r s t  separated by d i s t i l l a t i o n  and 

then  sub jec ted  t o  hydrogenat ion  t o  c o n v e r t  aldehydes i n t o  a l c o h o l s .  

a r e  d i f f e r e n t  f r o m  those a t  SASOL I. 

probab ly  o u t  o f  date ,  we concen t ra te  ou r  d i scuss ions  on SASOL I1  and 111. 

A t  SASOL I1 and 111, t h e  C 2 - f r a c t i o n  i s  c r y o g e n i c a l l y  separated i n t o  CH4, 

ethane, and e thy lene.  

o x i d a t i o n  re fo rmer  and t h e  ethane i s  conver ted  t o  e thy lene  i n  conven t iona l  

ethane c racke rs .  A heavy c a t a l y t i c  p o l y m e r i z a t i o n  u n i t  i s  used t o  upgrade 

t h e  o l e f i n s  i n  t h e  C3-C4 f r a c t i o n  t o  G+D. The C5-C6 f r a c t i o n  i s  sub jec ted  t o  

c a t a l y t i c  i s o m e r i z a t i o n  i n  a f i xed -bed  c a t a l y t i c  r e a c t o r  u s i n g  a c a t a l y s t  

s i m i l a r  t o  c r a c k i n g  c a t a l y s t s  i n  order t o  c o n v e r t  a - o l e f i n s  t o  h i g h e r  

octane-number isomers and t o  remove i m p u r i t i e s .  The C7-1900C f r a c t i o n  i s  

f i r s t  hydrogenated t o  e l i m i n a t e  o l e f i n s  and oxygenates and then  sen t  t o  a 

UOP cont inuous  r e g e n e r a t i o n  p l a t f o r m e r  t o  make high-octane gaso l i ne .  

8 2 ~ 0 1 %  g a s o l i n e  y i e l d  i s  o b t a i n e d  a t  88 RON. The 190° + f r a c t i o n  i s  f i r s t  

hydrogenated and t h e  h e a v i e r  f r a c t i o n  i s  sen t  t o  a s e l e c t i v e  c r a c k i n g  u n i t  

(a  f i xed-bed r e a c t o r  u s i n g  ZSM-5 z e o l i t e )  t o  l ower  i t s  pour p o i n t .  

wa te r -so lub le  oxygenates a r e  t r e a t e d  as i n  SASOL I t o  produce v a r i o u s  

a1 coho1 s and ketones. 

The 

The upgrading schemes f o r  t h e  Syntho l  p roduc ts  as SASOL I1 and I11 

Since t h e  p r a c t i c e s  a t  SASOL I a r e  

The CH4 i s  conve r ted  i n t o  SG u s i n g  a p a r t i a l  

An 

‘The 

5.2-4C. D i r e c t  Upgrading o f  T o t a l  Vaporous F-T Reactor E f f l u e n t  

Use o f  t h i s  novel  concept g r e a t l y  s i m p l i f i e s  t h e  p rocess ing  o f  FT 

produc ts .  

d i r e c t l y  t o  a z e o l i t e  r e a c t o r  w i t h o u t  c o o l i n g  and ~ e p a r a t i o n . ’ ~  

step, a l a r g e  p o r t i o n  o f  o l e f i n s  i s  conver ted  i n t o  a romat ics  and 

i s o p a r a f f i n s  w h i l e  c r a c k i n g  t h e  heavy p a r a f f i n s  and o l e f i n s  i n t o  

The concept i s  t o  t a k e  t h e  whole vaporous FT r e a c t o r  e f f l u e n t  

I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB s i n g l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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gasoline-range paraf f ins and o le f i ns .  Isomerization a c t i v i t y  of the  

zeo l i t es  ensures t h a t  the product wi l l  contain la rger  quant i t ies  of high 

octane number isocompounds. Large amounts of isobutane can be alkylated 

w i t h  the remaining C3 and C4 o le f i ns  t o  make a lky la te ,  a high qua l i t y  

gasol ine blending stock. The process a lso  converts a l l  of the  oxygenates 

in to  gasoline-range HCs. 

economics of the FT technologies. In connection w i t h  a s lu r r y  bubble-column 

FT reac tor ,  operation of a p i lo t -p lant  of t h i s  concept has been conducted a t  

Mobil s ince 1981. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA71y72 A set of typical  operational data from G-mode 

(low-wax mode) operation i s  given in Table 5.1-5. 

d is t r i bu t i on  of the  FT ef f luents  w i t h  those from the ZSM-5 reactor  c lea r l y  

demonstrates the function o f  the ZSM-5 ca ta l ys t .  

drawn from the high-wax mode operational data given i n  Table 5.1-6. 

This concept has the important potent ia l  of improving t he  process 

Comparison of the  HC 

Simi lar  conclusions may be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.2-4D. Processing of Fischer-Tropsch Reactor Wax 

The FT reactor  waxes are  produced from s lu r ry  o r  Arge-type 

reactors  t h a t  operate a t  re la t i ve l y  low temperature and moderate pressure. 

These waxes general ly have the following special  propert ies:  ( i )  highly 

para f f in ic ;  ( i i )  mainly straight-chain HCs and oxygenates w i t h  no o r  few 

ring compounds; ( i i i )  some o le f i ns  and oxygenates; and ( i v )  no su l fu r ,  

n i t rogen, o r  heavy metal compounds. These properties make FT reactor  wax 

very d i f f e r e n t  from conventional pertroleurn waxes. High-carbon-number 

straight-chain compounds a re  eas i l y  cracked and are  excel lent  feedstocks i n  

making high-quality d iese l .  Considerable caution m u s t  be exercised t o  

prevent production of undesirable products (such as l i g h t  paraf f ins and 

coke) because of overcracking. 

Commercial appl icat ions t o  upgrade FT reactor  wax a re  pract iced a t  

SASOL I with operation of the Arge reactor .  

i s  given i n  Sec. 5.2-4B. 

o u t  a t  Mobil , SASOL and Shel l .  

DoE7' and included the  following scoping experiments t o  convert FT reactor  

wax from the  high-wax mode of  operation of t he  slurry FT reactor:  thermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A descr ip t ion of t he  prac t ice  

I t  i s  used primari ly t o  make h i g h  qua l i t y  waxes. 

Development work on the processing o f  FT reactor  waxes was car r ied  

Mobil's work was p a r t i a l l y  supported by 



crack ing ,  hydrodewaxing, hydrocrack ing,  and f l u i d i z e d - b e d  c a t a l y t i c  c r a c k i n g  

(FCC). Thermal c r a c k i n g  does n o t  produce t h e  f i n a l  p r o d u c t s  but p r o v i d e s  

i n s t e a d  a p r a c t i c a l  way t o  separate c a t a l y s t  f i n e s  f rom t h e  wax when coupled 

w i t h  vacuum d i s t i l l a t i o n .  The overhead s o l i d - f r e e  wax can then be f u r t h e r  

upgraded. The o t h e r  t h r e e  s t u d i e s  use commercial c a t a l y s t s .  To compare 

these processes, t h e  u s e f u l  t a r g e t s  a r e  h i g h  convers ion  and low C3-paraf f in 

y i e l d .  

o t h e r  two. 

Using these t a r g e t s ,  t h e  hydrodewaxing r o u t e  i s  i n f e r i o r  t o  t h e  

Scoping hydrocrack ing  r e s u l t e d  i n  a s ing le-pass convers ion  o f  

72wt% (343OC- as produc ts )  and 93wt% G+D s e l e c t i v i t y  was achieved u s i n g  a 

K e t j e n  742 c a t a l y s t  (CoMo on alumina).  The unconver ted f r a c t i o n  may be 

r e c y c l e d  t o  e x t i n c t i o n .  The d i e s e l  o b t a i n e d  had e x c e l l e n t  q u a l i t y ,  w h i l e  

t h e  smal l  amount o f  g a s o l i n e  produced i s  l ow i n  octane number and needs 

f u r t h e r  process ing.  

Some v e r y  i n t e r e s t i n g  r e s u l t s  were r e p o r t e d  i n  scoping FCC 

process ing  o f  t h e  same reactor-wax. 

convers ion  was e a s i l y  achieved u s i n g  Engel h a r d  HEZ-53 c a t a l y s t s  ( f r e s h ,  

commercial e q u i l i b r i u m ,  and coked). Very h i g h  o l e f i n  y i e l d  (70wt%) was 

obta ined.  Cont ra ry  t o  convent iona l  petroleum-based FCC o p e r a t i o n ,  t h e  coke 

y i e l d  was v e r y  smal l .  The smal l  unconver ted f r a c t i o n  may aga in  be r e c y c l e d  

t o  e x t i n c t i o n .  The h i g h l y  o l e f i n i c  p r o d u c t  f rom t h e  FCC i s  an i d e a l  

feeds tock  f o r  MOGD process ing  (see Sec. 5.2-3B) i n  making G+D. 

est imated t h a t ,  by combining an FCC w i t h  a MOGD and an a l k y l a t i o n  u n i t ,  a 

t o t a l  G+D y i e l d  as h i g h  as 95wt% can be achieved. 

t o  have e x c e l l e n t  q u a l i t i e s  a f t e r  convent iona l  h y d r o f i n i s h i n g  o f  t h e  D. 

o f  these r e s u l t s  were d e r i v e d  f rom scoping exper iments.  Improved r e s u l t s  

may be expected i f  o p t i m i z a t i o n s  on b o t h  c a t a l y s t s  and process c o n d i t i o n s  

a r e  c a r r i e d  o u t .  

Dry has r e p o r t e d  SASOL development work on mi ld  hydrocrack ing  o f  

FT wax f rom i t s  Arge r e a c t o r . 9 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA y i e l d  s t r u c t u r e  o f  5wt% C4-/15G/8OD was 

g iven.  

The work a t  S h e l l  o f  FT wax upgrading i s  a s s o c i a t e d  w i t h  i t s  SMDS 

process (see Sec. 5.1-4C). The FT wax i s  produced f rom a d i r e c t  

heat-exchange r e a c t o r  u s i n g  a p r o p r i e t a r y  c a t a l y s t .  

( m a i n l y  p a r a f f i n s )  a r e  separated a f t e r  pass ing  t h r o u g h  a separa tor  and a r e  

B e t t e r  t h a n  90wt% s ing le-pass 

It was 

Both  G and D a r e  expected 

A l l  

No process c o n d i t i o n s  o r  convers ions were r e p o r t e d .  

The heavy, waxy HCs 
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fed to a heavy paraffin conversion (HPC) reactor.77 The HPC reactor uses a 

commercial Shell catalyst performing hydroisomerization and hydrocracking. 

The process may be operated in a gas oil or kerosene mode. 

paraffin yield and conversion were reported. 

(heavier than gas oil) is recycled to the HPC reactor to extinction. 

No.light 

The unconverted fraction 

5.3. Interaction of Coal Gasifiers with Synthesis Gas Conversion Processes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.3-1. Introduction 

Matching a coal gasifier with a synthesis gas conversion process 

is an important factor in determining the technical and economic viability of 

coal conversion processes. In commercial applications, the ultimate factor 

that determines the viability of the process is economics. Unfortunately, 

good and consistent economic comparisons of various processes are 

essentially non-existent because economic process calculations use 

information and assumptions that are generated without consistent 

guidelines. Fortunately, large economic differences obtained under 

consistent guidelines are almost always caused by technical features and 

vice versa. Consequently, searching for sensible technical differences 

constitutes good reasoning when judging one process combination against 

another. The objective of this section is to define sensible, technical 

reasons for properly matching a coal gasifier with a downstream SG 

conversion process. 

Coal-conversion processes are simply energy-conversion processes, 

and high thermal efficiency is an essential factor i n  maintaining good 

, /  

, .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1' 
, .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e. I -  

process economics. High thermal efficiency reflects not only high recovery 
!'. 

. .  
of raw material but also means that less equipment is needed to transfer 

mass and reject additional waste energy. Consequently, thermal efficiency 

comparisons are useful technical tools for process-economics comparisons. 

The issues associated with integration of coal gasifiers with SG 

conversion processes are many. 

minimum partial pressure of the active compounds (H2 and CO) i n  the SG. 
minimum partial pressure is affected by three factors in the gasifiers: 

gasifier pressure, oxygen purity used, and the amount of light paraffins 

I The downstream conversion process dictates a 

This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79 



J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(mainly CH4) generated i n  the gas i f i e rs .  

changed by using e i t h e r  a gas compressor o r  an expander. 

The H2/C0 r a t i o  of the  SG i s  another important issue. 

cos t ly  t o  decrease the  H2/C0 r a t i o  because of thermodynamic const ra in ts .  

However, the use of a WGS u n i t  t o  increase the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH /CO r a t i o  i s  a proven 

technology t h a t  adds subs tan t ia l l y  t o  the process cos t .  Furthermore, the  

conversion processes use ca ta l ys ts  t h a t  usually require SG w i t h  less; than 

defined m i n i m u m  threshold level of impur i t ies (ususal ly  of H2S and COS). 

Expensive SG pur i f icat ion units are  needed t o  remove excess impuri t ies.  

In addi t ion,  the  SG pressure i s  

I t  i s  

2 

Another important in tegrat ion issue i s  the co-production of 

SG 

a 

energies i n  various forms. 

One i s  the co-production of fuel gas and SNG w i t h  l i qu id  fue l s  t o  ac:hieve 

h i g h  thermal e f f ic iency.  In a coal-based synfuel plan, i t  i s  almost, always 

more cost ly  t o  have a process s e t  up t o  produce only l iqu id  fue ls .  

recycl ing the l i g h t  H C s  t o  make addit ional SG, 30-40% of the energy in the  

l i g h t  HCs i s  eas i l y  l o s t .  

steam and e l e c t r i c i t y ,  as  i n  cogeneration. W i t h  proper in tegrat ion and 

optimization of a coal gasi f i e r  w i t h  an SG-conversi on process, the resul t i  ng 

h i g h  thermal e f f ic iency resu l t s  i n  a large surplus of steam o r  e l e c t r i c i t y .  

The steam may be exported t o  nearby fac to r ies  as  process steam o r  t o  nearby 

communites as u t i l i t y  steam, while the  e l e c t r i c i t y  i s  exported t o  the  local 

u t i l i t y  network. Cogeneration i s  more often pract iced outside than ins ide 

the  US and i s  a des i rab le pract ice.  

There are  actual ly  two sub-issues involved here. 

By 

The other sub-issue i s  the co-production o f  

5.3-2. H +CO Par t ia l  Pressure Requirements -2 

The degree of importance attached t o  h i g h  H2+C0 par t ia l  pressures 

Molar contract ion i n  the SG depends strongly on the SG-conversion process. 

almost always occurs with SG conversion; consequently, the  conversion i s  

thermodynamically more favorable a t  higher H2+C0 pa r t i a l  presssures. 

However, the importance of t h i s  requirement var ies w i t h  the  conversion 

process. Generally speaking, conversion react ions t h a t  a re  l imi ted by 

chemical equi l ibr ium, such as MeOH syntheses, wi l l  require higher pa r t i a l  

pressures. The FT react ions a re  l e s s  strongly constrained by equil ibrium zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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considerations and may tolerate low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2+C0 partial pressures. This contrast 

is clearly illustrated in Fig. 5.3-1, which shows thermodynamic equilibrium zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

40 H20 + 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC o  = C20E140 4- 20 H20, at 250 "C 

Fig,  5.3-1. l12+C0 conversion at thermodynamic equilibrium. 

conversion for both reactions. 

olefin formation is used to represent the FT reactions. 

application, MeOH syntheses generally requires a minimum H2+C0 partial 

pressure of 600-700psia. 

H2+C0 conversion at low pressure, moderate to high partial pressures 

(ZOO-1,000 psia) are usually used to improve process economics. 

to choose gasifiers operating at the proper pressure. 

gasifier is used, the SG is simply compressed to the required value. The 

energy consumed for this compression may be very large if a coal-derived SG 

For simplicity, a single reaction for Cz0 

In actual 

Although the FT reactions may proceed to high 

The easiest way to obtain the required H2+C0 partial pressure is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I f  a low-pressure 



a t  atmospheric pressure i s  compressed t o  500-1,000psia; energy equivalent t o  

16-20% of t he  coal LHV wi l l  be needed t o  generate the  compression work. 
T h i s  reference a lso  shows t h a t  the net thermal e f f i c i enc ies  of low-pressure 

g a s i f i e r s ,  such a s  the  Kopper-Totzek and Winkler, a re  15-20% lower than 

those of t he  moderate-pressure g a s i f i e r s  used t o  produce c lean,  400psia SG. 

T h i s  r e s u l t  implies t h a t  i t  i s  more e f f i c i e n t  t o  compress the  g a s i f i e r  O2 

and use high-pressure steam f o r  gas i f i ca t ion  than t o  compress the  o u t p u t  SG 

and fol lows because the  coal -gas i f icat ion react ions a r e  molar-expansion 

react ions and compression work increases l inear ly  w i t h  t he  number of moles. 

However, the  fuel penalty f o r  gas compression i s  re la t i ve l y  smaller a t  h i g h  

pressures ( e . g . ,  above 300psia) because the compression r a t i o  i s  reduced. 

T h u s ,  the  best  operating g a s i f i e r  pressure ranges a re  300-500 ps ia .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The other pract ica l  procedure fo r  changing the  H2+C0 pa r t i a l  

pressure i s  t o  vary the  pur i ty  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 used f o r  gas i f i ca t ion .  

thermodynamic cons t ra in t  of the SG-conversion react ions again plays an 

important ro le  i n  determining pur i ty  requirements f o r  02. 

of h i g h  H2+C0 pa r t i a l  pressure in the conventional MeOH synthesis c lea r l y  

demands SG from O2 -blown gas i f i e rs .  

MeOH synthesis a t  low temperature becomes so h i g h  t h a t  use of SG from 

air-blown g a s i f i e r s  may become prac t ica l .  

from the air-blown gas i f i e rs .  T h i s  combination may, however, no t  be 

economical because i t  i s  cos t ly  t o  move large quant i t ies  of the i n e r t  gas 

(N2) t h r o u g h  the  e n t i r e  system. 

f a c f l i t i e s  t o  handle a l l  of the streams and resu l t s  i n  l a rger  energy 

degradation assaciated with heating and cooling N 2 .  

products from the N 2  i s  a lso  very cost ly .  

pressure i n  the  FT synthesis reactor may a lso induce undesirable e f fec ts  

such as high l i g h t  HC y ie lds  and high catalyst-aging ra tes .  

preferable t o  use 02-blown g a s i f i e r s .  

pur i ty  f o r  any combination of g a s i f i e r  and synthesis process. 

Unfortunately, these optimal oxygen pu r i t i es  a re .  n o t  general ly known.  

The 

The requirement 

The equil ibr ium H2+C0 conversion fo r  

FT synthesis may a lso  t o l e r a t e  SG 

The procedure demands subs tan t ia l l y  larger  

The separation of HC 

Furthermore, low H2+C0 par t ia l  

I t  i s  

In theory, there  i s  an optimal O2 

The l a s t  item t h a t  a f fec ts  the H2+C0 pa r t i a l  pressure in the SG i s  

t he  l i g h t  paraf f in  content of the  gas. 

clean SG var ies g rea t ly  w i t h  types of g a s i f i e r s  and, t o  a lesse r  degree, 

w i t h  types of coals.  Table 5.3-1 summarizes SG compositions of typical  

selected gas i f i e rs .  The H2+C0 compositions range from 82.6 t o  99.3molX. 

The amount of CH4 and ethane in the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 5.3-1. P r o p e r t i e s  of c lean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsynthesis gas from typical coa l  gas i f i e rs .  

G a s i f i e r  

Opera t i ona l  
parameters RGC- 

L u y i  
s l a g g e r  

She l l -  
Koppers 

1 l l . i n o i s  
No.6 

4 35 

32.8 

66.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- 
-- 
0.7 

Dry-ash 
Lu rg i  

Wyoming 

Koppers- 
Totzek 

TVA 

K RW Winkler 

German 
brown 

c o a l  

Texaco 

I l l i n o i s  
No.6 

600 

40.0 

58.8 

0.1 

-- 
1.1 

Coal Frances Wyoming 

415 

40.1 

52.4 

6.8 

-- 
0.7 

E x i t  g a s i f i e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp, 
p s i a  

430 20 365 30 

50.2 

46.1 

2.3 

-- 
1.4  

Clean gas  
composi t ion,  mol% 

H2 
co 
CH4 

55.7 

26.9 

16.1 

0.9 

0.4 

38.6 

60.1 

-- 
-- 

1.3  

29.4 

58.4 

7.0 

0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 . 7 

" 

.l 

L12/c0 r a t i o  2.07 1.09 0.638 0.504 0.763 0.679 

99.6 

0.4 

.r 

100.0 

-- 

Clean g a s  LBV,% 

H2fC0 

c1fc2 

59.7 

40.3 

93.0 

7.0 

100.0 

-- 
79.5 

20.5 

81.8 

18.2 

106 100 1 0 1  102 103 104 105 Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Generally, the gasifiers that allow long residence time for coal 

devolatiliztion (such as the dry-ash Lurgi) and the coals containing large 

amounts of volatiles (such as the Wyoming coals) produce the largest CH4 and 

ethane yields. However, even the CH4 and ethane content in the SG from the 

dry-ash Lurgi using Wyoming coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs tolerable for MeOH synthesis. The net 

effect is a somewhat higher total pressure requirement or as slightly lower 

red for SG that contains little or no light H2+C0 conversion than is requ 

paraffins. 

The light paraffins 

available for synthesis. For 

Wyoming coal, 40% of the chem 

in the SG affect the amount of chemical energy 

example, in the case of the dry-ash Lurgi with 

cal energy in the clean SG is in CH4 and 

ethane (see Table 5.3-1). 

obtained from the Texaco and Shell-Koppers gasifiers. 

and ethane may be separated and then reformed to make H2 and CO for use in 

the SG conversion process, but this recycle imposes a large (30-40%) thermal 

penalty. 

This yield is definitely inferior to the gases 

Of course, the CH4 



H /CO Ratio Requirement -2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.3-3. 

5.3-3A. Methanol Synthesis 

Synthesis of MeOH from H2 and CO requires a stoichiometr ic H2/C0 

r a t i o  o f  2. 

w i t h  H2 t o  make MeOH. The r e s u l t  i s  a stoichiometr ic H2/(2C0+3C02) r a t i o  of 

1. In commercial appl icat ions,  t h i s  r a t i o  in the f resh feed gas i s  s l i gh t l y  

la rger  than 1 t o  provide a k ine t ic  dr iv ing force;  consequently, t h i s  

synthesis requi res an H2-rich gas. 

In prac t ice ,  the  feed gas a lso  contains some C02, which reac ts  

5.3-3B. Fischer-TroDsch Svnthesis 

Depending on the  H2/C0 use r a t i o ,  FT processes may be c l a s s i f i e d  

One uses ca ta l ys ts  of l i t t l e  

A typical  

i n t o  two g&ups according t o  c a t a l y s t  types. 

o r  no WGS a c t i v i t y  while the other has s ign i f i can t  WGS a c t i v i t y .  

ca ta l ys t  used i n  the  f i r s t  group i s  Co and i n  the second Fe. 

For ca ta l ys ts  w i t h o u t  WGS a c t i v i t y ,  the  oxygen i n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGO i s  

re jected as  water, w h i c h  r e s u l t s  i n  an H2/C0 use r a t i o  of 2 i n  making 

o le f i ns  and alcohols and an H2/C0 use r a t i o  s l igh ly  la rger  than 2 i n  making 

para f f ins  (see react ions (5.1-20 t o  5.1-22). 

require h i g h  H2/C0 r a t i o  gases. 

be mainly re jected as  C02, i . e . ,  the  H20 formed in the FT react ion reac ts  

w i t h  t he  CO t o  form addi t ional  H2 resu l t ing  i n  an apparent H2/C0 use r a t i o  

of 0.5 f o r  o le f in  formation. 

oxygenates and the  incompleteness of the  WGS react ion,  the  actual mimimum 

H2/C0 use r a t i o  i s  about 0.6.  Consequently, low H2/C0 r a t i o  gases can be 

used w i t h  these ca ta l ys ts .  

There a re  potent ia l  process l im i ta t ions  t h a t  r e s u l t  from the  use 

of low H2/CO-ratio gases i n  FT reactor ,  including excessive carbon 

formation, carbide formation, react ion heat generation, and reactor-wax 

formation. Based on the thermodynamics of the  Boudouard react ion,  Lhe 

potent ia l  fo r  carbon formation i s  proportional t o  the square of the  CO 

pa r t i a l  pressure. The trend of carbide formation a lso  depends strongly on CO 

These ca ta l ys ts  t h u s  always 

For ca ta l ys ts  t h a t  promote the  WGS react ion,  t he  oxygen in CO wi l l  

However, because of formation of paraf f ins and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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par t ia l  pressure. Excessive reaction-heat generation r e s u l t s  d i rec t l y  from 

the poss ib i l i t y  of h i g h  single-pass conversion when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASG w i t h  an H2/C0 r a t i o  

c lose t o  the use r a t i o  i s  employed. 

expe'cted t o  sh i f t ,  t o  heavier compounds when the  H2/C0 r a t i o  of the feed i s  

reduced. 

The FT HC product d is t r ibu t ion  i s  

Consequently, low H2/C0 r a t i o  gases promote reactor-wax formation. 

In a fluidized-bed reactor  such as  the  Synthol reactor ,  the  

carbon, carbide, and reactor-wax formation may strongly a f f e c t  ca ta l ys t  

f lu id iza t ion .  

the carbon and carbide formation may cause reactor  plugging. 

react ion heat generation may cause ca ta l ys t  overheating. 

higher H2/C0 r a t i o  gases may be required, even w i t h  ca ta l ys ts  t h a t  have WGS 

a c t i v i t i e s  f o r  these two types of reactors .  

the dry-ash Lurgi g a s i f i e r ,  which gives H2/C0 r a t i o s  ranging from 1.7-2.4. 

The discussions in the  proceding paragraphs a re  then i r re levant .  However, 

the indicated cons t ra in ts  a re  important when low H2/C0 r a t i o  gas i f i e rs  a re  

emp 1 oyed . 
Recycle operations a re  used i n  b o t h  the  Synthol and Arge reactors  

a t  SASOL t o  achieve two goals: 

decrease overal l  WGS conversion. The second goal i s  achieved by the  

accumulation of C02 i n  the  recycle gas t o  re ta rd  the  WGS react ion.  

recycle operation causes large increased i n  the  H2/C0 use r a t i o  t o  match the  

h i g h  H2/C0 r a t i o s  i n  the  f resh  feed. H2/C0 r a t i o s  f o r  both Arge and Synthol 

reactors  a t  SASOL I are  summarized i n  Table 5.3-2 

In a d i r e c t  heat-exchange reactor  such as  the Arge reactor ,  

The excessive 

Consequently, 

Applications of SASOL technology a re  fu r the r  complicated by use of 
59 

increase overal l  H2+C0 conversion and 

The 

Slurry reactors  u s i n g  unsupported, p rec ip i ta ted  Fe ca ta l ys ts  were 

demonstrated t o  give h i g h  single-pass H2+C0 conversion over a long period of 

time when using SG w i t h  0.6-0.7 H2/C0 rat ios.68y71,72 T h i s  r e s u l t  i s  

a t t r i bu ted  t o  the  following system propert ies:  ( i )  micron-size, very ac t ive  

prec ip i ta ted Fe ca ta l ys t  w i t h  h i g h  WGS a c t i v i t y ;  ( i i )  a feed H2/C0 r a t i o  

c lose t o  the single-pass usage ra t i o ;  ( i i i )  exce l len t  temperature control i n  

the s lu r ry  reactor ;  ( i v )  a s lu r ry  reactor  t h a t  sus ta ins  ca ta l ys t  

d is in tegra t ion ;  and ( v )  a s lu r ry  reactor  t h a t  sus ta ins  reactor-wax 

formation. Consequently, low H2/C0 r a t i o  SG may be used d i rec t l y .  

H2/C0 r a t i o s  f o r  s lu r ry  FT reactors  a re  a lso  included i n  Table 5.3-2. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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5.3-3C. Synthesis Gas H2/C0 r a t i o s  from Coal Gasi f iers  

Table 5.3-1 summarizes the H2/C0 r a t i o s  of the  synthesis gases 

from typical  gas i f i e rs .  The r a t i o s  range from 0.5 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.1. Shinnar and 

Kuog9 eval uated the  thermal e f f i c i enc ies  of various g a s i f i e r s  and concluded 

t h a t  advanced, high-eff iciency g a s i f i e r s  use l i t t l e  steam (o r  water) , t h u s  

producing low H2/CO-ratio gases. Of course, i t  i s  easy t o  convert some CO 

i n  the gas t o  H2 by adding steam i n  a separate WGS u n i t  t o  obtain a higher 

H2/C0 r a t i o .  

g a s i f i e r s  wi l l  then be negated because a WGS u n i t  wi l l  require large 

amounts of steam and the  construction of an a new un i t  and wi l l  a lso  su f fe r  

thermal degradation because of addi t ional  cooling and heating. Furthermore, 

any SG conversion processes u s i n g  h i g h  H2/C0 r a t i o  gases m u s t  r e j e c t  the  

oxygen i n  CO as  H20 and, th'erefore, has the  inherent deficiency of pushing 

large amounts of addi t ional  water ( o r  steam) t h r o u g h  the downstream 

synthesis system. Since water has a very h i g h  l a t e n t  heat,  moving la rge 

amounts of water a l so  implies a large movement of energy. T h i s  large 

movement of mass and energy strongly a f f e c t s  process economics, as  was 

pointed o u t  by El Sawylo7 and Jones. lo8 

adopt an SG-conversion u s i n g  d i rec t l y  a low H2/CO-ratio gas from an advanced 

gas i f i e r .  

However, a pa r t  of the ef f ic iency gained by u s i n g  the advanced 

I t  i s  therefore always prudent t o  

5.3-3D. Use of Water-Gas S h i f t  Units 

A separate WGS u n i t  may be employed t o  increase the H2/C0 r a t i o  of 

WGS technologies a re  well-developed and commercially proven. any SG stream. 

Kuo has given a concise review of WGS ca ta l ys ts  and chemistry. 

equil ibrium i n  the  WGS react ion leads t o  increasing H2 formation w i t h  

decreasing temperature. 

1 Chemical 

The equil ibrium constant KD i s  defined as 

p ~ 2 p ~ ~ 2 / p ~ ~ p ~ 2 ~  and i s  greater  than 20 when T i s  l e i s  than 350OC. Although 

the WGS react ion a t t a i n s  equil ibrium rapid ly ,  the  required exothermic 

reaction heat implies considerable e f f o r t  i n  reactor  design, especia l ly  f o r  

low H2/C0 r a t i o  SG. 

high-temperature s h i f t  ca ta l ys ts  (HTS) operating a t  440-700°C (Cr-Fe oxide 

There a re  bas ica l l y  three types of WGS cata lys ts :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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o r  Zn-Cr oxide); low-temperature s h i f t  ca ta l ys ts  (LIS), 230-350°C (Cu-Cr 

oxide); raw-gas s h i f t  ca ta l ys ts  (RGS), 180-550°C (Co-Mo su l f ide) .  The 

Table 5.3-2. H2/CO ra t i os  of  FT reactors.  

Parameter 

Fresh feed 

Ta i l  gas 

Combined feed 

Usage 

SASOL I (from R e f .  54) Slurry reactor71* 72 

Arge 
reactor  

1.70 

1.71 

1.72 

1.69 

Synthol 
reactor 

2.77 

15.6 

4.65 

2.45 

Low-wax 
mode 

0.67 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -  
- -  

0.585 

High-wax 
mode 

0.67 
- -  
- -  

0.560 

LTS ca ta l ys ts  a re  used mainly t o  achieve h i g h  CO conversion, which i s  

important f o r  HZ and NH3 syntheses but n o t  f o r  MeOH and FT syntheses. 

HTS ca ta l ys ts  a re  re la t i ve l y  more s tab le  and y ie ld  pa r t i a l  CO conversion 

which i s  su f f i c i en t l y  h i g h  t o  prepare the SG f o r  MeOH and FT syntheses. 

Both LTS and HTS ca ta l ys ts  requi re  a low su l fu r  level i n  the  synthesis gas. 

On the  other hand, the RGS ca ta l ys ts  require some su l fu r  i n  the gas t o  

maintain ac t i v i t y .  

the  raw g a s i f i e r  gas w i t h o u t  extensive cooling and cleaning. Part  of t he  

waste sensible heat i n  the  raw gas may a lso  be used t o  generate steam f o r  

the WGS react ion.  Furthermore, a s ing le SG pur i f i ca t ion  u n i t  may now be 

used t o  remove both the su l fu r  compounds and C02. 

minimizing the amount of the  excess steam i n  the  feed gas and u t i l i z i ng  a 

low-temperature heat source t o  r a i s e  steam required f o r  the  WGS u n i t .  

The 

T h i s  fea ture  adds the  advantages of d i rec t l y  processing 

Further optimization of WGS operation may be possible by 

5.3-4. Pur i ty Requirements f o r  Synthesis Gas 

Most of the  impur i t ies  i n  the g a s i f i e r  SG can eas i l y  be removed, 

except f o r  su l fu r  compounds. 

water washing o r  by mechanical means. 

water washing. 

Coal dus t ,  ash, t a r ,  and o i l  a re  removed by 

Ammonia and phenol a re  removed by 



Removal of sulfur compounds is essential since these may poison 

many catalysts in the downstream processes. 

established purification processes for removal of sulfur compounds. 

concise review has been given by Kuo.' 

depend on the catalyst used downstream; rough guidelines are provided in 
Table 5.3-3. 

There are many commercially zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

The maximum allowable Sulfur levels 

5.4. Zeolites as Shape-Selective Catalysts 

5.4-1. Introduction 

Zeol i tes may be 

sulfuric acid or aluminum 

to promote a large number 

polymerization, cracking, 

viewed as solid analogs of such classical acids as 

chloride and have with them in commmon the ability 

of acid-catalyzed reactions, including 

isomerization of olefins, paraffins and 

aromatics, alkylation of aromatics and of paraffins, transalkylation, and 

many others: Some, such as gas oil cracking, belong to the largest 

catalytic processes. 

The first solid acid catalysts were activated natural clays and 

synthetic binary oxides, such as silica-alumina. Their acidic properties 

have been well described. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlog They have remained a very important class of 

catalysts, both as acidic catalysts and as acidic components in dual 

functional catalysts, by the addition of a second function of hydrogenation 

and oxidation, etc. 

remained a highly empirical art, partly because these amorphous catalysts 

are difficult to characterize. 

The evolution and optimization of these catalysts has 

By contrast, zeolites are crystalline porous 

solids that have a well defined pore system and large intracrystalline 

surface area. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlloylll It was discovered in the late fifties at the Plobil 

laboratories that catalytic reactions can take place inside these 

structures. This discovery marked the real beginning of zeolite 'catalysis. 

an inherent part of the crystal structure and hence topologically we11 

defined, in sharp distinction to amorphous and even most crystalline solids 

for which the outer surface may be considered to be a crystal defect with 

atoms whose coordination number differs from atoms in the crystal. 

second distinctive feature of zeolites is that the diameter of their pores 

Two aspects make zeolites unique. The intracrystalline surface is 

The 



i s  uniform and of s imi lar  magnitude as  t h a t  of many organic molecules of 

i n te res t .  

man-made ca ta l ys ts ,  became possible.  

Nature has provided us w i t h  34 d i f f e ren t  zeo l i t es .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111-114 However, among 

those of i n t e r e s t  t o  ca ta l ys i s ,  only a few a re  found i n  abundance. 

a b i l i t y  t o  synthesize zeo l i t es  of known and new s t ruc tu res  i n  the  laboratory 

made new discover ies i n  zeo l i t e  ca ta l ys i s  possible. 

synthet ic  zeo l i tes  have been ident i f ied  covering a large var ie ty  of 

d i  f f 'erent framework s t ruc tu res  , w i t h  pore openings ranging from 1 ess  than 

5 t o  l a rger  than 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. 

major performance charac ter is t i cs :  a c t i v i t y ,  se lec t i v i t y  towards one o r  
several products, and s t a b i l i t y  of operat ion,  i . e . ,  low ca ta l ys t  aging. 

These performance fea tures  are complex, in teract ing functions of 

Molecular sieving and shape s e l e c t i v i t y ,  previously unknown w i t h  

Each z e o l i t e  has a unique pore system and c rys ta l  s t ruc tu re .  

The 

To date ,  nearly 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

In heterogeneous ca ta l y t i c  processes, one usually considers three zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 5.3-3. Approximate minimum allowable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsulfur 

levels for selected catalysts. 

Catalysts 
Minimum sulfur 

level (ppmv) 

Low-p methanol 

High-p methanol 

FT, except Mo-based 

Mo-based FT 

LTS and HTS WGS 

RGS WGS 

1 

Higher than 1 

1-2 

20 

1 

Very high 

several basic ca ta l ys t  propert ies:  

products; ra tes  of t ranspor t  of molecules t o  and from the  ac t ive  si tes 

(mostly by d i f fus ion) ;  and i n t r i n s i c  a c t i v i t i e s  f o r  various reactl 'ons. 

zeo l i t es ,  i t  has now become possible t o  vary these propert ies i n  a 

systematic way and one a t  a time. 

s o r p t i o n  energies f o r  feeds and 

W i t h  

5.4-2. Class i f i ca t ion  of Zeol i tes 

i .e . ,  three-dimensional 110 Zeol i tes a re  porous t e c t o s i l i c a t e s ,  
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networks built up of TO4-tetrahedra (T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Si or heteroatom) such that each zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

the four oxygen atoms is shared with another tetrahedron. The most common 

forms are alumino-silicates, although structures containing boron, gallium 

or iron i n  place of aluminum and germanium i n  place of 3ilicon have been 

reported. The tetrahedron can link up to form a variety of secondary 

building units from which zeolites of various framework topologies are 

derived. 

in addition, the framework topologies of ZSM-12,115 ZSM-22, 

and of ZSM-48”’ and others have been described. 

structure of about 50 zeolites is now known. 

Meier and Olson113 have summarized the structures of 38 zeolites; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
116 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 117 ZSM-23 , 118 

Altogether, the crystal 
120 

The structure characteristics of greatest interest for catalysis 

is the channel system, which is described for some of the more important 

zeolites in Table 5.4-1. Depending on the largest channel, zeolites are 

characterized as small, medium or large pore zeolites if they contain 
apertures made by rings of 8, 10 or 12 linked tetrahedra. 

structures and pore openings of representative zeolites of each group are 

depicted in Fig. 5.4-1. Within each group, there is considerable variation 

i n  the aperture, both i n  size and ellipticity. For example, the opening i n  

Linde zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA is circular (4.1 A ) ,  but i n  erionite it is elliptical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 . 6  x 5.2 A). 
The projections of a series of similar zeolites (Fig. 5.4-2) show 

the subtle variations of channel dimensions and shapes available. The 

channel system may be one-dimensional, e.g., ZSM-22, ZSM-48, two-dimensional 

as in ferrierite, o r  three-dimensional as i n  ZSM-5 (Fig. 5.4-3). 

Multi-dimensional channels often intersect each other, but this is not 

always the case. The interconnecting channels can be of the same size 

(e.g., faujasite) or smaller (ferrierite); they may be straight (ZSM-11) or 

tortuous (ZSM-5). The connectivity of the channel system has major 

consequences for diffusion and aging characteristics. For example, zeolites 

with one-dimensional channels are more subject to deactivation than those 

with a three-dimensional pore system because of their susceptibility to pore 

mouth pl uggi ng. 

The pores in some zeolites are relatively uniform tubes, e.g., i n  

ZSM-48 (Fig. 5.1-3); in other zeolites, they contain larger cavities 

(e.g., erionite, Linde A) or supercages (e.g., zeolite Y, Fig. 5.4-1) which 

are connected by windows. 

Framework zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 

Zeolites containing large cavities are more prone 
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to deactivation since molecules such as condensed aromatics can form but 
cannot escape through the smaller port holes and are trapped. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA121,122 M o s t  

medium pore zeolites have pores of uniform dimensions. 

feature is believed to account for their unusually low coke-forming 

propensity in acid-catalyzed reactions. 

the major contributing factors to the successful industrial applications of 

these zeolites. 

This particular 

Their non-aging character is one of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.4-1. Channel system o f  rep resen ta t i ve  z e o l i t e s .  

S t ruc tu re  Type 

Linde Type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
Chabazite 
Er ion i  t e  

ZSM- 22 
ZSM- 23 
ZSM-48 
F e r r i e r i t e  
ZSM- 5 
ZSM- 11 

ZSM- 12  
Linde Type L 
Maz z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi t e 
Mordeni te  
O f f r e t i t e  
Fauj a s i f e  

Ring S ize  
o f  Channels(a) 

8-8-8 
8-8-8 
8-8 

10 
10 
10 
10-8 
10-10 
10 - 10 

1 2  
12 
12 
12-8 
12-8-8 
12- 1 2  - 12 

4.1 
3.6 x 3.7 
3.6 x 5.2 

4.5 x 5.5 
4.5 x 5.6 
5.3 x 5.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 . 3  x 5.5 
5.4 x 5.6 
5.1 x 5.5 

5.7 x 6.1 
7.1 
7 -4 

6.7 x 7.0 
6.4 
7.4 

(a )  Number of e i t h e r  T- o r  0-atoms forming the  smallest 
r i ngs  o f  t h e  channels. 

(b) Crys ta l lograph ic  f r e e  diameter,  based on an oxygen 
rad ius  of 1.35A, of t h e  sma l les t  r i n g  o r  window i n  
the channel .  
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12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARING 

STE 

@ IO RING 

PUJTASIL ZEOLITE 

@ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A ZEOLITE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig.  5.4-1.  Framework s t ruc tu res  and p ro jec t i ons  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof rep resen ta t i ve  l a r g e ,  medium, 
and smal l  pore z e o l i t e s .  

ZSM-I I 0.51 ~ 0 . 5 5  ZSM-48 0.53 x 0.56 ZSM-5 0.54 X 0.56 

ZSM-23 0.45 x 0.56 Z S W 2  0.57 x 0.61 

Fig .  5.4-2.  P ro jec t i ons  of ZSM-5, -11, -12, -23, and -ha s t ruc tures .  The axes of 
the  channels ( i n  nm) are  ind ica ted .  



ZSM-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.4-3. Schematic channel system of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZSM-5 (three-dimensional) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZSPI-48 

(one-dimensional) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Zeolites with 8-membered rings sorb only straight chain molecules 

such as n-paraffins, n-olefins and primary alcohols. Some larger pore 

zeolites also behave like small pore zeolites, when their structure contains 

many stacking faults which reduce the effective pore diameter. Examples are 

gmelinite, stilbite, dachiardite, Linde T, ZSM-34, epistilbite, 

heulandite/clinoptilolite, ferrierite, etc. 

interest as shape selective catalysts. 

chain molecules, they also can discriminate, either by size exclusion or by 

rate of diffusion, among a variety of branched and cyclic molecules. 

Included in this group are 

Medium pore zeolites with 10 membered ring systems are of most 

Not only do they sorb straight, 

ZSM-5, ZSM-11, ZSM-22 (Theta-1), ZSM-23, ZSM-48, 

and ferrierite. 

The 12-membered 

The synthetic faujasites, 

and most studied zeolites 

The silica to a 

ring zeolites include all the 

zeolite X and Y, and mordenite 

i n  this group. 

umina ratios of different zeol 
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are the best known 

tes structures are 



another  d i s t i n g u i s h i n g  f e a t u r e .  

e s p e c i a l l y  w i t h  medium pore  s i l i c a - r i c h  z e o l i t e s .  

compos i t iona l  ranges f o r  s e l e c t e d  z e o l i t e s  s t r u c t u r e s .  

W i t h i n  each group, t h e  r a t i o  can be v a r i e d ,  

F i g u r e  5.4-4 shows t h e  

5.4-3. I n t r i n s i c  C a t a l y t i c  P r o p e r t i e s  o f  Z e o l i t e s  

The a c i d  a c t i v i t y  o f  z e o l i t e s  depends on t h e  presence o f  

t h r e e - v a l e n t  i o n s  such as A13+ i n  t h e  z e o l i t e  framework o f  share 

S i04- te t rahedra .  

have no a c i d  a c t i v i t y .  

s t r u c t u r e  i s  d e p i c t e d  i n  F i g .  5.4-5. 

Wi thout  t h e i r  presence, c r y s t a l l i n e  o r  amorphous s i l i c a s  

These A l - i o n s  g i v e  r i s e  t o  Brons ted  a c i d  s i t e s  whose 

The c a t a l y t i c  a c t i v i t y  i n  HZSM-5 p r e p a r a t i o n  w i t h  an Si/A1 f rom 

about  17 t o  180,000 has been found t o  be s t r i c t l y  p r o p o r t i o n a l  t o  t h e i r  

aluminum c o n c e n t r a t i o n  and hence t o  t h e i r  c o n t e n t s  o f  a c t i v e  s i t e s ,  which 

range f rom 5.6 x t o  5.6 x 10'' s i t e s  p e r  gram. The c o r r e l a t i o n  l i n e  

goes th rough t h e  o r i g i n  ( F i g .  5.4-6). The p r o p o r t i o n a l i t y  between a c t i v i t y  

and number o f  A1 atoms i n d i c a t e s  t h a t  every a c i d  s i t e  c o n t r i b u t e s  e q u a l l y  t o  

t h e  observed a c t i v i t y ,  independent ly  o f  t h e  t o t a l  s i t e  c o n c e n t r a t i o n .  

5.4-4. Shape S e l e c t i v i t y  

M o l e c u l a r  shape-se lec t ive  c a t a l y s i s  i n  z e o l i t e s  can be o b t a i n e d  

when t h e  dimensions o f  r e a c t a n t  o r  p r o d u c t  molecules approach those o f  t h e  

i n t e r c r y s t a l l i n e  pores.  Several  rev iews d e s c r i b e  t h e  phenomenological 

aspects  o f  shape s e l e c t i v i t y .  

Two d i f f e r e n t  mechanisms operate t o  cause shape s e l e c t i v i t y .  I n  

one, s e l e c t i v i t y  r e s u l t s  f rom a l a r g e  d i f f e r e n c e  i n  t h e  d i f f u s i v i t y  o f  t h e  

p a r t i c i p a t i n g  molecules i n  t h e  zeo l  i t e  channel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs (mass t r a n s p o r t  

s e l e c t i v i t y ) .  I n  t h e  o t h e r ,  s e l e c t i v i t y  i s  caused by s t e r i c  c o n s t r a i n t s  i n  

t h e  t r a n s i t i o n  s t a t e  o f  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  s tep  ( t r a n s i t i o n  s t a t e  

s e l e c t i v i t y ) .  

t h e i r  r a p i d  commercial u t i l i z a t i o n .  

c a t a l y s t s  have been used i s  shown i n  Tab le  5.4-2. 

123, 124 

The unique p r o p e r t i e s  o f  z e o l i t e s  as a c i d  c a t a l y s t s  has l e d  t o  

A summary o f  processes i n  wh ich  z e o l i t e  
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100. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
80 

60 

40 

20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

\/ALUMINA 
?AT10 

I 

ZSM-5 

L / MORDENITE ZEOLITE A / 

0 100 
PERCENT ALUMINUM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(RELATIVE TO SILICON ATOMS ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 5.4-4. Aluminum concentrat ion and s i l ica/a lumina r a t i o  f o r  

var ious zeo l i t es .  

H H 

0 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, / 0 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb" 0 \si/ \Q / \ / 
- 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

At Si 
/ \  / \  / \  

'd'nt si 
/ \  / \  / \  

0 0 0  0 0  0 0 0 0  0 0  0 

Pig. 5.4-5. The s t r u c t u r e  of the Bronsted ac id  s i te  i n  zeo l i tes .  



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.4-2. Processes Utilizing Zeolite Catalysts. 

Process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
- 

I 

Application 

Hydrocracking 

Cracking 

Heavy fractions to 
naphtha and distillates 

Gas oil to gasoline 
and Distillates 

Selectoforming 

M- Forming zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP o s t  reforming process Erioni te 

Upgrading of reformate ZSM-5 

Hys omer 

MLPI, MVPI, MHTI 

MTDP 

Isomerization of 
pentane and hexane 

Xylene isomerization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

Toluene disproportionation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

Catalyst 

Para Selective zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

REY, US-Y 
ZSM- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 

M E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI -  REX, 
REY, US-'Y 

Pt/mordeni te 

Synthesis of p-ethyltoluene, 
synthesis of p-xylene from 
toulene 

MDDW, MLDW Dewaxing of distillates 
and lube oil 

11 

Ethylbenzene synthesis I MEB 11 

11 MOGD Conversion of olefins to 
gasoline and distillate 

MTG 

MTO 

M2-Forming 

Methanol conversion t o  
gasoline 

Methanol conversion 
t o  olefins 

Formation of aromatics 
from paraffins and olefins zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 

11 

11 
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10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I .o 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/e I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ACTIVITY LEVEL IN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CRACKING PROCESS 

0.1 - 
Zeolite composition (A! content) 

10 100 1,Ooo pp. m.Al 
/ I I I I 

1 I 1 I 
1oo,oO0 10,000 1,000 100 Ib 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.4-6. The hexane cracking act iv i tyB3 a plotted agains the alutninum 
content i n  IIZStl-5. The shaded band indicates a c t i v i t i e s  near 
a = 1. 
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CHAPTER 6: 

COAL GASIFICATION I N  FUEL-CELL APPLICATIONS 

A p o t e n t i a l l y  i m p o r t a n t  a p p l i c a t i o n  o f  coa l  g a s i f i e r s  (CGs) 

I n  t h i s  chapter ,  we i n v o l v e s  gas process ing  f o r  use i n  f u e l  c e l l s  (FCs). 

p r e s e n t  f i r s t  an overv iew of FC development s t a t u s  and then d i s c u s s  des ign  

f e a t u r e s  o f  CGs f o r  these uses. 

6.1. Overview o f  FCs* 

I n  o r d e r  t o  a p p r e c i a t e  g a s i f i e r  requi rements p r o p e r l y ,  i t  i s  

d e s i r a b l e  t o  beg in  w i t h  a d e s c r i p t i o n  o f  s a l i e n t  f e a t u r e s  o f  f u e l - c e l l  

o p e r a t i o n .  

6.1-1. I n t r o d u c t i o n  

Hydrogen-containing f u e l s  have two h e a t i n g  va lues  (molar  heats  o f  

combustion), corresponding t o  t h e  f o r m a t i o n  o f  w a t e r  i n  t h e  gaseous s t a t e  

( low-heat ing va lue,  LHV) o r  i n  t h e  l i q u i d  s t a t e  (h igh-heat ing  va lue,  HHV). 

The f r e e  energy o f  r e a c t i o n  o f  t h e  f u e l ,  i .e. ,  t h e  maximum energy t h e o r e t i -  

c a l l y  a v a i l a b l e  as work, a l s o  has two va lues.  

shows o n l y  a smal l  change w i t h  temperature,  t h e  f r e e  energy o f  r e a c t i o n  

v a r i e s  n e a r l y  l i n e a r l y  accord ing  t o  t h e  r e l a t i o n  

Whi le  t h e  h e a t  o f  r e a c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A G =  A H - T A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS, (6.1-1) 

* T h i s  s e c t i o n  has been w r i t t e n  by A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  Appleby, E l e c t r i c  Power Research 

I n s t i t u t e  (EPRI), 3412 H i l l v i e w  Ave., Palo A l t o ,  CA 94303. F igures ,  

i l l u s t r a t i o n s  and des ign  diagrams have been d e l e t e d  b u t  may be found i n  

t h e  p u b l i c a t i o n  o f  t h e  DOE Advanced Fuel C e l l  Working Group. Energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, 
1-229 (1986). 



where AH is the heat (enthalpy) of reaction, AG the free energy or chemical 

potential, AS the entropy of reaction, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT the absolute temperature. 

the combustion reaction has been completed, the free energy of reactian is 

close to zero, no remaining chemical potential exists which can be converted 

directly into work, and the heat of reaction is transformed into ambient 

heat equal to TAS at temperature T. 
useful work, a heat engine is required with a thermodynamic cycle between a 

heat source at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT1 and a heat sink at T2. The heat engine usually uses the 

expansion and contraction of a fluid to provide work; however, 

thermoelectric devices and thermochemical cycles to split water into H2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O2 are also i n  practice heat engines.' Carnot in 1824 showed that t,he 

maximum efficiency, E, of an ideal (reversible or quasi-stationary) 

thermodynamic cycle i s given by 

When 

If this heat is to be converted into 

2 

E = (T1 - T2)/T1. (6.1-2) 

Real cycles involve motion, and their efficiencies will always be less than 

the theoretical value. In a typical cycle using steam as the working fluid, 

a practical efficiency equal to 2/3 of the limiting Carnot value may be 

obtained. 

about 900 K, and T2, by the minimum turbine water condensation temperature 

(about 310 K). 

large coal-fired utility power plants to a practical heat-to-work efficiency 

(high-heating-value of coal to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAC electricity) of 40%. Recent 

implementation of effluent controls has lowered efficiencies to about. 35% or 

9860 Btu/kWh. Small coal plants zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( N  200 MW) are less efficient. Coals are 

unlike liquid and gaseous fuels in that they contain more H2 as moisture. 

In general, the HHV for coals is 1.5-2% higher than the LHV for anthracites, 

5-7% higher for bituminous and subbituminous coals, and about 9-10% higher 

for lignites. 

which the heat of evaporation of the product water i s  not recovered, LHVs 

should be used when efficiencies with different fuels or systems are 

compared. For high-quality coals, the difference is not important. For 

In such a cycle, T1 is limited by materials considerations to 

The non-ideality of the cycle therefore limits the best 

Since fuels are always burned to give gaseous products, in 

fuel oil, the HHV is about 6% higher than the LHV, whereas for natura.1 gas, 
the corresponding value is 10% because of its high H/C ratio. For H2, it is 



15% and, therefore,  e f f i c i enc ies  based on HHV and LHV d i f f e r  considerably. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s  we wi l l  see, th is  dif ference i s  important i n  cons'idering fuel-cel l  

e f f i c i enc ies .  Steam plants u s i n g  natural gas o r  other clean f u e l s  have 40% 

LHV-efficiencies, but h i g h  fuel costs .  

thermodynamic cycle in the same p lant  (e .g.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, a gas-turbine Brayton cycle 

w i t h  exhaust-heat recovery v ia a Rankine steam cycle) may y ie ld  up t o  45-47% 

LHV ef f ic iency i n  smaller un i ts  (-200 MW,), a t  a re la t i ve l y  l o w  capi ta l  cost  

($500/kWe, compared w i t h  $llOO/kWe f o r  a modern coal p lan t ) .  

the cheapest generating units, combustion turb ines w i t h o u t  steam cycle 

( $270/kWe), have poor LHV ef f i c i  enci e s  ( 10 , 000-13,800 Btu/kWh o r  25-34% 

ef f i c iency ,  depending on size and cha rac te r i s t i cs ) .  

The use of more than one 

In contrast  

6.1-2. The FC as a Direct Energy-Conversion Device 

FCs are  n o t  l imi ted by the  Carnot e f f ic iency f o r  heat-to-work 

conversion. They are  used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto convert the  thermodynamically avai lab le f r e e  

energy i n  f ue l s  a t  a re la t i ve l y  low temperature d i r e c t l y  i n t o  useful work i n  

the form of d i rect -current  e l e c t r i c i t y :  

where n i s  the number of equivalents per mole (number of e lect rons per mole 

t rans fer red  i n  complete oxidat ion),  and E i s  the theoret ica l  potent ia l  t ha t  

would be developed between two thermodynamically revers ib le  e lect rodes i n  

contact  w i t h  the  fuel and 02. 

I n  a Zn-Mn02 c e l l  w i t h  

sa l ine  (ZnClz-NH4C1) e lec t ro l y te ,  Zn i s  oxidized a t  the  negative electrode 

by anodic d isso lut ion,  whereas the  MnOz i s  reduced i n  a stoichiometr ic 

process. Electrons flow i n  the  outer c i rcu i t .because of the  potent ia l  

d i f ference ( E  f o r  revers ib le  cond i t i ons )  between about 1.0 t o  1.5 V,  

depending on the  t o t a l  current  and s t a t e  of discharge of the  c e l l .  

e lec t ron ic  current ,  under the potent ia l  d i f ference,  i s  capable of doing work 

as  i n  an e l e c t r i c  motor. The c i r c u i t  i s  completed by i ons  moving in the  

e lec t ro l y te .  

a re  themselves the  electrode s t ruc tu re  t h r o u g h  which e lect rons a re  

conducted. On the  other hand, the  electrode s t ruc tu res  i n  an FC are  n o t  

consumed and are  continuously supplied w i t h  a fuel  (normally gaseous H2) a t  

AG i s  numerically equal t o  -nFE, 

The FC i s  essent ia l l y  a primary bat tery .  

The 

In the  bat tery ,  the fuel ( Z n )  and oxidant (MnOz) a re  so l i ds  and 
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t h e  anode and w i t h  an o x i d a n t  ( n o r m a l l y  a tmospher ic  02) a t  t h e  cathode. 

Anodic o x i d a t i o n  'o f  t h e  H2 and c a t h o d i c  r e d u c t i o n  o f  O2 produce e l e c t r o n s  i n  

t h e  o u t e r  c i r c u i t  and i o n s  i n  t h e  e l e c t r o l y t e .  For  an FC w i t h  an a c i d  

e l e c t r o l y t e ,  e l e c t r o n s  and H i o n s  a r e  produced a t  t h e  anode, and b o t h  

combine w i t h  O2 a t  t h e  cathode t o  form water ,  t h u s  comple t ing  t h e  r e a c t i o n  

and t h e  e l e c t r i c a l  c i r c u i t .  

+ 

For H2 and O2 a t  25OC, AG t o  fo rm H20(e) i s  a s u b s t a n t i a l  f r a c t i o n  

S ince  t h e  f o r m a t i o n  o f  one mole o f  wa te r  i n v o l v e s  two 

o f  t h e  HHV. 

H20(k), r e s p e c t i v e l y .  

e l e c t r o n s  (n=2) v i a  t h e  process  

The q u a n t i t i e s  AG and AH a r e  56.69 and 68.39 kcal /mole f o r  

H, +ZH+ + 2e-, (I/z)o, + ZH+ + 2e- --+ H,O, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L L L 

(6.1-3) 

we can c o n v e r t  these q u a n t i t i e s  i n t o  e l e c t r o n - v o l t s  (1 eV = 23.06 kca l ) ,  

o b t a i n i n g  1.23 and 1.48 V, r e s p e c t i v e l y ,  f o r  AG and AH f o r  t h e  f o r m a t i o n  o f  

H20(t). 
r e v e r s i b l e  FC o p e r a t i n g  under these c o n d i t i o n s  i n  an aqueous e l e c t r o l y t e ,  i t  

would deve lop  1.23 V across  t h e  e l e c t r o d e s  and would produce work i n  t h e  

f o r m  o f  e l e c t r i c i t y  a t  an e f f i c i e n c y  o f  A G h H  o r  83% o f  t h e  HHV o f  HE. 

comparison wi th  thermal  machinery, t h i s  rep resen ts  96% LHV e f f i c i e n c y  f o r  

H2, which  i s  more than  t w i c e  t h e  e f f i c i e n c y  ob ta ined  f o r  t h e  b e s t  hea t  

engine and t h e  p r imary  m o t i v a t i o n  f o r  FC development. 

However, i n  p r a c t i c e ,  FCs do n o t  opera te  under i d e a l  c o n d i t i o n s ,  

j u s t  as h e a t  engines never  show t h e  t h e o r e t i c a l  Carnot  e f f i c i e n c y .  

obv ious  l o s s  i n  an FC r e s u l t s  f rom i t s  i n t e r n a l  ohmic r e s i s t a n c e ,  a l t hough  

t h i s  l o s s  can be min imized by c a r e f u l  des ign .  

FCs a r e  l osses  due t o  t h e  i r r e v e r s i b i l i t y  o r  t i m e  increments r e q u i r e d  f o r  

t h e  e l e c t r o d e  r e a c t i o n s  and t o  concen t ra te  g r a d i e n t s  o f  t h e  r e a c t a n t s  and 

p roduc ts  o f  r e a c t i o n  ( i ons ,  water )  i n  a c e l l  o p e r a t i n g  a t  a u s e f u l  n e t  r a t e .  

These l o s s e s  a r e  a l s o  min imized by c a r e f u l  e l e c t r o d e  des ign.  

A t  temperatures between ambient and - 2 O O O C  i n  a c i d  e l e c t r o l y t e ,  

t h e  H2 e l e c t r o d e  i s  s u f f i c i e n t l y  r a p i d  f o r  p r a c t i c a l  use i f  wel l -des igned 

e l e c t r o d e s  a l l o w i n g  e f f e c t i v e  gas supp ly  and s u i t a b l e  c a t a l y s t s  a r e  used. 

U n f o r t u n a t e l y ,  t h e  O2 e l e c t r o d e  i s  much l e s s  i d e a l ,  even w i t h  t h e  most 

a c t i v e  c a t a l y s t s ;  t h e  l ow  r a t e  o f  mo lecu la r  O2 reduc t i on ,  as compared f o r  

I f  we c o u l d  make a t h e o r e t i c a l l y  p e r f e c t ,  thermodynamical ly  

For  

The most 

O f  g r e a t e r  impor tance i n  most zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 



example with that of the halogens, makes biochemical evolution possible. 

The rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 reduction is typically about 

H2 under similar conditions. 

forward rate normally obey Tafel's law,3 which may be regarded as a 

generalization of the thermodynamics of irreversible processes or processes 

occurring sufTiciently far from equilibrium to neglect the back reaction. 

Tafel's law may be expressed in the form 

times slower than that of 
Electrochemical reactions proceeding at a net 

4 

log i = A + Bn, (6.1-4) 

where A and B are constants for a given process, and n is the overpotential 

(i .e. , the displacement i n  electrical potential of the electrode from the 

equilibrium value E at a net current density i ,  in A/cm ). 

logarithm of the rate of the process at equilibrium (the exchange current), 

which varies i n  a rather complex manner with concentration of reactants 

raised to a normally fractional power, the electrochemical reaction order. 

At a constant potential zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon some independent or reference scale, 

electrochemical reactions obey the usual laws zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  chemical kinetics. For 

example, the rate of the 02-reduction reaction is proportional to the first 

power of the O2 partial pressure (i.e., the reaction is first order), which 

is useful in assessing the effect of pressurization on FC performance. The 

electrochemical reaction order arises from the fact that the equilibrium 

potential varies with reactant partial pressure (P ) ,  corresponding to 

concentration, according to the expression (RT/nF)ln P, where R is the molar 

gas constant and F the Faraday unit. A similar (negative) expression 

applies to reaction products. When the change in equilibrium potential with 

pressure or concentration is combined with the change in equilibrium rate 

from the Tafel equation, the resulting electrochemical reaction order 

becomes a fraction of the normal chemical reaction order. According to this 

simplified theory, the value o f  B in the Tafel equation is given by the 

expression aF/RT, where a normally lies between 0.5 and 1.5, depending on 

the reaction mechanism followed. The theory is given in greater detail in 

Refs. 5 and 6. 

2 A is the 

According to this theory, a should be temperature-independent but, 

for O2 i n  acid electrolyte, it seems to be proportional to the absolute 

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 



temperat~re.~ As a result, the Tafel slope (B) appears to be 

temperature-independent and i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs typical ly equal to about 100 mV/deca.de on 

Pt-catalyzed acid FC electrodes. For O2 reduction i n  basic media, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY lies 

between 1.0 and 1.5, depending on the catalyst used. In alkaline solution, 

the cathodic Tafel slope is therefore lower, and thus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq is also generally 

reduced, since A i n  the Tafel equation is about the same for both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

more detailed overview of electrochemical kinetics is given i n  Ref. 5. For 

the purposes of this overview, it suffices to say that, with the exception 

of a1 kal ine fuel cell s (AFCs) operating at high temperature (-20O-25O0C), 

the slow kinetics of the O2 electrode i n  aqueous solution means that an H2 
FC never operates close to its theoretical standard potential of about 1.23V 

[-1.14 V at ZOOOC, cf. Eq. (6.1-1)], even under open-circuit'(zer0 current) 

conditions. 

cells is typically 0.9-1.0 V, which is a potential at which O2 reduction and 

a parasitic anode process (corrosion of the electrode) have equal rates. 

According to the Arrhenius equation, an increase i n  cell-operating 

temperature increases the net rate and hence the value of A. Thus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArl will 
decrease with temperature. At the same time, however, AG and E decrease 

somewhat with temperature [compare Eq. (6.1-1)], although this thermodynamic 

effect is small compared with the kinetic effect on q. 

the reduced cathodic 9 value, the usual operating voltage of acid cells is 

0.65-0.75 V at practical current densities, whereas AFCs may operate at 

about 0.8 V. 
diffusion (02 concentration gradients), and Tafel's law is obeyed. 

reversible potential with properly chosen catalysts. Catalytic poisons 

reduce actually achieved potentials. 

operating on pure H2 will be about 0.8/1.28 or 62.5% based on the LHV of H2 
consumed in the cell. For acid cells, the efficiency will be less because 

of their lower voltage. The operating potential given for acid cells 

corresponds to operation on an H2/C02 mixture produced by steam-reforming a 

practical fuel such as natural gas (NG), followed by water-gas shifting to 

reduce CO to low levels. While the acid cell will run advantageously on 

pure H2 (with a performance gain of about 20 mV), in practical terms use of 

The O2 electrode rest potential for these aqueous electrolyte 

9 

As a consequence of 

In both cases, correctly designed cathodes are not affected by 

As already discussed, H2 electrodes operate close to their 

The maximum efficiency of AFCs 

http://mV/deca.de


. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the unseparated H2/C02 mixture is more effective, since the system is 

simplified. 

Since the AFC is not C02-rejecting and carbonate formation i n  its 

electrolyte reduces performance, it must be fed with pure H2 separated from 

the H2/C02 fuel gas. 

electrical efficiency with methane. This loss is compensated, to some 

extent, by the fact that all of the pure H2 supplied can be consumed in the 

AFC, whereas the H2/C02 fuel for acid cells becomes progressively more 

dilute as H2 is consumed. 

85% of total H2, but the tail gas can be used (instead of NG) to provide 

heat for endothermic reforming. Finally, practical AFCs are limited to 

operation at 8OoC by materials constraints, whereas acid cells with 

phosphoric acid electrolyte (PAFCs) can operate at 200OC. 

PAFCs can then be used to provide steam for reforming, which leads to an 

overall system efficiency advantage with practical fuels such as NG. High 

temperature cells are even more advantageous, since their waste heat can 

also be used to provide enthalpy for reforming. 

efficiency of about 98.5% using a solid-state inverter. 

LHV efficiency for the PAFC system is 46.5% and thus equal to the best large 

combined cycles. 

yield LHV efficiencies of 60% or more on NG. 

Historically, the first gaseous voltaic battery demonstrating the principle 

of the FC was described by Sir William Grove i n  1839-42. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo 

acid electrolyte. The first cell of practical importance was an AFC. Acid 

electrolyte cells, molten salt electrolyte cells, and solid oxide cells will 
be briefly reviewed, with emphasis on current developments. For historical 

developments of FC types, readers are referred to Ref. 11. 

This separation requires work and reduces overall 

This fact limits practical utilization to about 

The waste heat of 

DC power from the FC is converted to grid-quality AC at an 

The overall NG-AC 

In the future, molten carbonate fuel cells (MCFCs) may 

A useful way to classify FCs is by electrolyte type. 

It used sulfuric 

6.1-3. Alkaline Fuel Cells (AFCs) 

It was soon realized that it might be easier to make an effective 

aqueous FC using a caustic electrolyte rather than acid. 

this is the much broader choice of materials available for the less 

The reason for 



aggressive alkaline solutions, even at the high positive potential of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 

electrode. This advantage is shown by Pourbaix's compilation of 

thermodynamic data for elements i n  the presence of water as a function of 

potenti a1 and pH. The Pourbaix diagrams represent the thermodynamic 

stability of materials but do not show what is theoretically unstable or 

quasi-stable in practice because of very slow corrosion kinetics. 

only the noble metals and the oxides of Ta and Nb are stable at the O2 

cathode. In alkaline solution, many metal oxides are stable, and many 

metals can be used as construction materials, since they form protec:tive 

passive oxide films. 

be oxidized i n  both acid and alkaline solutions at the O2 cathode. This 

process is, however, extremely slow, and graphite was used as the basis of 

the first effective AFC electrodes i n  a small non-optimized cell by Tobler 

i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1933.13 His electrodes operated at low temperature and at low current 

density (7.5 mA/cm ) and used graphite impregnated with catalysts arid the 

concept of controlled wetting to make the catalytic electrolyte-gas 

interface as large as possible, so that the highest current density at a 

given over potential could be achieved. He did this by impregnating the 

electrode with water-repellent paraffin, so that it consisted of a 

partially-wetted electrolyte side and a dry gas side, with a very large area 

containing microscopic wetted and unwetted pores inside. 

the gas-electrolyte-catalyst interface in the three-phase boundary electrode 

has since proved to be the key to effective FC performance. 

time as Tobler's 1933 work. 

use commonly available construction materials and avoid costly catalysts; 

second, increase reaction rates at constant cell potential by employing high 

pressures and temperatures. 

1960s, used nickel components, 40 wt% KOH electrolyte at 200°C, and pure H2 
and O2 at pressures up to 40-45 atm. 

available for use at 200°C, Bacon depended on sintered nickel powder 

electrodes for capillarity to maintain the correct three-phase boundary. 

His electrodes consisted of two layers, one of sintered fine-pore nickel 

(4-5 p particle size, 16 p pore diameter) i n  contact with the electrolyte 

and totally wetted by it, with a layer of similar particle diameter but 32 p 

In acid, 

According to thermodynamics, carbon or graphite should 

2 

Maximization of 

Bacon's contribution to AFC technology started at about the same 

first, His approach was that of an engineer: 

Bacon , whose work'' extended into the early 

Since no wet-proofing agent was 



average pore diameter facing the gaseous reactants .  

was kept open by control of the  gas and e lec t ro l y te  pressures t o  give 

maximum act ive area. 

cont ro l .  The resu l t s  obtained were very good, about 800 mA/cm a t  0.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, 

and may be a t t r i bu ted  t o  the use of high temperature and pressures. 

United Technologies Corporation (UTC) fo r  use aboard the  Apollo service 

module t o  provide e l e c t r i c  power and potable water (PC3A-2 u n i t s ) .  

reduce weight, they lowered the  c e l l  pressure b u t  maintained a h i g h  

performance by increasing the system temperature t o  260°C, which required 

the  use of 75 w t %  KOH t o  avoid boi l ing of the e lec t ro ly te .  

boundary was maintained by the  use of a gas pressure of 0.7 kg/cm 

e lec t ro l y te  pressure (3.5 kg/cm ) . 
were mai ntai  ned using a c l  osed-1 oop H2 reci  rcul a t ion system. l5 The Apol 1 o 

system used three 110 kg modules, designated PC3A-2, each 57 cm i n  diameter 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA112 cm h i g h .  Each del ivered 1.42 kW a t  27-31 V, with an average mission 

power requirement of 0.6 kW. 

s intered cathode s t ruc tu re ,  which consisted of chemically l i t h i a t e d  N i O  

under the  condit ions of ce l l  operation, and design l i f e  was only about 

500 hr. 
program. 

A l i gh te r  and much higher performance AFC system ( the  PC-17C) was 

developed by UTC f o r  the  Space-Shuttle. 

un i ts  i s  35 cm h i g h ,  38 cm wide and 101 cm long. Original u n i t s  had a peak 

power of 12 kW a t  a weight of 91 kg, so t h a t  the  power densi ty i s  ten times 

t h a t  of the Apollo u n i t .  

than the  PC3A-2 un i t ,  which allows a serv ice l i f e  of 2000 h r .  

performance i s  obtained by use of e lect rodes of the same general type a s  

those developed f o r  various acid appl icat ions.  

Tobler 's  using a wet-proofing agent t o  maintain the  three-phase boundary. 

However, l i k e  a l l  modern wet-proofed e lect rodes,  the  most s tab le  and 

hydrophobic of organic waxes, polytetraf luorethylene (Teflon ), are  

employed. For high performance, the  ca ta l ys ts  a re  pure noble metals. The 

anode cons is ts  of 10 mg/cm of metal black (80% P t ,  20% Pd); the  cathode has 

20 mg/cm (90% Au,  10% P t ) .  The c e l l  y i e lds  0.5 A/cm a t  0.9 V f o r  a 

The coarse-pore layer  

The e lec t ro l y te  was c i rcu la ted  f o r  temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

The Bacon c e l l  was modified a t  the Pra t t  & Whitney Div is ion of 

To 

The three-phase 
2 above the  

2 Heat .removal and water-vapor control 

Module l i f e  was l imi ted by corrosion of the 

No fu r ther  PC3A-2 un i ts  were made a f t e r  termination of the  Apollo 

Each of the  th ree  Space-Shuttle 

The system operates a t  lower temperature (82-89OC) 

The high 

They are  descendents of 

a 

2 

2 2 



reac tan t  gas pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  only 4-4.4 atm. 

supplied from the  cryogenic fuel supply of the Space-Shuttle. The system 

uses e lec t ro l y te  immobilized i n  a asbestos matrix and i s  of b ipo lar  

( f i l t e r - p r e s s )  construct ion t o  g i v e  very low i n te rce l l  IR drop and uriiforrn 

current  densi ty .  Gold-plated magnesium b ipo lar  conduction p la tes  arc? used 

between c e l l s .  Cooling i s  by a d i e l e c t r i c  l iqu id ,  and water removal i s  by 

evaporation, w i t h  condensation i n  the  H2 feedback loop. 

l i k e  other  FCs on the  f r e e  energy of conversion of H2 t o  water vapor, and 

i t s  ef f i c iency  should there fore  be expressed i n  LHV terms. The system i s  

described i n  Ref. 16. 

The pure H2 and O2 reactants  a re  

The system operates 

During the 1960s and 1 9 7 0 ~ ~  a number of small AFC un i ts  were 

developed, o f ten u s i n g  exot ic  f ue l s  such a s  hydrazine f o r  special ized 

appl icat ions.  11y15 A t  t h a t  t ime, research was conducted on AFCs i n  Eirope zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 and elsewhere because of the a b i l i t y  t o  u t i l i z e  inexpensive mater ia ls.  

Another p rac t ica l  a t t r a c t i o n  i s  the cathode react ion,  w h i c h  often occ:urs v ia  

a rapid two-electron zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 reduction process t o  peroxide ion,  followed by 

chemical d isproport ional  of peroxide t o  H20 and 0 2 ,  w h i c h  i s  f u r the r  reduced 

t o  peroxide i n  a cyc l i c  process a s  fol lows: 

o2 + H ~ O  + 2e- --+ O ~ H -  + OH-, (6.1.-4) 

02H- - ( 1/2)02 + OH-. (6.1-5) 

T h i s  cycle sequence allows the use of a wide range of inexpensive ca ta l ys ts ,  

including ac t i ve  carbons, a t  re la t i ve l y  low temperatures. I t  was of ten f e l t  

t h a t  only AFCs would f i nd  wide appl icat ion,  s ince ac id c e l l s  appeared t o  

require cos t l y  construct ion mater ia ls  and noble-metal ca ta l ys ts .  As already 

noted, however, AFCs have the  g rea t  disadvantage t h a t  the  e lec t ro l y tes  do 

not reject  C O Z Y  and hence a l l  common fuels m u s t  be converted t o  pure H2 

before introduct ion i n t o  the c e l l  anode. Furthermore, a i r  would normally 

have t o  be scrubbed t o  remove C02 before use a t  the  cel l  cathode. 

of C02 from steam-reformed hydrocarbons requi res s ign i f i can t  amounts of 

energy, and fuel  i s  required t o  r a i s e  steam f o r  reforming and f o r  the 

endothermic reforming process i t s e l f  i f  no waste heat i s  avai lab le.  

AFCs using inexpensive mater ia ls  wi l l  not operate s a t i s f a c t o r i l y  a t  

Removal 

Since 
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temperatures higher than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8OoC, fuel must be burnt to provide the 50% excess 

of steam required for efficient reforming. 

of the LHV of methane or light distillate fuel. 

temperatures up to 200°C using cheap materials (graphite), their waste heat 

may be used to raise steam, and they do not require C02 removal from the 

fuel stream. In consequence, interest in the AFC using reformed hydrocarbon 

fuels has waned i n  recent years. 

applications using pure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHi (aerospace , deep-sea, emergency power requiring 

instant start-up) and may i n  the future find large-scale use when H2 will be 

available in quantity (e.g., in chlorine plants today and in the future H2 
economy). 

using hydroelectric or off-peak nuclear power and eventually solar energy. 

Very simple, cheap AFCs with about $50/kW of active area not including 

catalysts should have about the same cost and are being examined for 

industrial chlorine-plant application;” they may find future use for 

transportation using fossil or non-fossil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHZ or cracked ammonia2’ as fuel. 

Their wide application is not limited by the availability of noble-metal 

catalysts, as is the PAFC. 

This energy represents about 15% 

PAFCs now operate at 

They are now used in specialized 

In the H 2  economy, H 2  will be produced by water electrolysis 

18 

6.1-4. Acid Fuel Cells 

There are presently two types of acid fuel cells: those with 

liquid electrolytes and those with an acid solid polymer ion-exchange 

membrane as the electrolyte (solid polymer electrolyte or SPE cells). 

far the most important are the liquid electrolyte cells using phosphoric 

acid (PAFCs), since they are likely to find wide application for the 

dispersed generation of electricity. 

and 16. The first SPE system was developed by the General Electric Co. for 

the Gemini capsule. It used high Pt loadings, operated at ambient 

temperature, and used polystyrene sulfonic acid as electrolyte. Typical 
2 current densities were about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37 mA/cm . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA new polymer, Nafion (a 

sulfonated polyfluoroolefin) then became available, allowing operation at 

temperatures up to about 90°C and giving a system which could be used at 

very high current density (up to 1 A/cm ) under pressure conditions, even at 

high differential pressures. The SPE has the advantage of a totally 

By 

SPE cells are described in Refs. 15 

2 



immobi l i zed  semi -so l id  e l e c t r o l y t e ,  t h e r e b y  r e d u c i n g  system m a t e r i a l s  

problems. I t s  main d isadvantages a r e  t h e  need f o r  h i g h  P t  l oad ings ,  s i n c e  

t h e  catalyst-membrane i n t e r f a c e  i s  l i n e a r  r a t h e r  than three-demins ional  as 

i n  a convent iona l  three-phase-boundry e l e c t r o d e ,  and t h e  h i g h  c o s t  o f  t h e  
2 membrane ($400/m ). 

non-conduct ive a t  temperatures above 100°C ( t h i s  i s  a p p a r e n t l y  t r u e  o f  a l l  

f l u o r i n a t e d  s u l f o n i c  a c i d s ) .  Thus, l i k e  t h e  AFC, i t  cannot  be used t o  r a i s e  

steam f o r  r e f o r m i n g .  

I n  a d d i t i o n ,  t h e  membrane d r i e s  o u t  and becomes 

Since a c i d  c e l l s  a r e  C02-re ject ing,  t h e y  can t h e o r e t i c a l l y  be 

employed t o  o x i d i z e  carbonaceous compounds d i r e c t l y .  The l i q u i d  e l e c t r o l y t e  

c e l l  grew o u t  o f  a t tempts  t o  make a d i r e c t  hydrocarbon f u e l  c e l l  i n  t h e  l a t e  

1950s. 

Development Center." 

slow, even compared t o  O2 r e d u c t i o n ,  v e r y  h i g h  c a t a l y s t  loadings 

(20-40 mg/cm 

mA/crn2 i n  5N s u l f u r i c  a c i d  a t  t h e  maximum o p e r a t i n g  temperature o f  about  

8 O O C ;  t h e  a c i d  i s  reduced by H2 a t  h i g h e r  temperatures.  The o n l y  common 

i n o r g a n i c  a c i d  s t a b l e  a t  h i g h  temperatures i s  phosphor ic  a c i d  and was 

t h e r e f o r e  t r i e d  as an e l e c t r o l y t e .  

poor,  and t h e  concept  w.as abandoned as n o t  c o s t - e f f e c t i v e .  

c o s t  a lone was $(1984)15,00O/kW. 

I n  1967, t h e  American Gas A s s o c i a t i o n  s t a r t e d  t h e  TARGET program 

t o  develop smal l  12.5-kW FC genera tors  i n t e n d e d  t o  supply  b o t h  e l e c t r i c i t y  

and domest ic  heat- f rom NG i n  a co-generat ion mode t o  i n d i v i d u a l  households. 

It occur red  t o  workers a t  UTC ( t h e  pr ime c o n t r a c t o r )  t h a t  a PAFC o p e r a t i n g  

a t  temperatures o f  15OOC o r  above would be capable o f  u s i n g  t h e  dirt,y (i .e. , 
CO-containing) H2/C02 m i x t u r e  produced by steam-reforming o f  NG, s i r ice 

p o i s o n i n g  o f  t h e  H2 e l e c t r o d e  by CO i s  min imal  above t h i s  temperature.  

a d d i t i o n ,  t h e  h i g h  PAFC o p e r a t i n g  temperature would a l l o w  steam t o  be r a i s e d  

f o r  re fo rming ,  t h u s  y i e l d i n g  and i n t e g r a t e d  h i g h  e f f i c i e n c y  system. The 

p r i n c i p a l  problems were economic: c a t a l y s t  requi rements,  s t a c k - c o n s t r u c t i o n  

m a t e r i a l s ,  and whether t h e  chemical  e n g i n e e r i n g  system i n  a 12.5-kW u n i t  

would p rove t o  be p r a c t i c a l .  

shown t o  be a s a t i s f a c t o r y  c e l l - c o n s t r u c t i o n  m a t e r i a l ,  w i t h  an e x c e p t i o n a l l y  

Most o f  t h i s  work t o o k  p l a c e  a t  t h e  General E l e c t r i c  Research and 

S ince  t h e  hydrocarbon o x i d a t i o n  r e a c t i o n  i s  v e r y  

2 o f  P t  o r  i t s  a l l o y s )  were r e q u i r e d  t o  o b t a i n  r a t e s  o f  a few 

Even a t  15OoC, r a t e s  o f  r e a c t i o n  were 

The P t  c a t a l y s t  

I n  

The major  b reak through o c c u r r e d  i n  1968-69, when g r a p h i t e  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 



low corrosion rate even at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 cathode at 200°C.21 Work conducted since 

about 1970 showed how it was possible to increase the effective surface area 

of pure Pt (compared with that of the pure Pt black previously used) by more 

than a factor of 5 by depositing it on a conductive support 

(high-surface-area carbon black). 

structures a.11owed higher catalyst utilization: 

on a high-surface-area carbon carrier was shown to be as active as the 

20 mg/cmz Cell performance in the. early 1970s 

was less than 0.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV at 150mA/cm 

of the program was later changed to include larger units for which operation 

under pressure would prove to be economical. 

resulting PAFC system existed i n  two versions: 

atmospheric-pressure design fueled by reformed NG and intended for 

gas-utility on-site use (the PC-18, an up-dated version of the original 

TARGET PC-11) and a 4.5-MW (AC), 3.4-atm unit intended as an electric 

utility prototype. Experimental 4.5-MW units were constructed in New York 

and at Goi on Tokyo Bay. The latter ran successfully for the first time in 
April 1983. 

various gas utilities for testing and are presently (1985) operating 

successfully. 

technology," in which a fibrous, graphite-ribbed electrode substrate allows 

for the distribution of gaseous reactants and can also serve as an 

electrolyte reservoir. In this way, sufficient phosphoric acid can be 

stored in the cell to allow for gradual evaporation over a 40,000-hr 

lifetime. Each of the ribbed substrates is about 2 mm thick. They are 

arranged i n  a crossflow configuration in contact with a solid graphite 

bipolar plate 1.2mm thick. The teflon-bonded catalyst layers are applied to 

the inner flat faces of each ribbed substrate, and these in turn contact the 

silicon carbide matrix (about 0.5 mm thick) containing the electrolyte. The 

matrix is bonded with about 10 wt% teflon and is still satisfactorily wetted 

by electrolyte. On the other hand, the hydrophobic electrodes contain about 

40 wt% of teflon. 

plates for every five cells, and the produced steam is fed to the reformer. 

The on-site unit was designed to develop 0.65 V/cell at end-of-life at 

Improvements in teflon-bonded electrode 

of Pt at 10 wt% 2 O.5mg/cm 

pure Pt of older electrodes. 
2 i n  atmospheric-pressure cells. The scope 

In the late 1970s, the 

a 40-kW, 

About fifty 40-kW on-site co-generation units were ordered by 

All UTC PAFC stacks now use the ribbed-substrate stack 

The stacks are cooled by pressurized water i n  cooler 



2 2 140mA/cm ( f o r  the l a t e r  200 kW-units, t h i s  wi l l  be about 200 mA/cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

4.8-MW (3.4-atm) u n i t  ran a t  the same voltage b u t  a t  270 mA/cmL. 

heat- ra te of the l a t t e r  was about 8,650 Btu/kWh LHB on naphtha o r  NG (39.5% 

LHV ef f i c iency) .  Cell s i n  the  former system were 0.20 m i n  a rea ;  those o f  

t he  l a t t e r ,  0.34 m . 

The LHV 

2 

2 

In 1985, UTC began t o  develop a 200 kW version of the on-si te 
2 u n i t ,  u s i n g  0.34 m components, f o r  GRI. In ternat ional  Fuel Cel ls  (IFC), a 

UTC-Toshiba j o i n t  venture, wi l l  produce an e l e c t r i c  u t i l i t y  u n i t  ra ted a t  

11 MWZ3 and u s i n g  0.98 m T h i s  u n i t  wi l l  operate a t  

8.2 atm, allowing 0.73 V/cell a t  216 mA/cm . T h i s  la rge PAFC uses 0.25 

1 oadi ng a t  the cathode on a corrosi  on-resi s t a n t  , t rea ted  carbon black 

support.  The fuel-processing system wi l l  be a s impl i f ied version of t h a t  

used i n  the  4.8-MW demonstrator; the  higher pressure and higher ce l l  voltage 

increase power t o  11 MW. LHV system e f f i c iency  wi l l  be 46% or  be t te r .  T h i s  

u n i t  wi l l  be of fered t o  u t i l i t i e s  s t a r t i n g  i n  1986. 

Engelhard Indust r ies and Energy Research Corporation (ERC). 

concentrat ing on small ac id  u n i t s  f o r  special  appl icat ions.  ERC uses an 

air-cooled stack technology, which has been l icensed t o  Westinghouse i n  the  

U . S .  and t o  Sanyo i n  Japan. 

a i  r-cool ed PAFC t o  e l e c t r i c  u t i  1 i t i e s ,  w h i c h  w i  11 use small rectangul a r  
2 c e l l s ,  each about 0.14 m 

passing through cooling p la tes  i n  the stacks t o  a centra l  plenum. Steam 

wi l l  be raised f o r  reforming u s i n g  a heat exchanger. The system wi l l  
2 operate a t  190°C and 4.8 atm, g i v i n g  0.68 V/cell a t  250 mA/cm . The ce l l  

vo l tage i s  50 mV lower than t h a t  of the IFC u n i t ,  b u t  the system heat-rate 

w i l l  be the same a s  the r e s u l t  of an improved heat-recovery cycle in the 

turbocompressor. 

p l a t e  construct ion,  which do not have an e lec t ro l y te  reservo i r  and require 

an acid-replenishment system. 

Ref. 24. Final ly,  a s e r i e s  of e l e c t r i c  u t i l i t y  PAFCs, inspired by UTC's 
pressur ized stack technology, a re  under development a t  Toshiba, Hi tachi ,  

F u j i  Elec t r i c ,  and Mitsubishi E lec t r i c  i n  Japan, w i t h  pa r t i a l  funding from 

2 s tack components. 
2 

mg/cm2 of P t  a t  the anode and a propr ie tary  P t  a l loy  w i t h  about 0.5 mg/cm 2 

Other U.S. corporat ions involved i n  acid FC development a re  

Both a re  

Westinghouse plans t o  o f fe r  a 7.5-MW, 

i n  area,  i n  a cruci-form arrangement cooled by a i r  

The Westinghouse system uses stacks of ribbed bipolar 

Further d e t a i l s  of the design a re  given i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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the Japanese government. 

demonstrators fo r  operation in 1986. 

s l i gh t l y  improved by fu ture modif icat ions t o  turbocompressors and other 

system components, b u t  any major increase can only be brought about by 

increasing c e l l  potent ia l .  

theore t ica l  l i m i t  of small p a r t i c l e  s i ze ,  and i t  i s  unl ikely t h a t  a fu r ther  

increase i n  performance wi l l  be obtained unless more act ive  s tab le  ca ta l ys ts  

can be developed. Another possible approach i s  t o  improve electrode 

s t ruc tu re ,  so t h a t  higher ca ta l ys t  loadings can be used e f fec t i ve ly .  

use of higher temperatures and pressures w i l l  a lso  y ie ld  higher cathode 

po ten t i a l s ,  b u t  t h i s  combination of physical fac to rs  wi l l  r e s u l t  i n  

increased cathode-support corrosion and shor te r  c e l l  l i f e ,  which may be 

improved by the  use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  new support mater ia ls .  The upper l im i t s  of 

temperature and pressure wi l l  f i n a l l y  be d i c ta ted  by the  r a t e  of 

surface-area 1 oss  of the  ca ta l ys t  by d i  sol  ut ion/recrystal  1 i za t i  on. 

l im i t  f o r  cathode potent ia l  of 0.8 V may possibly be achieved and will 

r e s u l t  i n  a maximum PAFC ( L H V )  system ef f ic iency of about 52% 

(6,600 Btu/kWh). Final ly,  the  PAFC can a lso  be used w i t h  a low-sulfur 

medium- o r  low- B t u  gas from a coal g a s i f i e r .  

Their present aim i s  t o  const ruct  two 1-MW 

While PAFC-system LHV ef f ic iency i s  current ly  46-47%, i t  may be 

Presently-used ca ta l ys ts  a re  c lose t o  the  

The 

An upper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6.1-5. Mol ten Carbonate Fuel Cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs (MCFCs) . 

Molten carbonate fuel c e l l s  i n  their  present form have been 

examined since the 1950s." The e lec t ro l y te  (usual ly  between 70 w t %  Li2C03, 

30 w t %  K2C03 and 50 wt% Li2C03, 50 w t %  K2C03) i s  i n t r i n s i c a l l y  

C02-rejecting. A t  the high operating temperature of the  ce l l  (600-650°C), 

the O2 electrode process i s  much more nearly revers ib le  than i n  acid 

e lec t ro l y tes  a t  200OC. Even a t  atmospheric pressure,  the  c e l l  w i l l  function 

well a t  reactant  concentrat ions which would cause large losses a s  the  r e s u l t  

of d i f fus ional  gradients a t  200°C, despi te  the  re la t i ve l y  low ac t ive  area o f  

MCFC elect rodes,  which r e s u l t s  from s in te r ing  and other mater ia ls 

cons t ra in ts  a t  the high ce l l  operating temperatures. 

pa ras i t i c  losses in the ce l l  a re  low, th is  advantage i s  p a r t i a l l y  o f f s i t e  by 

the  thermodynamic change of open-circuit  potent ia l  w i t h  temperature [see Eq. 

While the  k ine t ic  and 
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(6.1-l)], which amounts to about 215 mkbetween 25 and 650OC. However, the 

gain i n  overall system efficiency justifies the high operating temperature. 

While HC fuels have measurable oxidation rates i n  the cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, their direct use 

leads to cracking, which can be prevented by steam injection. This fact 

suggests the possibility of reforming fuels such as NG internally by using 

cell waste heat. 

The MCFC anode consists of an Ni sinter containing sintering 

The structure is often ribbed to provide gas passages. inhibitors. 

anode generally incorporates a fine pore layer or bubble barrier to prevent 

gas crossover under differential pressure conditions. The inner side of the 

anode contacts a relatively fine pore matrix consisting of lithium aluminate 

containing the molten electrolyte. The cell has a porous cathode (currently 

Li-doped NiO) and a metal bipolar plate; a current collector is located 

between cells. The bipolar plate consists of 316 stainless steel on the 

cathode side and clad with Ni on the anode side. 

used: 

tension resulting from matched pore-size distributions. 

The 

No wet-proofing agents are 

the electrolyte three-phase-boundaries are maintained by surface 

MCFCs are being developed at UTC, ERC and IGT, under DOE and EPRI 
sponsorship. 

modular dispersed internal-reforming NG units (IR MCFCs) with 5,800 Btu/kWh 

or better LHV heat-rate (59% or more LHV efficiency) using clean fossil 

fuelsz5 and as units integrated with coal gasifiers with bottoming cycles 

for central stations with 6,500 Btu/kWh coal-AC heat rate. 26 

emissions will be very l ow,  even less than for the PAFC, with about 

1 ppmv NOx and 0 ppmv S (PAFC emmissions are 0 ppmv S, 3-17 ppmv NOx). 

standards for combustion turbines are currently 75 ppmv. 

not only the steam for NG reforming but also the reaction heat. 

separate reformer is not needed, and all fuel-processing operations (except 

desulfurization) can be carried out in the anode compartment if a suitable 

steam-reforming catalyst is present. From the systems viewpoint, the cell 

behaves as if it used NG directly as fuel, and it is therefore much more 

efficient and simpler than a PAFC unit fueled by NG. 

1.04 V, 100% utilization at a cell voltage of 0.73 V would yield an overall 

LHV efficiency of 0.73/1.04 or 70%. 

The system is expected to have two utility applications: as 

In both cases, 

NSPS 

The MCFC has a sufficiently high operating temperature to siJpply 

Thus, a 

Since NG has an LHV of 

In a practical system, the major energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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loss i s  t h a t  f o r  t rans fer r ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACog from the  depleted anode stream t o  the  

cathode as  required by the stoichiometry of the  react ions i n  the  MCFC: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- - 

HE + C03 - H20 + C02 + 2e- (apode) , (6.1-6) 

- - 
(1/2)02 + cog + 2e- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAco3 (cathode) . (6.1-7) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

These chemical mechanisms require a Cog-transfer device. 

enrich i t  i n  another i n  a su f f i c i en t l y  energy-ef f ic ient  manner does n o t  

e x i s t  a t  present,  and the t rans fe r  i s  therefore accomplished by burn ing  t he  

depleted c e l l  anode stream and condensing the water t o  obtain a mixture of 

N, and C02. 

provide the cathode reactant .  

a d i l u t e  reactant  gas mixture ( typ ica l l y  about 7.5% 02, 15% CO,), and 

recycle wi l l  be used on both the  anode and cathode s ides  t o  keep reactant  

concentrat ions a t  as high e f fec t i ve  values as  possible t o  minimize 

polar izat ion losses.  

kept a t  85% o r  b e t t e r ,  w i t h  a minimum t o t a l  LHV ef f ic iency of 60% on NG 

f ue l .  

w i l l  reduce t h i s  value by about 3%. The overal l  IR MCFC ef f ic iency i s  much 

higher than t h a t  of a PAFC u n i t ,  which i s  l imi ted t o  47% LHV ef f ic iency a t  

the  same c e l l  potent ia l  (0.73 V) because i t  requi res external fuel 

processing. 

a PAFC and i t  should therefore be l e s s  cos t ly .  

c lass  have been studied.25 The basel ine system used h o t  recycle of the  fuel 

and oxidant gas streams, operated a t  atmospheric pressure,  and required only 

one heat exchanger w i t h  a t o t a l  area of 3.5 m . Other systems were more 

complex var iants  of the basel ine un i t ;  some incorporated pressur izat ion.  To 

the  extent poss ib le ,  off-the-shelf components were used i n  the  evaluat ion;  

t he  only exception was the high-temperature blower f o r  the basel ine system. 

losses were estimated t o  be 5% of ra ted o u t p u t ;  more reasonable values are  

98.5% and 4%, respect ively.  The ce l l  po ten t ia ls  were estimated by u s i n g  a 

An energy-ef f ic ient  process t o  deplete CO, from one gas stream and 

T h i s  mixture i s  then added t o  a i r  i n  the  cor rec t  amount t o  

The presence of excess N2 inev i tab ly  leads t o  

The anode-gas u t i l i z a t i o n  i n  the  c e l l  can probably be 

Paras i t i c  losses fo r  energy used i n  pumping and i n  the DC-AC i nver te r  

The IR MCFC i s  a lso  much simpler from a systems viewpoint than 

Eff ic iency,  cost  and systems aspects of an IR MCFC i n  the 2-MW 

2 

An i nver te r  e f f ic iency of 97% was assumed, and pa ras i t i c  power 
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simple model for the dependence of polarization on reactant pressures. 

HHV efficiencies were calculated, the more complex systems showed little 

improvement over the baseline system, which had an estimated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.705 V/cell at 

200 mA/cm with 80% fuel utilization at 659OC average temperature, giving 

46% HHV efficiency (51% LHV). 
average current density, the same system should give 0.73 V/cell, 

corresponding to 52% HHV efficiency (58% LHV). 
confirmed using an extensive computer analysis of internal-reforming cells, 

provided that thin, low-resistance electrolyte layers and high-performance 

off-eutectic electrolytes are used. 

When zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

At 90% fuel utilization and 160 mA/cm2 

This figure has been 

27 

This study shows that improved, simple, dispersed MCFCs with 60% 

(LHV) system efficiencies are possible if development problems can be 

solved. 

engineering systems than PAFCs. Assuming stack costs of $200/kW of active 

area ($20/kg, compared with average material costs of $7/kg), plant costs of 

$800/kW uninstalled, with non-automated assembly, were estimated for 

breadboard units based on 40-kW stacks. The use of larger, better optimized 

stacks should reduce the cost of mature units by more than a factor of 2 .  

Higher efficiencies (to 65% LHV) may be obtained if higher capital 

The units should have simpler, smaller and more efficient chemical 

25 

costs can be justified (more complex systems with bottoming cycles and 

C02-transfer devices when developed). 

the value of the MCFC to electric utilities. Eventually, MCFCs can be 

anticipated in pressurized coal-fired central stations, using 02-b.lown 

gasifiers and bottoming cycles. Such stations will have a coal-AC heat-rate 

of about 6,800 Btu/kWhP6 or 50% efficiency. 

have essentially zero emissions. 

Though IRMC single cells have been run successfully, they zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdo not 

show the effect of the electrolyte-management problems on performance that 

are characteristic of stacks. Recent (1984-85), non-internal-reforming, 

pressurized 20-cell, 9.3-cm stacks developed at UTC have shown excellent 

performance with very little dispersion between cells over 1000-2000 hr, 
when end cells started to flood at the negative end of the stack, and 

electrolyte loss occurred at the positive end. This transfer is caused by 

osmotic pumping up the manifold gaskets, particularly at the cathode. The 

electrolyte migration results from transfer o f  carbonate from the anode of 

Dispersed NG-fueled units will prove 

As remarked earlier, they will 
26 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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each cell to the outside of the wet-seal by reduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof depleted cathode 

gas (surrounding the stack) on the outside of the anode hardware. 

reduction of anode gas takes place i n  the cell to complete the ionic 

circuit. 

cell-edge and manifold seals and stack design but cannot be totally 

eliminated. Only the electrolyte content o f  the final five cells at each 

end of the stack appears to be affected. 

important in large stacks that have greater electrolyte inventories per unit 

of edge-seal length. Practical stacks may have to be designed with suitable 

Parasitic 

This electrolyte transfer can be reduced by careful design of 

Hence, transfer will be less 

reservoirs at each end, so that controlled osmotic pumping can be used to 

maintain correct inventory and electrolyte composition throughout. 

anode creep, corrosion of the cathode-current collector and contamination of 

the reforming catalyst. With the possible exception of cathode dissolution, 

they can all be handled with materials that are now available. 

Dispersion-hardened Ni anodes largely eliminate creep. Formation o f  lithium 

ferrite on the 316 stainless steel cathode current collector will lead to 

films of about 4 mils (0 .1  mm) thickness after 40,000 hr and will not be 

life-limiting. The metal edge-seal areas i n  contact with anode and cathode 

gases are effectively protected from corrosion by aluminizing. 

electrolyte loss (e.g., by evaporation) can be made up using electroosmotic 

transfer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup the cell stack. 

cathode material was first discovered by UTC in cells with then new, thin 

tape-cast electrolyte layers under high pressure (high partial pressures of 

Materials problems presently include slow cathode dissolution, 

Finally, any 

The slow dissolution and reprecipitation of the Li-doped NiO 

). Investigations, have shown that the Ni2+ solubility depends pco2 

c02 
inversely on melt oxide-ion concentration, which accounts for the P 

dependence. 

where it precipitates and can eventually short-circuit the cell. 

effects of dissolution are seen earlier in life with thin, low-resistance 

electrolytes-, especially under high-pressure operation, and resulting 

lifetimes may not be acceptable unless improvements become possible. 

include slowing NiO dissolution by chemical modification of the electrode 

and/or electrolyte or by the use of cells at low P 

temperature (average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA625OC). 

The Ni diffuses down its concentration gradient to the anode, 

The 

These 

and reduced operating 
c02 



Other conducting oxides are being examined as substitutes for NiO. 

Many materials, for example, p-type perovskites, have been shown to be 

unstable. Ideally, any substitute should not have a component which can 

precipitate as metal under anode conditions. 

cell-corrosion products, e.g., lithium ferrite. Workers at ANL have 

examined this compound using Mnz+ as dopant, together with Mgz+ -doped 

lithium manganite. Results have not been reproducible. 

cost-effective IRMC fuel cell stack. This must take into account materials 

and electrolyte-management problems, plus pressure requirements for 

electrical contact, cell-edge resiliance, sealing, creep, and the location 

of the anode-reforming catalyst. 

support but must be protected from excessive wetting by carbonate. 

purpose, a non-wetting anode of the cermet type developed at GE may be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

possible direction, since pure Ni is not wetted by molten carbonate. 

Another approach is the use of a fine-pore Ni protective layer to retain 

carbonate by surface tension, which could also serve as the bubble-barrier 

to prevent gas cross-over if micro-cracking of the electrolyte layer occurs 

after a thermal cycle. Destructive cracking of the cell is now prevented by 

the use of coarse-particle crack-arresters in the electrolyte. 

the progress made over the last zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 years. 

requirements for a cost-effective IRMC stack are being actively pursued by 

ERC and IGT. A prototype stack is planned for about 1988 and an internal 

reforming FC may be available by 1995. 

The best candidates would be 

Many practical problems are involved in the design of a 

The latter is on a carbonate-resistant 

For this 

The rapid development of cell stack technology is indicative of 

The component design and assembly 

6.1-6. Solid Oxide Fuel Cells (SOFCs) 

Some doped inorganic oxides show oxide zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(O=)  ion conductivity at 

high temperature (- 1000°C). 

of these materials. Their use for FCs and other applications goes back to 

the Nernst glowerz8 o f  1900 and is reviewed in Ref. 11. 

materials as FC electrolytes is attractive because of their thermal 

stability and the absence of problems of electrolyte management, with no 

composition-buffering requirement by transfer of a neutralizing agent from 

Yttria-stabilized zirconia is one o f  the best 

This class of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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one electrode to another. 

C02 must be transferred by an external circuit from anode to cathode to 

preserve neutrality, as in the automatic internal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH 

the cathode via the electrolyte in the PAFC. Materials similar to those 

used in carbonates may be employed for the electrodes, but the 

all-solid-state system reduces the possibility of chemical interaction and 

consequent lack of stability. 

about 10% of that of carbonate at 650OC) requires very high operating 

temperatures and very thin, gas-tight electrolyte layers (- 50 ym or less) 

to give good performance. Thermal expansions require that electrodes, 

electrolyte layers and other components are accurately matched to prevent 

cracking or delamination, thereby reducing the overall choice of suitable 

materials. Finally, means must be found to construct individual cells by 

building up layers of components and to transfer current from cell to cell 

with connections that are electrically i n  series. A satisfactory 

filter-press system with geometrically parallel bipolar cells proved 

difficult to fabricate. 

support tube i n  the form of short cylindrical units, arranged linearly in 

series along the tube. 

A typical cylindrical length was a few mm to avoid excessive IR drop. The 

anode of each cell was in contact with the porous tube, which was supplied 

with fuel gas on the inside. The cathode.was outside, over the concentric 

electrolyte layer, and a masked ceramic was used to connect the anode of one 

cell to the cathode of the next to provide a series arrangement. 

interconnect material was required which had chemical stability and 

electronic conductivity i n  both the cathode and the anode environments. 

Lifetests on these cell arrangements have shown stability for more than 

34,000 hr with suitable materials." 

solution in practical systems were not addressed. These include sealing of 

the tube ends and thermal cycling. 

In 1980, workers at the Westinghouse R & D Center developed a new 

arrangement o f  the basic components, which simplified construction, allowed 

the use of larger cells, could be cycled thermally, and avoided the end-seal 

problem. The cell is turned inside out by putting the cathode directly onto 

The latter procedure is needed in the MCFC, where 

4- 
transfer from and to 

The low conductivity of the solid oxide materials (at 1000°C, 

Early cells were therefore constructed on a porous 

Current was collected along the length of each cell. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A ceramic 

At that time, problems which require 



the porous support tube (non-conducting calcia-stabi 1 ized zirconia) and is 

closed at one end. A narrow arc of the tube, along its length on top of the 

cathode layer, is now occupied by a strip of interconnect material, with the 

remainder of the cathode covered by electrolyte. 

is placed on top of the electrolyte, thus avoiding contact with the 

interconnect by masking during manufacture. The interconnect is then 

attached to the next cell by a linear Ni felt i n  the fuel-gas atmosphere 

along the length of each tubular cell. 

narrow central alumina tube reaching the closed end; fuel is supplied to the 

outside in a co-flow arrangement. Reformate fuel, coal gas or poss.ibly NG 

with steam, can be used; depleted fuel (after 85-90% utilization in the 

cell) is burned with depleted air after passing through a leaky ceramic 

header into a plenum chamber. 

can be used in a bottoming cycle. 

tested i n  thermally-cycled three-cell and larger stacks. 

physicochemical requirements, are lanthanum chromite for the interconnect, 

Sr (or another alkaline or rare earth) doped with lanthanum manganite for 

the air electrode, and an Ni-stablized zirconia cermet for the anode. The 

layers are applied successively to the cathode by filtration onto the 

support tube. 

lower temperature than the sintering of stabilized zirconia. 

the interconnect is applied, and then the electrolyte is deposited by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEVD. 

The cathode is applied in the form of a slurry, followed by EVD 

zironcia-cermet formation. The EVD involves reaction of a mixture of 

vapor-phase chlorides on one side of the tube, with water vapor on the 

other. 

thus, H2 is formed by reduction of water vapor on one side and chlorine on 

the other. Because of ionic conduction in the film, the latter forrns and 

continues to grow at 100% density, even at 25-p~ thickness. However-, many 

steps are involved i n  tube preparation, and costs are presently 

undetermined. 

Finally, the anode layer 

The cell is provided with a.ir via a 

The heat produced preheats the reactants and 

The whole ingenious arrangement has been 

The only suitable materials, i n  view of thermal expansion and 

This step is followed by cathode sintering, which requires a 

After masking, 

A film of yttria-stabilized zirconia is formed and conducts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO= ions; 

Materials costs are about $150/kW. 

At 1000°C, activation polarization is not apparent in the cell, 

but the change in AG with temperature [Eq. (6.1-l)] results in low 
open-circuit potentials. In addition, the IR drop around the circumference 



of the air electrode is high. 

under the same conditions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(160 mA/cm ) as an MCFC at 0.73 V. Unless 

air-electrode resistance and/or tube diameter can be reduced, individual 

cell efficiencies will always be about 10% less than those of the MCFC 
system. 

efficient bottoming cycle in a sufficiently large system. 

numerous small tubes, headers and manifolds are as yet unknown. 

variant (the mono1 ithic cell) with shorter current pathways and therefore 

lower IR drop.30 Manifolding, thermal cycling and cost problems for this 

concept are not presently known. 

Typical tubes of 1.7-cm diameter yield 0.65V 
2 

On the other hand, the higher-quality waste heat can be used i n  an 

The costs for the 

Recently, workers at ANL have focused on a tape-cast filter-press 

6.1-7. Conclusions 

FCs have very high efficiencies, even at part load and i n  small 

units (200 kW to several MW), are silent, and have virtually zero emissions. 

They can therefore be placed anywhere (e.g., i n  inner cities or on-site for 

cogeneration). In addition to these advantages over combustion turbines, 

their main attraction to U.S. electric utilities is rapid availability i n  

small, very efficient units which allow rapid capital pay-back. FCs can 

therefore be introduced as new capacity is required, as an alternative to 

installing coal or nuclear central stations several years earlier, in 

anticipation of future demands. 

to achieve a 6.6% penetration of total installed capacity in the early years 

of the 21st century, provided that reasonable cost goals (about $800/kW) are 

met.31 For a 51% efficient (LHV) unit, the corresponding figure is 18.2%. 

We believe that the PAFC, which will be commercialized first, will gain the 

initial market share, with the higher-performance MCFC system later taking a 

further share. Both types of cell have a bright future for utilities. The 

SOFC may also have some place in the utility generation mix if it is used 

with a bottoming cycle and if its final cost is acceptable. Finally 

1 ow-cost a1 kal i ne systems usi ng inexpensive catalysts may find wide 

application in mobile systems for transportation when storable H2 is 

available as a fuel. 

A 46% efficient (LHV) unit can be expected 



6.2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACoal Gasifiers for FCs * 

The development of coal gasifiers for FCs has tended to 

concentrate initially on gasifiers for the earliest commercial system, 

namely, phosphoric acid fuel cells (PAFCs). Design criteria and gasifier 

requirements are summarized in Table 6.2-1 for two gasification plants, 

namely, a 20-30 MWe plant for United Power Association (UPA) and a 150-MWe 

unit for Southern Cal i forni a Edi son (SCE) . 

Fig. 6.2-1. The initially chosen gasifier is an air-blown, fixed-bed 

design, which involves commercially-tested technology and statisfies the 

requirements of modular construction with high conversion efficiency. These 

gasifiers are, however, small units that produce coal fines, heavy oils, and 

tars. A schematic of the single-stage, fixed-bed gasifier is shown i n  

Fig. 6.2-2. 

in Fig. 6.2-3. 

A schematic of the coal-gasification-FC system is shown in  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A more detailed flow diagram of system functions is reproduced 

6.2-1. The Site-Specific UPA Design 

The procedure followed i n  designing the UPA unit is described in 

Table 6.2-2, where both plant requirements and study objectives are listed. 

Table 6.2-3 shows performance comparisons of the gasifier-FC system with a 

coal-fired boiler, a fluidized-bed unit, and a gasifier-combined-cycle 

system. 

by far the highest expected overall plant-conversion efficiency. 

Furthermore, costing studies summarized in Table 6.2-4 show that the 

anticipated bus-bar cost of electricity is relatively low for the 

gasi f i er-FC system, roughly comparabl e with that of a di rect coal -f i red 

boiler. H,owever, compared with this system, it has significantly less 

emission of NOx and SOx (compare Table 6.2-5). 

Reference to Table 6.2-3 indicates that the gasifier-FC system has 

~~ ~~~~ 

* This section has been abstaced (by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS .  S. Penner and D. Wiesenhahn) from 

viewgraphs presented by D.Rastler of EPRI at the Second Technical 

Meeting of COGARN (Lawrence Berkeley Laboratory, February 25 , 1986). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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'. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cleaning 

Table 6.2-1. Design cr i ter ia  for coal gas i f iers  for PAFCs. 

T a r s / o i l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 

Steam Expor t  

Design Cr i ter ia  

I ' generator 
I 

Plant s ize 

Coal type 

Operational requirements 

Emiss ion requirements that mus t  be  m e t  

Atmospheric, a i r  -blown, fixed-bed gasification 

UTC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. 6-MWe FC power section and inverter 

Commercially-proven equipment 

Truck- transportable , factory-fabr icated 
equipment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

AC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApower 4 s team 

SCE.' 

150 MW, 

Western low-S 

4- 1 t u rn  down 

California 

X 

X 

X 

X 

UPA' 

20-30 MWe 

North Dakota l ignite 

base load 

Minne s o t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

X 

X 

X 

X 

tSCE = Southern California Edison; * UPA = United Power Associat ion 

Fig. 6.2-1. Schematic of the coal-gasification-PAFC process. 
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Blower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ash gate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 .  2-2. Schematic of a s ing le -s tage ,  a t m o s p h e r i c  p r e s s u r e ,  
f ixed-bed c o a l  g a s i f i e r .  

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.2-2. Background on Site-SpCCifiC studies for the U P A  unit. 

Host utility: United Power Association (UPA). 

Contractor: Ralph M. Parsons.  

Sponsors : ~ R I / N R E C A .  

Study site: Wil lmar ,  Minn. 

Plant requirements:  N. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. l ignite, 20-50 MWe cogeneration, 

Study objectives: cost /economics of smal l  coal  plant, optimal 

UTC fuel-cell modules. 

configuration, verif ication of cost  est imates,  assessments of 
a l ternat ive technologies, detailed environmental assessments.  
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.2-3. Performance cornparisox1 of four design options zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsttldicd for the UPA site. 

Direct Gasifier- 

System 
Cozrl-Fir ed Gasifier- 

PAFC 
Plant Feed and Output Combined-Cycle Bed Unit 

Net lignite feed rate, TPD 740 74 0 740 74 0 

Plant output, MWe export 32.5 20.1 20.6 21.5 

Steam (150 psig), Ib/hr 107,000 100,400 100,000 100,000 

Overall plant efficiency 56.1 44.1 43.1 43.6 

Table 6.2-4. Economic comparison of options for the UPA site-specific study. 

Gasifier- Direct 

System Boiler 

Gasifier- Fluidized- Combined-Cycle Coal- Fired PAFC 
t Capital and Other Costs 

Bed Unit 

35 45 36 32 
Capitalization charges, 

mills/kWh 

Fuel cost 24 40 36 35 

0 &M 29 30 29 25 

Steam and by-products credits zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(20) (34) (2 7) (26) 

Busbar costs, mil ls / kWh 68 81 74 66 

tCosts are in 1983 constant dollars, levelized over 30 years at 80% capacity factor. 

Table 6.2-5. Environmental comparison of options for the U P A  
site-specific study. 

6 Gasifier- Gasifier- Combined- Fluidized- Direct Coal- 
pAFc Cycle Systcin Bed Unit Fired Boiler 

0.004 0.05 0.11 0.35 

0.06 0.06 0.06 0.11 

Particulate matter 0.02 0.02 0.02 0.02 

Emissions (lb/lO BTU) 

sox 

6.2-2. The Site-Specific SCE Design 

The procedure followed i n  designing the SCE unit is described i n  

Figure 6.2-4 shows a cost breakdown for the SCE facility. Table 6.2-6. 

estimated total cost of electricity is 69 mills/kWh and is divided i n  the 

manner illustrated i n  Fig. 6.2-5. 

The 
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Table 6.2- 6. Site- specific studies for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCE unit. 

Host utility: Southern California Edison Company 

Contractor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: Kinetics Technology International Corporation 

Sponsors : EPRI/SCE 

Study site: Barstow, CA 

Plant requirements : Colorado subbituminous coal, 
150 MWe all electric plant, UTC iuel-cell modules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Study objectives: Assess scale-up issues, determine 
environmental impacts , provide zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa detailed cost and 
e c onomic analysis 

Facilities, 
inventories , 

working capital, 
Gasification, cleaning 
and corner e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs s ion, 
27.3% 14.7% 

Water -shift, 

De sulfur ization, 
Heat and 3, 370 

energy recovery, 
10.8% /YFC, 

26. 2% 

Fig. 6.2-4. 150-MW plant cost summary ($1630/kW). 
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Carrying charges 
(24 mills zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/IcWh), 
34.8% 

By- product credits 

(24 mills/lcWh), 34. 8% 

Fig. 6.2-5. The total cost of electricity is 69 mills/kWh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand is broken down 
as shown in this diagram. A 25-yr book l ife, 65% cumulative 
load factor, and a constant January 1983 dollar were used. 

6.2-3. Conclusions 

The following are  the principal  conclusions reached from these 

evaluations: ( i )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo technical  ba r r i e rs  appear t o  exist  t o  successful 

operation of the conceptual design. ( i i )  Except f o r  the  FC-inverter, a l l  

process equipment and systems a re  commercially avai lab le.  

( i i i )  Si te -spec i f i c  emission requirements can be e a s i l y  met. The use and 

d isposi t ion of p lan t  by-product m u s t  be evaluated on a case-by-case bas is .  

( i v )  The p lan t  conf igurat ion i s  modular and can be erected and on-stream 

w i t h i n  a 3-4 year  period. ( v )  The coal g a s i f i e r  FC plant  i s  expected t o  

compete well w i t h  o ther  coal-based power generation opt ions i n  the p lant  

range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  100-150 MW,. 
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7- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

U 

9 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

N 

9 

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.r( 

h 



LOSS, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd Gasifier Air, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA84 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMW 
35 hpN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

26 MW Iron oxide bed 

Steam reheat, 79 MW 

Fuel to Allied HHV, W M W  I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Chemical Sensible, f 315 MW 

plant. 56 MW 176 MW 
latent, 26 Mw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

1 
1680MW ( 

I 

1 
I 

Anode I Cathode 

Allernaling Fue! cell 
current, Recircu- 

lation Turb- Air Air 
corn- 

pressor pressor pressor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
ine com- 

432 MWe 

I nverler 
loss 

J 
582 862 MW 

MW 6 M h  
MW 

P 326 hlW l o  
Burner A 'I cooling lowers 

'v 
163 MW 

I' Air, 102 MW 

c. 

to stack 

Fig. 6.2-7. 6 n e r g y  flow d iagram for a low Btu gasifierlmolten-carbonate 
fuel  cell-MCSC-steam system. 
635 MWe auxi l iary power plus t rans former  losses a r e  19 MW,?. 

The net power output is 
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6.2-4. Research Needs on Gasifier-PAFC Systems 

The coal g a s i f i e r  should be a modular 20-50 MWe u n i t  producing H2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ CO. 

pressurized g a s i f i e r  would be preferable.  

r e l i a b i l i t y  and be easy t o  operate f o r  a wide range of coals.  

produce H2-C0 mixtures w i t h  h i g h  ef f ic iency,  y ie ld  minimal amounts of t a r  

and o i l s  i n  the raw-gas condensate, and become commercially avai lab le 

between the ear ly  and mid-1990s. 

L u r g i ,  KRW (Westinghouse), KGN, MHI, and U-GAS. 

a t  acceptable cos ts  i n  the  speci f ied s i ze  'range i s  recommended. 

An atmospheric-pressure air-blown un i t  i s  acceptable b u t  a 

The g a s i f i e r  must have h i g h  

I t  should 

Candidate gas i f i ca t ion  systems include those of She l l ,  Texaco, 

Research and development t o  provide one o r  more of these gas i f i e rs  

6.2-5. Other Gasifier-FC Systems 

A conceptual design of a gasifier-MCFC-steam system, i n  which 

low-BTU gas is  produced in the  gas i f i e r ,  i s  shown i n  Fig .  6.2-6. The 

energy-flow diagram fo r  t h i s  u n i t  i s  sketched i n  F i g .  6.2-7. 

optimization fo r  t h i s  system i s  n o t  expected t o  be the  pacing technology 

s ince commercial MCFC u n i t s  are  n o t  l i ke l y  t o  become avai lab le before the 

mid-nineties. 

Gasi f ier  
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CHAPTER 7: 

USE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF CATALYSTS DURING GASIFICATION 

7.1. Selected Examples of Current Research * 

7.1-1. Introduction 

Cata lysts  play an important ro le  i n  coal gas i f i ca t ion .  

Cata lysts  may be added t o  the  feed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l i s t  of 

possible uses i s  given i n  Table 7.1-1. 

stream j us t  ahead of the g a s i f i e r  t o  enhance gas i f i ca t ion  rates. and improve 

the qua l i t y  of the i n i t i a l  decomposition product s l a t e .  Cata lysts  a re  used 

fo r  gas clean-up t o  f a c i l i t a t e  e f f i c i e n t  po l lu tant  removal and product re- 

covery. Processing of product gases t o  synthesize fuel and/or chemicals re- 

quires the appropr iate use of ca ta l ys ts .  

Since i n  t h i s  appl icat ion the ca ta l ys t  material i s  usually added t o  the  feed 

before i t  en ters  the  g a s i f i e r ,  these a re  refer red t o  a s  pre-gasi f icat ion 

ca ta l ys ts .  

following: t o  reduce gas i f i ca t ion  temperatures, pressures,  and residence 

times; t o  minimize overal l  system s i zes  and costs ;  and improve g a s i f i e r  

qua l i t y  and y ie lds .  Properly chosen ca ta l ys ts  wi l l  perform a l l  o f  the  

speci f ied funct ions and wi l l  a lso  be su f f i c i en t l y  cheap t o  el iminate the  

need f o r  complex o r  cos t ly  catalyst-recovery s teps.  

Despite extensive use and experience w i t h  ca ta l ys ts ,  re la t i ve l y  

l i t t l e  i s  known about the  ca ta l ys t  react ion mechanisms t h a t  occur i n  coal 

gas i f i e rs .  Fundamental research aimed a t  e luc idat ing these f unc t i ons  has 

been an ac t ive  f i e l d  f o r  research. The basic parameters govern ing  gasi f ica-  

t i o n  r a t e s ,  such as  ac t ive  coal-surface area ,  ac t i ve  sites, ca ta l ys t  disper- 

s ion ,  e t c .  a re  the proper ta rge ts  of modern research. Cata ly t ic  processes 

T h i s  chapter deals  w i t h  c a t a l y t i c  a c t i v i t y  during gas i f i ca t ion .  

Some of the  purposes of us ing  pre-gasi f icat ion ca ta l ys ts  a re  the  

* T h i s  sect ion has been prepared by S. S. Penner and D. F. Wiesenhahn. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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are found in operating commercial plants, but few of these employed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas pre- 

gasification catalysts. 

commercial scale is provided by the Exxon catalytic-coal-gasification pro- 

cess (see Sec. 7.2 for details). 

The following summary is largely derived from (i) papers presented 

at the 1985 International Conference on Coal Science. and 

(ii) information communicated to COGARN by H. Heinemann. 

An example of efficient gasification on a nearly 

1-8 7.1-2. Results from the 1985 International Coal Science Conferena; 

The catalyst most often studied is K2C03. Although the 

performance achieved with this and another commonly used potassium salt, 

KOH, has been good, they are too expensive for use as throw-away materials. 

For this reason, other cheaper catalysts are being examined, for example, 

the alkali salts CaC03, Na2C03; NaOH, etc., as well as metals such a:; Ni. 
summary of the catalysts studied in Refs. 1-8 is given i n  Table 7.1-2. 

A 

Basic catalyst parameters include coal-surface catalyst 

di spersi on, 

tics. 3y7 

action rates and an Arrhenius expressionlY5 or for rate laws corresponding 

to Langmuir-Hinshelwood kinetics.6 

In Ref. 1, the rates and mechanisms of steam gasification of pe- 

catalyst-loading levels, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy 3  ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy 8  and coal characteri s- 

Kinetic parameters were determined for assumed first-order re- 

A summary of these papers follows. 

troleum coke and activated charcoal were studied using the sodium salts 

listed in Table 7.1-2. 
lysts were ranked as follows: 

Na-oxalate > Na-salicylate > Na-benzoate, Na-formate, Na-acetate > NaOH, 

Na2C03. These results are valid at temperatures of 650 and 750OC. 

The reaction mechanism for EDTA-salt, Na-oxalate and others involved removal 

of the hetero-atom from the carbon matrix and using this atom for 
complexing. This procedure created edges which served as active sites for 

gasification. Cation exchange is the mechanism used to explain the action 

of the Na-lignosulfate catalyst. 

sodium atom with a hetero-atom in  the carbon matrix; thus, the high effec- 

tiveness of Na-lignosulfate is the result of its very high cation exc:hange. 

Dispersion effects were briefly discussed. 

For augmentation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof gasification rates, the cata- 

Na-lignosulfate >> EDTA-Na-salt >> 

Active sites are formed by the exchange of 



Table 7.1-1. Catalyst applications covering all phases of coal gasification 
are expected to show the listed advantages. 

Increased gasification rates and reduced operating temperatures, pressures, 
residence times, and/or component sizes. 

Improved gasifier-output quality, thus facilitating control of initial pro- 
ducc-gas compositions and yields; reduced initial product-gas compositions 
and yields; reduced initial product-gas pollutant concentrations. 

Easier gas clean-up for high- and low-temperature pollutant removal, product- 
gas purification. 

Improved gas processing for the methanation of mixtures of COY C02, H2. 

Improved methods for the separation of 02 and N2 from air. 

Facilitated production of coal-derived liquids. 

Table 7.1-2. Summary of catalysts for which studies were reported at the 
1985 International Conference on Coal Sciences (see Refs. 1-8). 

Catalyst 

Na~C03 

NaOH 

Na-acetate 

Na-formate 

Na-benzoate 

Na-salicylate 

Na-oxalate 

EDTA-Na-salt 

Na-lignosulfate 

K2C03 

KOH 

ZnC12 

SnC12 

~ 1 ~ 1 3  

FeC13 

NiC12 

K- Zn 

K-A1 

References(s) 

1,295 

1 

1 

1 

1 

1 

1 

1 

1 

2-7 

2 

2 

2 

2 

2 

2 

2 

2 

Catalyst 

K- Sn 

Ni 

Ni-Ca 

Fe-Ca 
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Gasification of Greek lignites and lignite chars with H2 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN2 
Catalysts were chosen i n  order to optimize 

For methane yields, the catalysts were ranked 

K-Zn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>> K-Sn,KOH > K-A1, Na2C03 , K2C03 > FeC13, ZnC12, SnC12, 

The loading required to achieve effective catalytic activity for 

flows was examined in Ref. 2. 

conversion and methane yield. 

as follows: 

A1C13. 

K-Zn was determined to be - > 5%. Increased loading lowered the temperature 

for peak methane output by approximately 100°C, with a concurrent increase 

in methane production. Generally, methane formation began around T-200°C 

and reached a plateau at about T=600°C before increasing again with tempera- 

ture. Methane yield from chars were higher than from unreacted lignites. 

The contribution to methane production made by CH3 radicals freed from the 

surface was small. 

The high reactivity (in the presence of catalysts) of Blair Athol 

(an Australian coal) was investigated in Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

Ni, Fe-Ca, and K2C03. 

different coals. 

typical catalyst loadings were 1-2wt%. Mixtures of H20, H2 and/or He were 

employed. Because it was demonstrated that the catalytic contribution was 

roughly proportional to the surface area divided by the crystallinity of the 

coal, the high reactivity of Blair Athol with Ni as catalyst was explained 

in terms of the great surface area of this coal. 

were obtained for the catalyst systems Ni-Ca or Fe-Ca. Tentative explana- 

tions include Ca mediating the carbon-transition metal interactions or the 

small amount of mineral matter found in Blair Athol coal. The influence of 

coal mineral matter, especially silica and alumina, on K-catalysed gasifica- 

tion was verified by showing that the conversion was proportional to cata- 

lyst loading only with demineralized coal. 

crystallinity and pore size for K-catalysed and non-catalysed coals are dis- 

cussed in Ref. 3 .  

Catalysts utilized were 

Other specimens tested included chars from six 

Pressures were 1, 10, or 30atm at 750, 850 or 900°C, while 

High gasification rates 

The effects of surface area, 

The goals of the authors of Ref. 4 were (i) reduction of catalyst 

melting points and acceleration of KC1 hydrolysis by using the mixtures 

KCl/NaCl, KC1/MgC12, and KC1/NaC1/MgC12; (ii) formation of more active 

K-salts by using an -- i n  situ anion exchange between KCL, alkali earth 

sulfates, and carbonates for KCL/(Mg++ or Ca )SO4 
-- ++ 

and KCL/(Mg++ or 
-- 

Ca++)C03 ; and ( i i i )  catalytic -- i n  situ reduction of K2S04 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK2S using an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
iron catalyst, viz., K2S04/(Fe++ or Fe+++) (SO4 , C1-, or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO-- ) .  

monitoring C02 production, it was found that the temperature at which 

gasification begins increases with the melting temperature of the catalyst 

system, i.e., the catalytic system with the lowest melting point initiated 

C02 production at the lowest temperature. For this reason, the catalyst 

efficiencies were ranked according to catalyst melting points as follows: 

KCl /NaC1 /MgC1 2( 397OC) > KC1 /MgC1 ,( 488OC) > KC1/NaCl(650°C) > KCl (770OC). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l l  catalyst-containing systems showed significant improvements over 

uncatalysed systems. 

four forward and reverse reactions 

By 

The free.energy of reaction ( A  GRo) was used for the 

-- ++ ++ - 
2KCl + (Mg" or Ca++)S04 

2KC1 + (Mg" or Ca++)C03 

-- K2S04 + (Mg or Ca )C12 , 

a K2C03 + (Mg or Ca++)C12 , 
-- ++ - 

and also for the anion-exchange reactions 

-- ++ 
2KCl + (Mg++ or Ca++)S04 + H20 e K 2 S O 4  + (Mg or Ca++)O-- + 2HC1, 

2KC1 + (Mg"+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  Ca zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>C03 + H20 e K 2 C 0 3  + (Mg or Ca++)O-- + 2HCl. 
++ -- ++ 

It was found that the sulfate systems react more effectively with KC1 than 

the carbonate systems. Experiments confirmed the relatively high activity 

of the KC1/MgS04 system, although pure KC1 was more effective. 

thermodynamic calculations, Fe was predicted to be a good catalyst for the 

following in situ reduction reactions: 

Based on 

K2S04 + 4Fe - K2S + 4 FeO, 

4Fe0 + 4(C ,H2, or CO) - 4Fe + 4(CO, H20, or CO,) . 

Improved activation of K2S04 by Fe was demonstrated experimentally. 

with catalyst type, loading, gasification temperature, and the 

steam-to-carbon ratio were determined i n  Ref. 5. The effectiveness of cata- 

lysts, based on gasification rates, was ranked as follows: 

The variations of conversion, gas composition, and burn-off rate 

Na-Ca-I > 



Na2C03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> K2C03 > CaC03, Na-Ca > Fe-M-I > NaRC13. Increased ca.talyst 

loadings and gasification temperatures always increased the gasification 

rates and conversions. Increased steam-to-carbon ratios enhanced conversion 

and an empirical relation was determined between these parameters. For de- 

fined ranges of steam-flow rate, temperature and carbon conversion, the gas- 

ification rates are kinetically of the first order. Resultant activation 

energies were calculated for an Arrhenius rate law and showed that 

Na-Ca-I catalysed carbon had an activation energy 90 kJ/mole lower than 

uncatalysed carbon. 

uncatalysed carbon produced predominantly C02 with very small percentages of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H2 for T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 7OO0C, while the carbon catalysed with Na-Ca-I produced 

substantial amounts ( > 54%) of H2 for all temperatures studied 

(600 f TyoC - < 750). 

found to be insensitive to loadings for values between 2 and 5 ~ t % ~  but the 

carbon conversion increased dramatically over this range. 

Resultant gas compositions differed as follows: 

The gas composition of Na2C03-catalysed carbon was 

The authors of Ref. 6 studied the effects of temperature, pres- 

sure, gasifying agent, and catalyst-loading levels on K2C03-catalysed 

gasification of a low-ash char. Experimental conditions included pressures 

between 2 and 40 bar, temperatures between 650 and 75OoC, and loadings o f  

either 4 or 10wt%. 

rates were always higher with higher catalyst loadings. 

Hinshelwood kinetics gave a good gasification and different catalyst 

loadings. 

thereafter, the gasification rate was independent of pressure. 

product gas is added to the gasifying agent, a dramatic decrease in 

gasification rate is known to occur. 

H2 to the steam i n  K2C03-catalysed gasification, although the magnitude of 

the rate decrease was not as large as expected. An appropriate correction 

was made i n  the kinetic expressions based on these results. Furthermore, an 

empirical expression relating gasification and conversion rates is given for 

uncatalysed gasification i n  the presence of hydrogen. 

Thirty-four coals catalysed with K2C03 or Ni were gasified i n  the 

experiments described i n  Ref. 7. 

and gasification was carried out with steam at 75OOC and O.06MPa. The cata- 

lyst loading was metal/coal = 10wt%. The conversion of K2C03-catalysed coal 

was always enhanced and the degree of improvement did not appear to depend 

Gasifying agents were either steam or C02. Gasification 

Langmuir- 

Gasification rates increased with pressure up to about 15 bar; 

If a single 

This effect was demonstrated by adding 

The coals ranged from anthracite to peat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
248 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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on c o a l  type .  However, low-rank coa l  c a t a l y s e d  w i t h  N i  showed s i g n i f i c a n t  

enhancement o f  convers ion.  

h igher - rank  c o a l  w i t h  N i  c a t a l y s t .  The c r i t i c a l  c o a l  c h a r a c t e r i s t i c  was de- 

te rmined t o  be an approximate carbon c o n t e n t  o f  77wt% d a f .  

were e x p l a i n e d  i n  terms o f  c a t a l y s t  d i s p e r s i o n .  

p e r s i o n  o n l y  on low-rank coa ls ,  w h i l e  good d i s p e r s i o n  occurs  i n  a steam en- 

v i ronment  f o r  K2C03 and i s  independent o f  c o a l  rank.  

i s  t h a t ,  when K2C03 m e l t s ,  a l i q u i d  f i l m  i s  formed o r  e l s e  t h e  K2C03 

decomposes t o  fo rm KOC, which  i s  d i s p e r s e d  on t h e  carbon sur face .  

The c a t a l y t i c  mechanisms i n v o l v i n g  t h e  i n f l u e n c e  o f  a l k a l i  carbon- 

a t e s  on coa l  g a s i f i c a t i o n  were determined i n  Ref. 8 by s t u d y i n g  t h e  e f f e c t s  

o f  a l k a l i s  on oxygen- t rans fer  mechanisms i n  t h e  r e a c t i o n  C +-C02 - 2CO. 

For  t h e  same metal /carbon r a t i o s ,  c a t a l y s t - g a s i f i c a t i o n  a c t i v i t y  was ordered 

as f o l l o w s :  

Very l i t t l e  improvement was seen f o r  t h e  

These r e s u l t s  

N i c k e l  has e x c e l l e n t  d i s -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A proposed e x p l a n a t i o n  

Cs > K > Na. T h i s  o r d e r  a l s o  a p p l i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt.0 c a t a l y s t  s a t u r a t i o n .  

where s a t u r a t i o n  i s  d e f i n e d  as t h e  metal7carbon r a t i o  above which no f u r t h e r  

improvement i n  g a s i f i c a t i o n  r a t e  occurs.  

tween K and Na ( p o s s i b l y  a l s o  Cs) was e x p l a i n e d  by p o s t u l a t i n g  t h e  presence 

o f  a d i f f e r e n t  number o f  a c t i v e  species.  

l i e v e d  t o  i n v o l v e  t h e  f o l l o w i n g  r e a c t i o n s :  

The d i f f e r e n c e  i n  r e a c t i v i t y  be- 

Oxygen-exchange mechanisms a r e  be- 

* + co2 
"-0 4- Cf  

Cf  + co2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe * - 0  + coy 
-* + C(O), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e- C(0) + co, 

C(0) -co 

co - C ( W ,  

where Cf  i s  f u e l  carbon and t h e  a s t e r i s k  denotes an a c t i v e  s i t e  on t h e  

c a t a l y s t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7.1-3. C a t a l y t i c  Conversions a t  Reduced Temperatures9 * 

Most o f  t h e  c a t a l y t i c  convers ions d iscussed i n  Refs. 1-8 were per-  

It i s  c l e a r l y  d e s i r a b l e  t o  formed a t  temperatures between 800 and 900OC. 

* The a u t h o r s  a r e  g r e a t l y  i n d e b t e d  t o  H. Heinemann o f  t h e  Lawrence 

Berke ley  Labora tory  f o r  r e q u i r e d  i n f o r m a t i o n  t o  p repare  t h i s  s e c t i o n ,  

f o r  h e l p f u l  adv ice,  and f o r  c o r r e c t i n g  e r r o r s  i n  t h e  f i n a l  manuscr ip t .  
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search f o r  ca ta l ys ts  t h a t  a re  e f fec t i ve  a t  reduced T and p because of the  

associated cost reductions f o r  capi ta l  equipment and operat ions.  I t  i s  

shown i n  Ref. 9 t h a t  t h i s  desi rab le object ive i s  met when KOH i s  combined 

w i t h  mixtures of transit ion-metal oxides. 

Preliminary s tud ies  have indicated t h a t  small amounts of CH4 could 

be produced a t  very low temperatures in the presence of KOH-impregnated 

graphi te subjected t o  a steam atmosphere. The r a t e  of methane production as  

a function of time i s  shown i n  Fig .  7.1-1; an i n i t i a l l y  h i g h  r a t e  of produc- 

t i o n  followed by a slower r a t e  has been a t t r i bu ted  t o  agglomeration leading 

t o  large globules of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKOH c rys ta l s .  Results s im i la r  t o  those of F i g .  7.1-1 

were observed f o r  the  a l ka l i  hydroxides CsOH,  NaOH, and LiOH. 

w i t h  steam a t  1=525OC. 

Fig.  7.1-2 and shows fea tures  s imi lar  t o  those i n  Fig. 7.1-1. Essent ia l ly  

the only gas produced i n  the  p o r t i o n  of the  curve labeled region I was H E ,  

while H2 and small amounts of CO were produced i n  region 11. 

change in gas-production r a t e  a t  - 2.5hr i s  caused by completion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the  

stoichiometr ic react ion:  

I n  s imi lar  experiments, graphi te impregnated w i t h  KOH was gas i f ied 

The resu l tan t  r a t e  of gas production i s  shown i n  

The a b r u p t  

2C + 2KOH --+ 2COK + H2. (7.1-1) 

After a l l  of the  KOH has been converted, the  production of H2 ceases. 

by ra is ing  the  temperatures t o  - 1000°C, i t  i s  possible t o  decom- 

recovering the  KOH according t o  the 

However, 

pose the 

process : 

T h i s  new 

(7.1-1). 

catalyze 

phenolate w i t h  water, t h u s  

2COK + H20 - C + 2KOH + CO. (7.1-2) 

y formed KOH i s  avai lab le -0 produce more H2 according t o  react ion 

I t  fol lows, therefore,  t h a t  an e f fec t i ve  conversion ca ta l ys t  can 

react ion (7.1-2). The overal l  process f o r  react ions (7.1-1) and 

(7.1-2) is:  

C + H20 -+ CO + H E .  (7.1-3) 

9 I t  was found t h a t  incorporation of a transit ion-metal oxide 

accelerates completion of react ion (7.1-2) and t h u s  a c t s  as  a gas i f i ca t ion  



catalyst. The overall process of reaction (7.1-2) has been descr 

following two sequential reactions: 

bed by the 

2COK zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= K20 + C + CO, (7.1-4) 

K2 + H20 - 2KOH (7.1-5) 

Conversions catalyzed by this process are illustrated in Fig. 7.1-3, which 

shows substantially enhanced gas-production rates at T - > 6OOOC for the 

graphite-KOH-Fe203 system. Figure 7.1-4 shows a comparison zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof various 

transition-metal oxides and indicates that NiO is the most effective oxide. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 202 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C 
a 250 O C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 I I L 
0 20 40 60 80 100 120 140 160 180 200 

t, min 

Fig. 7.1-1. Methane production at low temperatures is shown 
for the KOH-catalyzed steam gasification of graphite; 
reproduced from Ref. 9. 
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Fig.  7 .1 -2 .  The gas-production rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  KOH-catalyzed gas i f i ca t ion  of  

graphite; T - 525"C, (KOH)/(C) = 0.043. Roman numerals I and I1 
refer to  regimes before and a f te r  completion of the s to ich io -  
metric reaction 2C + 2KOB -+ 2COK + M2; reproduced from R e f .  9 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Gas-production r a t e s  f o r  N i O ,  KOH, and KOH and N i O  used together 

a re  shown i n  Fig. 7.1-5 as a function of t ime. 

KOH used alone (compare Fig. 7.1-5 w i t h  Figs. 7.1-1 and 7.1-2) are not ob- 

served w i t h  KOH-NiO mixtures, and the KOH-NiO system i s  f a r  more e f fec t i ve  

than KOH used alone. 

w i t h  t he  r e s u l t s  of previous s tud ies:  
l oss  of e f fect iveness i s  explained by the coat ing of N i  w i t h  C.  

system i s  super ior  t o  the K2C03 system, a s  i s  i l l u s t r a t e d  i n  F i g .  7.1-6 

which app l ies  t o  Montana subbituminous coal .  

The charac te r i s t i c  ra tes  f o r  

The h i g h  i n i t i a l  r a t e  observed w i t h  N i O  i s  cons is tent  

the almost immediate 
The KOH-NiO 

Figure 7.1-7 shows XPS diagrams f o r  N i  spectra and f o r  Ni-KOH on 

graphi te .  

t o  a t  l e a s t  700OC. 

t h a t  KOH alone i s  not s tab le  i n  the  presence of water above 55OoC, whereas 

i t  re ta ins  considerab e s t a b i l i t y  i n  the presence of N i O  f o r  T 2 
These r e s u l t s  suggest the formation of a compound between K and N i  oxides, 

These ind ica te  t h a t  N i  deposited alone on graphi te  i s  not s tab le  

Simi lar  XPS data ,  summarized i n  F i g .  7.1-8, ind icate 

700OC. 
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500 600 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ O O  

T, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO C  

Fig. 7.1-3. Gas-production rates of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKOH- and Fe203-catalyzed 
gasification of graphite; reproduced from Ref. 9. 
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Fig. 7.1-4. Performance of various metal oxides mixed with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKOII; (metal 
oxide)/(KOH) - 1; (KOH)/(C) - 0.04; T - 625°C; reproduced from 
Ref. 9. The numbers refer to the activation energies in kcal/ 
mole of the indicated metal-oxide-KOH catalyzed system. 
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Fig. 7.1-5. Hydrogen production from graphite for the indicated 
catalysts at T = 527°C; reproduced from Ref. 9. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

which is much more stable and is a more effective catalyst than either com- 

ponent a one. 

at Exxon, has shown by electron microscopy in an environmentally controlled 

chamber that the mixed catalyst proceeds during gasification by edge reces- 

sion at relatively good rates, while either component alone proceeds at 

lower rates by tunneling. 

Recent work at LBL, performed i n  collaboration with workers 

The latter effect is illustrated in Fig. 7.1-9. 
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Fig. 7.1-6. Gas-production rates far Montana subbituminous coal using 
K2CO3-, KOH-, and NiO-catalyzed gasification; (K)/(C) - 0.01; 
(K)/(Ni) - 1.0, T - 620°C; reproduced from Ref. 9. 
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Ni zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA312 Ni 2p 112 + A 
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Fig. 7.1-7. The XPS diagrams for (a) Ni and (b) Ni and KOH; reproduced 
from R e f .  9 .  

255 

i 

, 



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKOH Adsorbed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlone 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y $ 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H O I  

0 KOH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl N i O  Codeposiled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
on Graphile zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn 

I \ 

I I I I I 
NoTreolrnent 456°C 550°C 650°C 750°C 

450°C v 
Under Ar Under t120 (9) 

Fig. 7.1-8. The reciprocal binding energy, i n  terms of the ra t i o  O E  the 
in tens i ty  a t  X - 293.5 nm to  the in tens i ty  a t  X - 284.6 nm, is  
plotted as a function of temperature and i n  the presence of 
steam: reproduced froin Ref. 9 .  

Fig. 7.1-9.  Electron micrographs of KOH-catalyzed graphite; reproduced 
from Ref. 10; (b) w a s  taken 11 min a f t e r  (a) and shows tunnel- 
ing ef fects  induced by the cata lyst .  
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7.2. The Exxon Process f o r  Cata ly t i c  Coal Gasi f icat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

The Exxon Process i s  based on the long-known' discovery t h a t  

potassium s a l t s  promote the  gas i f i ca t ion  of coal .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA single reactor  process, 

ca l l ed  the  Cata ly t i c  Coal Gasi f icat ion (CCG)  reac tor ,  was developed a t  Exxon 

t o  gas i fy  coal a t  a temperature of - 700OC. 

7.2-1. Process Features 

In the  react ion of H2 w i t h  CO, low temperatures strongly favor 

equi l ibr ium production of CH4 (Fig. 7.2-1). 

coa l ,  w h i c h  m u s t  take place e a r l i e r  than t h i s  methanation react ion i n  order 

t o  produce CO and H 2 ,  occurs slowly a t  these lower temperatures ( T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 900OC). 

However, the gas i f i ca t ion  of 

I I I I 
600 70 0 800 900 

T, "C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 7.2-1. Equilibrium conversion to methane according to the reaction 

3H2 + CO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 CH4 + H20 at 3.5 MPa as a function of temperature; 
reproduced from Ref. 2. 

* Prepared by S. S. Penner and D. F. Wiesenhahn. The authors a re  g rea t ly  

indebted t o  A .  M. Edelman (Exxon) f o r  supplying published information 

and f o r  helpful advice. 



The role of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK, which is used at a level of 10 to 20% of the dry coal weight, 

is to accelerate the gasification of coal at lower temperatures. Workers at 

Exxon discovered that K on coal is a good methanation catalyst. Thus, addi- 

tion of K allows both the gasification and the methanation reactions to oc- 

cur at the same temperature i n  a single reaction vessel that is sufficiently 

small to be commercially acceptable. Since the overall coal-to-methane con- 

version is almost thermoneutral (Fig. 7.2-2), occurrence of both reactions 

in a single vessel requires 

Exxon 
Catalyt ic Coal 

Steam Gasifier 

Gasification reaction: 2C + 2 H 2 0 - 3  2CO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 2H2, 
Shi f t  conversion: CO + H20- CO2 + H2, 
Met hano tion : CO + 3H2- CH4 + H20, 

A HR = 268kJ; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A HR =- 34kJ; 
A H~=-226kJ; 

Overall reaciion: 2C + 2H20-+ CH4 t C02, A HR= 8kJ. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 7.2-2 .  Diagram showing the overall reactions occurring in the Exxon CCG. 2 

a very small heat input. This small energy deficit is made up by addition 

of steam and by recycling the CO and H2 of the product gas. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A schematic diagram of the plant design is shown in Fig. 7.2-3. 

As received coal is crushed @ to < 2.4-mm size, partially dried, mixed 

with aqueous catalyst solution, dried again to about 4% moisture @, and fed 

to the gasifier through a lock hopper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0; for some caking and swelling 

coals, the last drying step 2 incorporates mild oxidation to reduce swell- 
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i n g  i n  t he  g a s i f i e r .  

clone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ i s  used t o  re turn ent ra ined f i n e s  from the e f f l uen t  gases t o  the 

g a s i f i e r .  Af ter  high-level heat recovery @, the remaining f i nes  a re  re- 

moved by cyclones and a venturi scrubber @ before the unconverted steam i s  

separated and cool ing and acid-gas removal (with commercially avai lab le 

technology) occurs. 

CH4, C O Y  and H2 by cryogenic d i s t i l l a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABy while CO and H2 are  recycled 

t o  the  g a s i f i e r  a f t e r  heat recovery in@and addi t ional  preheating i n  @. 
The o u t p u t  gases are  t h u s  C02, CH4, H20 and small amounts of NH3 and H2S. 

Some of the  product methane may be reacted w i t h  steam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 t o  augment the  

i n p u t  of CO and H2 and t o  increase the  H2-to-CO mole r a t i o .  The c a t a l y s t  i s  

recovered from the  residual  ash/char leaving the  g a s i f i e r  by using a 

counter-current water wash ~ @ and i s  then recycled t o  the  catalyst-mixing 

u n i t  0. 
A p o r t i o n  of the c a t a l y s t  reac ts  w i t h  the  coal ash t o  form i n s o l u -  

b le  compounds, pr imari ly potassium aluminum s i l i c a t e s ,  and cannot be recov- 

ered. The extent  of c a t a l y s t  removal depends on coal-ash level  and composi- 

t i o n .  W i t h  I1 1 i n o i s  No. 6 coal about 70% of the c a t a l y s t  i s  water-soluble, 

i . e . ,  about 30% of the  or ig ina l  potassium m u s t  be made up (as  KOH o r  K2C03). 

The g a s i f i e r  @ operates a t  7OOOC and 3.5 MPa. A cy- 

The methane i s  separated from the product stream of 

7.2-2. Development Work 

Development o f  CCG technology proceeded w i t h  DOE support from 

bench-scale research ( < 209 of coal per t e s t )  between Ju l y  1976 and 

January 1978 a t  a cost of $2.4 X l o6 ,  t o  pi lo t -p lant  t e s t i n g  (25 t o  

90 kg/day) between Ju ly  1978 and March 1981 w i t h  DOE and G R I  support a t  a 

level  of $6.8 X l o6 ,  t o  a process-development u n i t  ( P D U ,  1 mt/day) and 

engineering designs of l a rge r  plants. '  The automated PDU a t  Baytown, TX, 
was complete w i t h  a l l  components operational and was su f f i c i en t l y  large f o r  

continuous coal feed and product withdrawal .' The g a s i f i e r  had a 0.25111 

diameter and was 25m long. 

a 12-story tower. 

t e rm i t ten t l y  f o r  about 4 years ,  w i t h  a 23-day demonstration r u n  i n  A p r i l  

1981 on I l l ino is 'No.  6 coa l .  Results a re  summarized i n  Table 7.2-1 and 14 

material balances ( w i t h  5% c losure)  were completed f o r  separate 24-hr 

The reac tor  and feed equipment were contained i n  

Following s tar t -up i n  mid-1979, the PDU was operated i n -  



periods. 

f u r the r  improved the  carbon conversion. 

21% i s  cons is ten t  w i t h  the  s t e a d c o a l  r a t i o  used. 

Entrained f i n e s  were not recycled i n  the PDU;  recycl ing would have 

The somewhat low methane y ie ld  of 

In 1982, two bituminous and one subbituminous coal (Wyodak, a U.S. 

Western coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) were tes ted ,  w i t h  the bituminous coal simulat ing the I1 1 inoi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

No. 6 t e s t  resu l t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-5 Coal pretreatment and performance requi re improve- 

ments. The Wyodak coal performance i s  summarized i n  Table 7.2-2. Compari- 

sons of results l i s t e d  i n  Tables 7.2-1 and 7.2-2 show t h a t ,  f o r  comparable 

test-bed condi t ions,  the Wyodak coal y ie lded higher bed dens i t i es .  Further- 

more, lower overhead char was obtained presumably because Wyodak coal swells 

l e s s  than I l l i n o i s  No. 6 coal .  The h i g h  moisture content of Wyodak i s  ex- 

pected t o  y ie ld  good c a t a l y s t  impregnation. 

w i t h  increasing coal-feed ra te and reduced gas i f ier - res idence time, whereas 

the overhead entrained char remained essen t ia l l y  constant,  i . e . ,  f i nes  pro- 

duction appeared t o  depend on feed-coal cha rac te r i s t i cs  and not on pro- 

cess i  ng conditions.' Of p a r t i  cul a r  importance i s the strong dependence of 

methane y i e l d  on s t e a d c o a l  r a t i o ,  which was a l so  observed f o r  I l l i n o i s  

No. 6 and i s  claimed t o  be predicted from the Exxon g a s i f i e r  model used f o r  

analys is .  

bed level  during operation reached 15 t o  17m.~ The highly automated PDU had 

a programmable con t ro l l e r  f o r  sequent ia l  and cyc l i c  operat ions,  sa fe ty  i n -  

te r locks  and shutdown, while monitoring - 800 process var iab les  concurrent- 

l y  w i t h  of f - l ine data ana lyse^.^ 
ser ious operational problem encountered was agglomerate formation a t  the 

bottom of the g a s i f i e r  a t  low g a s i f i e r  f luidized-bed densi ty  and low 

CH4 production. 

inso lub le,  low-conversion coal p a r t i c l e s  cemented together  by hydrocarbons 

o r  ( i i )  l i g h t  clusters t h a t  were d is in tegra ted  by water and consisted 

of ash p a r t i c l e s  held together  by water-soluble K2C03. I f  allowed t o  

p e r s i s t  f o r  several hours, the  agglomerates accumulated a t  the  bottom i n  the  

presence of steam and formed a plug t h a t  in te r fe red  w i t h  char withdrawal. 

The 'agglomerates were ul t imate ly  e l  imi nated by increasing the  gas ve loc i ty  

in the  coal-feed l i ne  and thereby prevented f resh  coal p a r t i c l e s  from s t ick -  

ing t ~ g e t h e r . ~  

were subsequently accomplished over a period of 2 years.  

Carbon conversion decreased 

In the 25-m long process-development u n i t  f o r  gas i f i ca t ion ,  the 

Following start-up i n  1979, the  most 

The agglomerates consis ted of e i t h e r  ( i )  black, water- 

Successful runs of 20 t o  30 days and 5000 operat ng hours zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.2-1. Results for a 23-day PDU CCG on Illinois No.6 
coal at 3.5 MPa; reproduced from Ref. 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-~ ~ 

Performance Parameter 

Coal plus catalyst feed rate, kg/hr 

Temperature, "C 

Pressure, MPa 

Steam/coal ratio 

Bed density, kg/m3 

Carbon conversion, 8 

Steam conversion, % 

CH4 in product gas, % 

Test duration, days 

Targets 

6 0  

704 

3.45 

1.7 

> 160 

> 85 

30-40 

> 25 

14- 2 1  

Achieved 

60 

693 

3.45 

1.9 

256 

85-90 

35 

2 1  

23 

Table 7.2-2. Results for a 27-day test of CCG for Wyodak coal at 
3.5 MPa; reproduced from Ref. 2. 

Performance Paramater 

Temperature, "C 

Steam/coal ratio 

Solids residence time, hrs 

Bed density, kg/m3 

Entrained char, % 

Carbon conversion, % 

Steam conversion, % 

C H 4  in product gas, % 

Coal Plus Catalyst Feed Rate, kg/hr 

50 

692  

2.1 

38 

4 8 0  

12  

92  

36 

16 

59 

693  

1.8 

27 

432  

16 

85 

38 

19 

7 9  

6 9 4  

1.5 

14 

320 

13  

7 9  

33 

2 4  



An initially obtained low fluidized-bed density (75 to 100kg/m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 

into fine particles leading to excessive fines losses. This problem was ul- 

timately solved by mild oxidative pretreatment in the presence of catalyst 

in a narrow temperature range (around 200°C for some oxygen concentrations), 

where the coal swelling-index is very low (see Fig. 7.Z-4).5 During mild 

oxidation, carboxylic acid groups are added to the coal structure and the 

number of these added groups is greatest at the optimum temperature. 

mild preoxidation, the reduction i n  fluidized-bed densities from an initial 
3 value of 300 kg/m was strongly inhibited. 

preoxidation during 4 to 11 hours at 175 to 200OC yielded gasifier bed den- 

sities of 200 to 450kg/m . At - 5% incremental cost, a fluidized bed dryer 

may be used for both drying and preoxidation (cf. Sec. 7.2-3). 

Methane production in the PDU is kinetically determined a.nd falls 

well below the theoretical equilibrium curve as the steam-to-carbon mole ra- 

tio is lowered (see Fig. 7.2-5). 
of CH4 was obtained in the product gas at a steam-to-carbon mole ratio of 

about 1.7. 

With 

Finally, it was shown5 that 

3 

As is evident from Fig. 7.2-5, about 27% 

Equilibrium catalyst recycle was not achieved. Instead, a theo- 

retically predicted steady-state recycle catalyst composition was made up 

and tested. Process results for Illinois No. 6 coal were found to be the 

same with once-through and simulated recycle catalyst. However, the simu- 

lated recycle catalyst was found, i n  two successive trials, to produce a 

hole, after 10 days of operation, i n  the 316 stainless steel (SS) overhead 

line leading from the gasifier to the cyclones, filters and gas coolers. 

The cause of pipe failure was hot corrosion caused by molten salt fluxing of 

protective oxides from the metal surfaces, followed by rapid sulfidation. 

Bench-scale studies showed that alloys with higher Cr-contents would resist 

hot corrosion. 

higher Ni-alloys should provide resistance to caustic stress-corroslon 

cracking, while 310 SS gave the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbest  results. 

The test section and results are shown in Fig. 7.2-6. The 



.I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 
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Preoxidaiion iemperat ure, "C 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 . 2 - 4 .  The swell ing index is shown a s  a function of coa l  preoxidntion 
temperature from a bench-scale experiment with 6% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02 i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN2 and 
a 6-hr residence time; the S.I. of unoxidized coa l  - 1.3: repro- 
duced from R e f .  5 .  

-- Equilibrium for 500 psia 

Latest kinetic model, at 500 psia 

I PDU dala (69O"Cl 
i I 

3 1.5 2.0 

Steam / carbon mole rat io 

Fig. 7 . 2 - 5 .  The amount of methane i n  the product gas is shown as a function of 
the steam/carbon r a t i o  a t  3.5 MPa ( 5 0 0  ps ia ) ;  reproduced from Ref. 5 .  
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None zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
None 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.2-6. Test section used for 9 days in hot-corrosion studies; the 310 SS 
and the coatings performed well, whereas 316 SS was heavily corroded. 
The thickness in pm represents approximate corrosion losses; repro- 
duced from Ref. 2. 

7.2-3. F1 uid-Bed S1 urry Dryer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( FBSD) 

The FBSD i s  used t o  recapture heat from coal drying (Fig.  7.2-7). 

Wet catalyzed coal s lu r ry  i s  fed t o  the  un i t ,  which operates a t  4MPa and 

260-425OC. Superheated steam i s  used t o  f l u id i ze  the  so l ids  and evaporate 

water. The steam leaving the  dryer i s  scrubbed t o  remove entrained coal 

f i nes .  Some of the steam leaving the scrubbers i s  compressed, superheated 

and recycled, while the  remainder i s  fed t o  the g a s i f i e r .  

t rans fer red  t o  the  g a s i f i e r  i n  the  f lu id ized  s t a t e .  The FBSD ( i )  recovers 

energy fo r  coal drying as  gas i f i ca t ion  steam and ( i i )  produces preheated 

coal f o r  the  g a s i f i e r  a t  a higher T than can be fed t h r o u g h  the lock--hopper 

system. 

The dr ied coal i s  

A Z-mt/day FBSD was s ta r ted  up in 1983. 

7.2-4. Mechanisms o f  Cata lys is  and Select ion of Al ternat ive Catalysts - 

The ra tes  and react ion mechanisms involving the  potassium are  n o t  

understood. In f a c t ,  the label ca ta l ys t  f o r  K i s  a misnomer s ince experi- 

mental measurements (see F i g .  7.2-8) of the  gas i f i ca t ion  r a t e  as  a function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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of K/C mole ratio show the effective rate coefficient to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa linear func- 

tion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the active K/C ratio, where the rate constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk is defined by the 

ratio 

k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-[dln(C)/dt]/[(H20)/(H2)]. (7.2-1) 

The fact that (compare Fig. 7.2-8) 

suggests a complex reaction mechanism with K as an active participant and 

the possibility of finding alternative chemicals that may be more effective 

than K i n  gasification. In Fig. 7.2-8 and i n  Eq. (7.2-2), (Kactive ) is the 

total molar K concentration less the molar K concentration bound in ash min- 
erals. The precise form of C is seen to have little effect on gasification 

activity (compare Fig. 7.2-8). The method of introduction used for K was 

also found to be unimportant, since substantially equivalent results were 

obtained for carbon compounds impregnated with aqueous K2C03 or KOH or dry 

K2C03 in powdered form. 

Slurry coal 

)c 

I - slurry dryer Scrubber 

Steam l o  
gasifier 

Recycle 
sfeam 

Steam 
gasifier Coal : to superheater 

Fig. 7.2-7. Schematic diagram of the FBSD; reproduced from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR e f .  2. 
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Fig. 7.2-8. The rate coefficient k observed in a small flow reactor as  a 

function of the molar ratio of K to C for a variety of carbon- 
aceous materials at 1 atm; reproduced from Ref. 5. Open symbols 
refer to K introduced as aqueous K2CO3 or KOH, whereas filled-in 
symbols refer to K added as dry K2CO3 powder; the half-open 
symbols refer to K introduced by ion-exchange. 

5 The results were interpreted to show that active sites form on 

the coal surface by combination of K2C03 with char, leading to the release 

of C02. 

K2C03, which was observed to be released when reacted with coal. Further- 

more, X-ray diffraction also showed the disappearance of K2C03 as it inter- 

acted with the coal. 

surface oxide formation were observed at the active sites, whereas the 

rate was inhibited by oxide reduction with H 2 .  

This mechanism was verified by C-14 labeling of some o f  the C in 

Using isotope tracers, rapid water decomposition and 

The final rate-determining 
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s tep  leads t o  CO formation and involves the c r i t i c a l  surface oxide.5 The 

following are believed5 t o  be c r i t i c a l  react ion s teps  in the  gas i f icat ion 

mechanism: 

char zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ K2C03 - K-char + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC02 (complex formation), (7.2-3) 

K-char + H20 +;. K-char-0 + H2 (water ac t i va t ion) ,  (7.2-4) 

K-char-0 - K-char + CO 

This react ion model was useful ly 'employed 
reac tor .  6Y4 

(gasi  f i c a t i  on). (7.2-5) 

n the  design of the  gas i f i ca t ion  

The observed approach t o  the equil ibr ium curve o f  F ig .  7.2-1, a t  

f ixed pressure and ca ta l ys t  loading, i s  strongly dependent on T. For 2Owt% 

Fig 

1oc 

8C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
31: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z 6C 
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T, "C 
. 7 . 2 - 9 .  Conversion to  methane as  a function of temperature fo r  

2Owt% K2CO3, 80wt% char, at 3.5MPa and a space ve loc i ty  
o f  2300 volumes of reactants per hour per volume of  gasi-  
f i e d  bed; reproduced from Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  
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K2C03, 3.5MPaY and a space ve loc i ty  of 2300 volumes of r e a c t a n t d h r  per 

volume of g a s i f i e r  bed, the equil ibr ium composition was observed i n  experi- 

mental s tud ies  (see Fig. 7.2-9) down t o  about 700OC. Below T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 70O0C, a 

sharp drop-off ifi percentage conversion t o  CH4 occurred from - 82% a t  7OOOC 

t o  - 40% a t  540OC. 

fol low the equil ibr ium curve t o  subs tan t i a l l y  lower temperatures 

( - 300-5OO0C). 

An i d e a l . c a t a l y s t  would allow conversion t o  CHlk t o  

A l ternat ive c a t a l y s t s  should be so inexpensive t h a t  c a t a l y s t  re- 

covery i s  not necessary and so e f fec t i ve  t h a t  reduced process temperatures 

may be used, while the  methane content of the product gas i s  su f f i c i en t l y  

h i g h  t o  el iminate the  need fo r  cryogenic separat ion (compare F i g .  7.2-3) and 

recycle t o  CO and H 2 .  A promising candidate f o r  a throw-away c a t a l y s t  i s  

Cay w h i c h  was shown i n  bench-scale t e s t s  on I l l i n o i s  No. 6 coal t o  y i e l d  

near ly t he  same gas i f i ca t i on  r a t e s  a s  K a t  700OC. 

somewhat higher operat ing T w i t h  Ca i s  a detr iment.  In genera l ,  a small re- 

duction i n  methane y i e l d  and the greater  d i f f i c u l t y  of c a t a l y s t  impregnation 

w i t h  Ca must  be weighed aga ins t  e l iminat ion of the catalyst-recovery u n i t  

and the use of lower cos t  mater ia ls .  Hot corrosion and caus t i c  stresses as- 

soc iated w i t h  K may a l s o  be reduced w i t h  Ca. 

The requirement of a 

7.2-5. Environmental Aspects of CCG 

Applicable environmental standards wi l l  be met w i t h  CCG, u s i n g  

conventional technology such a s  a Claus p lan t  t o  convert  H2S t o  Sx and 

biological  oxidation and/or carbon absorption f o r  wastewater t reatment.  Tar 

o r  heavy o i l  by-products a r e  not produced i n  normal CCG operat ion.  A t  90% 

carbon conversion, the  wet char ,  a f t e r  c a t a l y s t  recovery, wil l  contain 

10-15% of carbon and 7 t o  10% of K a s  insoluble s a l t s ;  f o r  long-term dispos- 

a l ,  t h i s  material m u s t  be processed, e . g . ,  by combustion t o  remove residual  

carbon while ra is ing  steam and forming s tab le  aggregates. 

short-term tests ;  long-term dermal t e s t s  remain t o  be completed. Leaching 

of t o x i c  material met appl icable standards of the  US Resources Conservation 

and Recovery Act f o r  nonhazardous wastes. 

The char has not shown genet ic  a c t i v i t y  o r  carcinogenic i ty i n  



7.2-6. Large P i l o t  P l a n t  

Long-term process and equipment performance da ta  on a l a r g e  p i l o t  

p l a n t  a r e  needed be fo re  scale-up t o  commercial p l a n t  s izes .  

r e s u l t s  f o r  a v a r i e t y  o f  coa ls .  

a l ong  p e r i o d  of  t i m e  remains t o  be demonstrated. 

A l so  needed a r e  

Env i ronmenta l l y  acceptable performance over  
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Recommended Research f o r  Syngas Produc t ion  f rom Coal 

The f o l l o w i n g  i tems 1 t o  6 are  viewed as h i g h - p r i o r i t y  and i t e m  7 

as a p o s s i b l e  research  area, which would be pursued a t  Exxon i f  t h e  p r o j e c t  

were s t i l l  a c t i v e :  

1. D e f i n i t i o n s  o f  op t ima l  coal -pret reatment  c o n d i t i o n s  f o r  

2. Stud ies  o f  r a t e s  and mechanisms o f  s a l t s  l each ing  f r o m  coa l  

d i f f e r e n t  c o a l s  and c a t a l y s t s .  

ash d u r i n g  counter -cur ren t  washing f o r  c a t a l y s t  recovery;  

s t u d i e s  t o  reduce cos ts  of t h e  r e c y c l e  system. 



3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALong-term, hot-corrosion t e s t i n g  under steady-state operating 

condi t ions and laboratory s tud ies  t o  def ine mechanisms and 

ra tes  of hot corrosion. 

4. Ident i  f i  c a t i  on of 1 ower-cost, throw-away ca ta lys ts .  

5. Iden t i f i ca t ion  of ca ta l ys ts  f o r  operation a t  reduced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT. 

6. Research t o  assure long-term leaching s t a b i l i t y  of coal ash. 

7. Improvement of the quant i ta t i ve  g a s i f i e r  model. 

The 1 mt/day PDU pro ject  was terminated i n  l a t e  1983. Exxon be- 

l ieves t h a t  i t s  1978 cos t  est imates a re  general ly va l id  but t h a t  the  

foss i l - fue l  market condi t ions changed t o  such an extent  t h a t  adequate return 

on investment could not be assured i n  the  foreseeable fu tu re  w i t h  syngas 

production. 

Laboratory research should focus on development ca ta l ys ts  t h a t  

hold the  promise of improving operating condi t ions (e.g. ,  lowering required 

temperatures, residence times , pressures,  system s izes)  o r  improvin!~ the  

i n i t i a l  gas composition (1 oweri ng pol 1 utant  1 eve1 s , i ncreasi ng methane 

y ie lds ,  e tc . ) .  

empir ical ly (Sec. 7.1-1). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA useful theore t ica l  in te rpre ta t ion  and c l a s s i f i -  

cat ion of research results i n  terms of systems promise remains t o  be worked 

out  and should be supported by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADOE. 

Many d i f f e ren t  approaches and ca ta l ys ts  a re  being studied 



CHAPTER 8: 

GAS-CLEANING PROCE~SES FOR COAL GASIFICATION* 

8.1. Introduction 

Gas-cleaning systems are incorporated in the process design of 

coal-gasification facilities for the purpose of converting the raw gas exit- 

ing the gasification reactor into a gas which meets end-use specifications. 

Thus, the design and structure of the gas-cleaning system (Fig. 8.1-1) de- 

pend on both the characteristics of the gasification process, which deter- 

mines raw-gas composition, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon end-use specifications. Potential end uses 

for the gaseous products from coal gasification include fuel for on-site 

boilers, turbines or fuel cells and synthesis gas for the .production of 

methane (SNG), ammonia, methanol, or other HC products. 

and purity specifications vary widely for these applications, as is illus- 

trated in Table 8.1-1. 

The gas composition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Handling 
& Prep zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

e t 4  Gaslflcatlon 

Gas 
Cleaning 

I Oxygen 

Steam 
1 and 

Boller 
Gas Turblne 

Comblned Cycle - Methanation 
Methanol 
Ammonia 
Fuel Cell 

Fig. 8. 1-1.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARole of gas cleaning in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcoal gasification. 

* This chapter has been written by Robert A. Magee (Radian Corp.). An 
Appendix to this chapter by J.F. Elliott (M.I.T.) deals with the use 

nf slag for in-bed sulfur removal. 



Table 8.1-1. Example of gas cleanup requirements. 

Boiler Gas Fuel Methanation, 
Parameter combus tion turbine cells methanol 

Particulates 0.03 lb/106 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABTU 0.025 g/SCF (<3 Vm) 
(0.07 g/SCF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat 0.03 g/SCF (3-5 clm) 
at 350 BTU/SCF) 0.0036 g/SCF (>5 elm) 

S 1 .2  lb/106 BTU 500 PPm 5 PPm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 ppm 
(2500 PPm) 

c1 1 . 0  ppm 
0.1 ppm "3 

Metals (ppm, w/w) 

v 0.5 
Na SK 0.5 
Ca 10 
Pb 2 
CU 0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The parameters listed in Table 8.1-1 represent some of the fuel 

specifications for boilers, turbines or fuel cells and for methanol produc- 

tion. Some of these specifications, such as those for boiler fuels, reflect 

environmental limitations that are imposed on the resulting emissions 

through end-use applications. 

operational requirements relating to the end-use process, for example, the 

avoidance of catalyst poisoning i n  methanation or the production of 

methanol. 

Other specifications are based on 

8.2. Gas Cleanup Systems 

Current design approaches for gas cleaning consist of the serial 

application of a number of gas-cleaning processes, each of which is designed 

to remove one or more contaminant species, as illustrated i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.2-1. 

The contaminant species of interest for most combinations of gasification 

and end-use applications are aerosols (both particles and liquid droplets), 

sulfur compounds, inorganic compounds, alkali and heavy metals, and organic 

chemicals. 

the total cost of the facility. The 1979 data shown in Table 8.2-1 still 

constitute a relatively accurate presentation of the impact o f  major ele- 

ments of a coal-gasification facility on the total capital cost of the 

facility.' The data apply to two of the primary types of coal-gasification 

The capital cost for these processes is a significant portion of 



systems that are commercially available [i .e., pressurized, fixed-bed 

(Lurgi) and pressurized, entrained-bed (Texaco) systems] when these are ap- 

plied in combination with two of the most economically viable end uses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Handling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Gases zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 8. 2-1. Major coal-gasification-process units. 

Table 8.2-1. Plant investment breakdown; reproduced from Ref. 2. 

Process 

Coal handling and preparation 

Oxygen and steam 

Gasification and ash handling 

Gas cooling and condensate 
treatment 

Shift 

Acid-gas removal 

Sulfur recovery 

Methanation and SNG handling 

Combined-cycle system 

Support facilities 

Total 

C Cas cleaning 
gas plant 

Percent of Total Plant 

Lurgi SNG 

1.0 

29.3 

18.3 

10.5 

= 31.9 

15.6 

3.3 

11.7 

-- 
7.8 

100.0 

36.1 

Texaco IGGC 

3.7 

18.7 

3.8 

-- 
42.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7.3 

100.0 

41.4 

(production of SNG and IGCC for electric power generation). 

these process configurations have been constructed and operated on a commer- 

cial scale and the relative capital costs listed in Table 8.2-1 have been 

demonstrated to apply to the US. 

Since 1979, 



Based on the generally accepted design approach for serial appli- 

cations of species-specific processes, the most probable means for reducing 

significantly the capital investment required for the gas-cleaning portion 

of a coal-gasification facility is the drastic simplification of the elimi- 

nation of one zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  more process units in the gas-cleaning system. 

objective in mind, the approaches and processes available to remove contami- 

nants from the process gas were reviewed and examined for opportunities to 

achieve simplification or elimination of units through additional research 

and development. 

ing and heat recovery; (ii) removal of particles, aerosols, and inorganic 

compounds; and ( i i i )  acid-gas removal and sulfur recovery. 

With this 

The process components reviewed were (i) quenching, cool- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 . 3 .  Quenching, Cooling and Heat Recovery 

These processes may be grouped into two broad generic categories: 

Direct processes involve intimate contact between the gas and the 

cooling or quenching medium (usually water) and are generally accomplished 

i n  a scrubber system, which also removes at least a portion of the aerosols 

and inorganic contaminants. The direct contact processes are dist,inguished 

by their mechanical configuration or mode of forced mixing and contact be- 

tween the gas and the scrubbing medium. Configurations include spray tow- 

ers, venturi and packed-bed scrubbers and simple dip-tube quench-chambers. 

Although these vary widely in contact efficiency, they suffer from common 

problems and limitations. The liquid-phase build-up of dis-solved or sus- 

pended components that are removed from the gas results in deposits or plug- 

ging if it is not reduced by blowdown. This blowdown must be treated prior 

to discharge or recycle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  the process. In all configura-tions, the contact 

efficiency between gas and liquid is proportional to the energy expended in 

the contacting process. Minimization of the slope of this energy-efficiency 

relation has been the objective of years of research i n  gas-liquid contrac- 

tor design. 

Indirect processes involve the transfer of heat through an inter- 

mediate from the gas to the cooling or quenching medium. 

configurations include shell-and-tube and water-wall boiler designs, as well 

as gas-recycling schemes. 

di rect and indirect. 

Indirect contact 

The transfer of heat from the gas to the cooling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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medium involves not only the characteristics of the medium and the gas but 

also those of the transfer medium and the contact configuration. 

efficiency may be enhanced through materials research and refinement and 

through development of techniques which preaict the heat-transfer properties 

and longevity of the transfer medium. Research on heat transfer, tube foul- 

ing and waste-heat boilers and models may be expected to contribute to this 

predictability and, therefore, to the design efficiency of future systems. 

For example, the radiant heat boiler at the Cool Water Gasification Project 

is significantly over-designed in order to provide adequate contingencies 

for uncertainties i n  boiler-design parameters and the unpredictability of 

the impact of ash and metals deposition on tubes and other heat-transfer 

surfaces. 

Thus, the 

8.4. Removal of Particles, Aerosols and Inorganic Compounds 

Processes for the removal of particles and aerosols may be broadly 

Dry processes rely on filtration, as well grouped as wet and dry processes. 

as on aerodynamic momentum or electrostatic forces to impact and collect 

solid or liquid aeros.ols entrained in the flowing gas streams. 

High-temperature filtration developments have included applications of ce- 

ramic materials to the removal of fine particles from process-gas streams. 

Confident design and operation of dry aerosol-removal processes requires de- 

tailed understanding of solid-gas transport phenomena at gasification tem- 

peratures and pressures. Fluid dynamic data for complex mixtures at these 

conditions increase the design reliabilities and operating efficiencies of 

cyclones and similar aerodynamic collection devices. 

ing and quenching processes. 

erations apply. In particular, gas-liquid mass-transfer models and 

parameters for NH3, C02, H2S, HCN, HC1, and other inorganic gasification 

products for the range of mixtures encountered for these components, are re- 

quired to predict the performance of gas-scrubbing processes. 

these systems is often limited by precipitation or scale formation from dis- 

solved components, in particular, carbonates and silicates. In addition, 

blowdown from these processes must be treated prior to discharge or recycle. 

Wet-collection processes are similar to the specified direct cool- 

Many of the same design and operation consid- 

Operation of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The construction of treatment processes requires similar gas-liquid 

mass-transfer data for the design of flash and stripping processes. 

8.5. Acid-Gas Removal and Sulfur Recovery 

Acid-gas removal and sulfur recovery are currently the most com- 

plex portions of the gas-cleaning train. 

and contact configurations have been employed to enhance efficiency and 
reduce the costs of these processes. The commercially available processes 

may be grouped into five categories, depending on the collection media and 

chemical or physical processes involved: (i) chemisorption (mildly alkaline 

chemicals); (ii) physical absorption (organic solvents with high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC02 and H2S 
solubilities); (iii) hybrid systems (mixtures of mildly a1 kaline chemicals 

and organic solvents); (iv) solid sorbents; and (v) sulfur conversion (solu- 

tions or reactors which oxidize sulfide to elemental sulfur or sulfur 

oxides). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A wide variety of collection media 

Each of these collections media and process types has distinctive 

characteristics, which lead to advantages and disadvantages for various ap- 

plications. A summary description of the commercially available sulfur and 

acid-gas removal and recovery processes, their operating characteristics, 

and normal equipment configurations is presented in Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Table 8.5-1 is 

a summary of example processes and characteristics for each major process 

type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

A great deal of industry-funded and proprietary development has 

contributed to the availability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a variety of liquid sorbent-based systems 

for acid-gas removal from process-gas petroleum-refining industries. All of 

the chemisorption and physical sorption processes require cooling o f  the gas 

prior to treatment and an additional process unit to treat the concentrated 

acid gases in order to recover sulfur components that are removed from the 

process gas. 

could be eliminated or removal and sulfur recovery accomplished in a. single 

step. 

quirement. Redox sulfur-conversion processes allow collection and conver- 

sion of sulfur components in a single process unit. 

process types will now be described in greater detail. 

Significant economic advantages would be gained if cooling 

Solid sorbents offer the potential for elimination of the cooling re- 

The status of these two 



Table 8.5-1. Examples of acid-gas removal and sulfur-recovery processes. 

Examples 

Chemisorption Processes 
Alkanoamines 

MEA 
DEA 
DGA (Fluor) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DIP (Shell) 

Alkaline salt solutions 
Carl Still (NH40H) 
Catacarb (KZCO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 
Benfield (KzCOJ 
Alkazid (amino acids) 

Physical Absorption Processes 
Selexol (DMEPED) 
Rectisol (methanol) 
Fluor (propylene carbonate) 
Pur is ol (N -methyl pyr r ollidine) 

Mixed Solvents 
Sulfinol (sulfolane and DIPA), Shell 
Amisol (methanol and DGA), Lurgi 

Solid Sorbents 
Zinc oxide 
Molecular sieve 
Iron oxide 
Lime 
Activated C 

Zinc ferrite 
Solid supported molten salts 

In-bed sxlfur capture 

Sulfur Conversion 
Claus 

Sulfur Redox 
Str etford /Lo - Cat 
Thylox 

Characteris tics 

Relatively low-pressure operation: rapid sorp- 
tion (short towers): low HZS/C02 selectivity: 
high utility requirements, low efficiency for 
organic sulfur: production of nonregenerables 
with COS 

Low solvent costs: COS hydrolysis; gas-cool- 
ing is minimized: carbon steel construction is 
required: low solvent losses: operation at 
moderate pressures; Pow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHzS in the acid gas: 
formation of formates from CO: low HzS/COz 
selectivity (except alkazid) 

Minimum utility requirements; high HZS/COZ 
selectivity; low corrosion; high operating 
pressures: relatively slower absorption (tall 
towers): HC losses: low COS absorption 

Compromises between physical and chemi- 
sorption 

Low outlet HZS: high HzS/COz selectivity: 
removal of organic S species: low utility 
costs: low capacity: high AP: treatment of 
regeneration gases: sorbent costs 

High-temperature operation: developmental 

Low-cost sorbents required; waste-dispo sal  
considerations: ash-handling load increased 

High-purity sillfur product; low-pressure 
.operation: high exit-sulfur concentration: 
requires high inlet- sulfur concentration: 
ammonia combustion problems 

Single AGR/S recovery process step: high HZS 
efficiency: high"ZS/COZ selectivity: wide 
tolerance of inlet HZS level; low COS and 
organic sulfur efficiency: complex process 
chemistry and control; solvent degradation and 
disposal: sulfur contamination 

8.5-1. Solid Sorbents and In-Bed Desulfurization 

The fundamental reactions involved i n  the removal of gas-phase 

sulfur with solid-sorbent reactors and the absorption of sulfur from coal by 

using solid additives i n  the gasification reactor are essentially the same. 
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Al though o p e r a t i n g  c o n d i t i o n s  i n  terms o f  temperature,  p ressure  and gas com- 

p o s i t i o n  a r e  somewhat d i f f e r e n t ,  s i m i l a r i t i e s  a r e  n e v e r t h e l e s s  s u f f i c i e n t l y  

g r e a t  t o  a l l o w  a combined d i s c u s s i o n .  The r e a c t i o n  o f  reduced s u l f u r  com- 

pounds, p a r t i c u l a r l y  H2S, w i t h  ox ides  o f  meta ls  and a l k a l i  meta ls  has been 

u t i l i z e d  f o r  decades t o  d e s u l f u r i z e  process gases. Common absorbents a r e  ox- 

i d e s  o f  Fey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZn, Ca and Mg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  carbonates o f  c a l c i u m  and/or magnesium ( l i m e -  

s tone or do lomi te ) .  

d isposed o f  a f t e r  complete r e a c t i o n .  I n  some cases, t h e  r e a c t i o n s  a r e  re -  

v e r s i b l e ,  t h u s  a l l o w i n g  reuse o f  t h e  sorbent  u n t i l  p h y s i c a l  degradat ion  r e -  

q u i r e s  rep1 acement. 

Recent research  suppor ted by DOE 

oxides o f  Zn and Fe ( z i n c  f e r r i t e s )  a r e  e f f e c t i v e  sorbents  o f  reduced s u l f u r  

compounds a t  temperatures which a l l o w  e l i m i n a t i o n  o f  much o f  t h e  c o o l i n g  of 

g a s i f i c a t i o n - p r o d u c t  gas. These sorbents  have been regenerated th rough con- 

t a c t  wi th  a i r  and steam t o  a l l o w  reuse of t h e  sorbent  m a t e r i a l s .  Product  

gas a t  800-12OO0F and 4000-9000 ppm s u l f u r  may be c leaned t o  l e v e l s  conta in -  

i n g  2-4 ppm s u l f u r .  

w i t h  wi th  a i r  and steam a t  l e s s  than 15OO0F, t h u s  produc ing  an exhaust 

stream o f  steam, s u l f u r  d i o x i d e  and n i t r o g e n .  Advantages o f  t h e  z i n c  

f e r r i t e  sorbent  process are:  (i) ext remely  h i g h  s u l f u r  c a p t u r e  by removing 

H2S, COS and CS2; (ii) o p e r a t i n g  temperatures a p p l i c a b l e  t o  gas- tu rb ine  

systems; (iii) a dry, inexpensive,  regenerable sorbent  m a t e r i a l :  ( i v )  sharp 

r e a c t i o n  p r o f i l e s ,  a l l o w i n g  f o r  reactor-des. ign f l e x i b i l i t y ;  (v)  reasonable 

o p e r a t i n g  pressure  drops; and ( v i )  sorbent  r e s i s t a n t  t o  s i n t e r i n g  because o f  

t h e  h i g h  m e l t i n g  p o i n t s  o f  z i n c  o x i d e / s u l f i d e  compounds. 

The process has been t e s t e d  on side-streams o f  p r o d u c t  gases f rom 

both f i x e d -  and f l u i d i z e d - b e d  g a s i f i e r s .  The r e s u l t s  o f  these t e s t s  have 

shown t h e  c a p a b i l i t y  o f  reduc ing  t h e  s u l f u r  con ten ts ,  w h i l e  demonstrat ing 

r e g e n e r a b i l i t y  th rough m u l t i p l e  absorp t ion- regenera t ion  c y c l e s .  

p l a n s  a r e  t o  e v a l u a t e  t h e  process a t  t h e  p i l o t  s c a l e  th rough o p e r a t i o n  a t  a 

f l u i d i z e d  bed g a s i f i c a t i o n - p i l o t  f a c i l i t y .  Remaining u n c e r t a i n t i e s  f o r  t h e  

process i n c l u d e :  ( i ) s o r b e n t  d u r a b i l i t y ;  (ii) s o l i d  phase e q u i l i b r i u m  bound- 

a r i e s ;  (iii) s o l i d  s u l f a t e  f o r m a t i o n  d u r i n g  regenera t ion ;  ( i v )  z i n c  evapora- 

t i o n ;  (v) sorbent  s t r u c t u r a l  changes; ( v i )  t r e a t m e n t  o r  d i s p o s a l  o f  

r e g e n e r a t i o n  exhaust gases; ( v i i )  c o n t r o l  o f  p r o d u c t  gas ammonia conten t ;  

and ( v i i i )  process economics. 

I n  most p r e v i o u s  a p p l i c a t i o n s ,  t h e  s u l f u r i z e d  s o l i d  was 

4 has demonstrated t h a t  mixed 

The s u l f u r i z e d  s o l i d  sorbent  may then  be regenerated 

Cur ren t  
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To zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcompete economically with existing sulfur processes, the 

sorbent durability must be increased and allow approximately for 100 

sorption-regeneration cycles. At the same time, the sulfur loading in the 

product gas must be lowered through in-bed shlfur capture or gasification of 

low-sulfur coals. However, the process offers the potential advantages of 

increasing overall energy-recovery efficiency through the treatment of pro- 

cess gas with minimum prior cooling. 

Limestone and dolomite have been used for desulfurization of pro- 

cess gases and the absorption of sulfur in the gasification reactor. 

mid-l970s, extensive fundamental research was conducted on the reaction ki- 

netics and equilibria of these sorbents with reduced sulfur compounds. 

These data define the absorption and desorption reactions of sulfur com- 

pounds, which formed the basis for sulfur control i n  the-C02 Acceptor- 

Process. The pilot-scale tests for in-bed desulfurization of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKRW 

In the 

5 

fluidized-bed gasification reactor have shown similar behavior. These mate- 

rials are inexpensive and may be disposed of economically with the ash resi- 

dues from the gasification process, which is an essential characteristeric 

for in-bed desulfurization sorbents. Limestone- or dolomite-based solid 

sorbent processes have the following advantages: (i) readily available, in- 

expensive sorbent materials; (ii) potential for once-through use of sorbent 

with disposal i n  combination with gasification ash-residues; (iii) tolerance 

of product-gas particulate loadings; (iv) potential for tar and ammonia 

cracking; (v) reasonable operating pressure drops; and (vi) easily integrat- 

ed in-bed desulfurization and product-gas-desulfurization using the s-ame 

sorbent material. 

strated for gasification process-gas cleanup at the commercial scale and, 

therefore, the following uncertainties remain: (i) soyption capacity of the 

sorbents at various gasification-reactor conditions and for various 

product-gas compositions, temperatures and pressures: (ii) disposal of sol-  

ids with high concentrations of sulfides, which may oxidize to soluble or be 

released as sulfide gases; (iii) impact of sorbent additions on operations 

o f  the gasifier reactors; and (iv) removal of adequate product-gas nitrogen 

(primarily as ammonia) to meet limitations for combustion emissions. 

In summary, the principal advantages of applications of 

solid-sorbent technologies to desulfurization of gasification product-gases 

are (i) reductions of gas cooling requirements and (ii) the potential to 

However, the use of these materials has not been demon- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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eliminate the requirement for sulfur recovery. 

quirements will not only reduce capital investment but will also enhance 

significantly the overall process-energy efficiency, provided the end-use 

process utilizes the thermal energy of higher temperature gases. Elimina- 

tion of sulfur recovery will reduce capital investment and operating costs 

and simplify the solids-handling and disposal operation if the sorbent can 

be disposed of together with the gasification ash residues. 

Reduction of gas cooling re- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.5-2. Sulfur Redox Processes 

Sulfur-redox processes convert sulfides to elemental sulfur 

through the use of oxidizing agents.6 In general, these processes are based 

on the sequential occurrence of the following three reaction steps: 

(i) absorption of gaseous sulfur compounds in the process solution (which is 

usually alkaline); (ii) oxidation of dissolved HS- to elemental sulfur by an 

oxidizing agent; and (iii) regeneration of the oxidizing agent. 

The multiplicity of potential sulfur-oxidation states is responsi- 

ble for the occurrence of extremely complex chemistry in the operation of 

these processes, since a wide variety of side reactions and interactions 

with contaminant components may occur. 

sulfur-redox processes during commercial applications has been varied, but 

the difficulties have generally been directly related to the complexity of 

the gas composition being treated.7 Process advantages have led to their 

continued selection in proposed designs for gasification facilities8 and, 

therefore, further development to exploit these advantages is warranted. 

(i) acid-gas removal 

and sulfur recovery in a single process unit, thereby eliminating one pro- 

cess unit; (ii) high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2S collection efficiency, with a high selectivity for 

H2S over COP; (iii) wide tolerance for inlet sulfur loading without loss of 

collection efficiency; and (iv) low operating and capital costs compared to 

use of the Claus reactor for sulfur recovery. 

Sulfur-redox processes depend on the successful control of 

sulfur-solution chemistry for reliable process design and operation. 

commercially applied processes, both uncertainties zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the design basis and 

The,operating history of 

Advantages of the redox processes include: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 

For 
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difficulties with operational control have contributed to application prob- 

lems. 

1 owi ng: 

and both the equilibrium and kinetic data are insufficient to develop de- 

tailed design relationships; (ii) the complex chemistry and potential for 

side reactions and reactions with contaminants result i n  low contaminant 

tolerance i n  the inlet gas; (iii) the degradation of reagents due to incom- 

plete regeneration and chemical and biological activity leads to higher than 

expected reagent use; (iv) contaminants i n  the inlet gas lead to decreased 

sulfur purity; and (v) many potential applications in the gasification in- 

dustry would benefit greatly from pressurized operation, which has not yet 

been demonstrated. 

In summary, the primary advantages of the sulfur-redox processes 

Uncertainties associated with sulfur-redox processes include the fol- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( i ). 1 i ttl e detai 1 ed i nformati on i s avai 1 ab1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe on process chemi stry 

for gas-clean in coal-gasification are elimination of a sulfur-recovery 

unit, wide tolerance for varying inlet sulfur loadings, and reduced capital 

and operation costs compared to other sulfur-recovery processes. 
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APPENDIX: SLAG FOR IN-BED SULFUR REMOVAL* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The following sulfur-di ssolut ion process occurs i n  ferrous- 

s i l i c a t e  s lags near 13OO0C, provided the oxygen pa r t i a l  pressure ( p  ) i s  

l e s s  than 

O2 

atm and SO2 i s  n o t  produced: 

( 8 A - 1 )  

The equil ibrium constant f o r  th is process i s  

K = (Po /Ps zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAji (P, = /Po=), (8A-2) 
P 2 2  

where the  r a t i o  ps=/po i s  constant f o r  ionized species as  long as  they 

e x i s t .  Hence 

i s  a function of temperature only. 
ing the su l f ide  capaci ty as  

Multiplying by (%S) dissolved and defin- 

Cs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf Klp(%S)= K ( p  -/ps=)(%S) = (po /ps )'(%S), ( 8 A - 4 )  
2 2  P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0- 

i t  follows t h a t  

(%S) = c ( p  /Po )+ 
s2 2 

( 8 A - 5 )  

Thermodynamic analyses lead t o  the conclusion t h a t  

a log Cs/ a ( U T )  = 8 , 1 9 0  K. 

For < poZy atm < 

t o  the react ions 

the  su l fa te  o r  pyrosul fate may form according 

- 
so2 (9) + +O2(g) + o= - so-, ( 8 A - 6 )  

and 

* T h i s  section has been abstracted from a presentation made by J .  F. 

E l l i o t t  (M.I.T.) a t  the  F o u r t h  Technical Meeting of the  COGARN Working 

Group (May 23, 1 9 8 6 ) .  



The sulfide capacity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACs is seen to depend on the equilibrium 

P' 
constant K 

diss.olved. It is obtained in practice by measuring PO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/P and %S. Sulfide 

capacities are reproduced i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8A-1 for a number basic slags as a func- 

tion of mole fractior 3f base or lime. 

the ratio of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO= to S= activities in the slag, and the %S 

s2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 8A- 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASulfide capacities Cs of some simple slags. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa p r a c t i c a l  m a t t e r ,  under t h e  most f a v o r a b l e  c o n d i t i o n s  o f  low 

oxygen and h i g h  s u l f u r  pressures,  even t h e  most b a s i c  s l a g s  w i l l  c o n t a i n  on- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ly a few w t %  of S. 

separate o x y s u l f i d e  phase forms i n  a d d i t i o n  t o  t h e  s lag .  

phase may be t h e  l i q u i d  phase i n  t h e  Fe-0-S system ( F i g .  8A-2), o r  i t  may be 

s o l i d  c a l c i u m  s u l f i d e  (Cas). The e q u i l i b r i u m  oxygen and s u l f u r  pressures a t  

which t h e  l i q u i d  phase i n  t h e  Fe-0-S system i s  s t a b l e  a t  13OOOC i s  shown by 

t h e  s t a b i l i t y  d iagram f o r  t h e  phase i n  F i g .  8A-3. On t h e  low 

s u l f u r - p r e s s u r e  s ide,  t h e  phase may be s a t u r a t e d  w i t h  r e s p e c t  t o  m e t a l l i c  

i r o n ,  FeO(s) o r  magnet i te  (Feg04). 

between FeO, CO(g) and C02(g) a t  severa l  temperatures o f  i n t e r e s t  a r e  shown 

i n  Tab le  8A-1. 

S u l f u r  removal f rom h o t  gases i s  most e f f e c t i v e  when a 

The o x y s u l f i d e  

The oxygen pressures f o r  e q u i l i b r i u m  

It i s  seen t h a t ,  f o r  c o a l - g a s i f i c a t i o n  systems, good 

d e s u l f u r i z a t i o n  can be achieved w i t h  t h e  f o r m a t i o n  o f  t h e  o x y s u l f i d e  o r  

s u l f i d e  phase, b u t  n o t  t h r o u g h  t h e  a c t i o n  o f  t h e  s l a g  phase a lone.  

D e s u l f u r i z a t i o n  i n  coal-combust ion systems by way o f  t h e  s l a g  t h a t  may be 

formed may n o t  be p r a c t i c a l ,  p a r t i c u l a r l y  i f  t h e  s l a g  i s  i n  e q u i l i b r i u m  wi th  

t h e  oxygen p o t e n t i a l  o f  t h e  combustion gases. 
. 

2 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 30 t N 4 0  Fe 10 
w t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"lo s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF6 S 

Fig. 8A-2. The 1300°C isotherm of the Fe-0-S system; I1FeO1l denotes 
the lack of stoichiometry in the phase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig 8A-3. Stability diagram of the Fe-0-S system at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1300°C; 
t tFeOtt  denotes the lack of stoichiometry i n  the 
mixture. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8A-1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEquilibrium oxygen partial pressures when the reaction 
F e O t C O = C 0 2 t F e  occurs, coupled with C o t 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02=C02 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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o- 12.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The preceding comments indicate the importance of studying phase 

equilibria in coal slags and the need to perform quantitative work in this 
field in  order to make useful predictions or correlations about the extent 

o f  sulfur dissolution in coal slags as functions of lime addition under 

equilibrium conditions. The extent to which equilibrium conditions are lim- 

iting practical system performance remains to be evaluated. 
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9: 

ENVIRONMENTAL ISSUES* 

9.1. Introduction 

We present an overview of technical and regulatory issues affect- 

ing the environmental control of coal-gasification processes and discuss fu- 
ture regulatory directions and their implications for coal-gasification 

research. We review recent data characterizing emissions from various types 

of gaseous, 

which relate 

mum cost. 

of gasifiers and the methods presently available for the contro 

liquid and solid contaminants. Key research needs are suggested 

to meeting current and future environmental requirements at min 

9.2. Overview of US Regulatory Policy 

9.2-1. Trends in Environmental Regulation 

Concern over environmental quality in the US has been at the fore- 

front of national attention since the early 1970s, when Congress enacted 

sweeping new laws related to air- and water-pollution control. 

time, environmental regulations have continued to grow more complex and com- 

prehensive, having profound impacts on a wide variety of industrial and 

energy-conversion processes. 

ronmental regulation over the last century.' 

federal laws related to environmental protection up to the present date. 

The dramatic increase in the last two decades underscores the now 

Since that 

Figure 9.2-1 graphically depicts the long-term trend in US envi- 

It shows the total number of 

* This chapter has been written by Edward S. Rubin. 



well-accepted fact that environmental regulations play a critical role in 

determining the viability of technological systems such as coal gasifica- 

tion. Recent trends suggest that environmental constraints are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4%- 
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Fig. 9. 2-1. US laws on environinental protection (Ref. 1). 

likely to grow more important over time and must thus be factored carefully 

into research development planning for advanced energy-conversion technolo- 

gies. The major elements of current regulatory policy affecting coal gasi- 

fication are briefly reviewed i n  Sec. 9.2-2, followed by a discussion of 

future regulatory directions and their implications. 

9.2-2. Elements of Current Policy 

Table 9.2-1 summarizes some of the key elements o f  environmental 

regulatory policy affecting coal-gasification plants. These regulations 
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f a l l  i n to  two general categor ies:  ( i )  standards def in ing acceptable environ- 

mental qua l i t y  and ( i i )  standards l im i t ing  the discharge of specif ic sub- 

stances t o  the environment from speci f ied sources. I t  i s  the l a t t e r  type- of 

standards which most d i r e c t l y  a f f e c t  the design and cos t  of coal- 

gas i f i ca t ion  systems, though i n  many cases environmental qua l i t y  standards 

a l so  play a major ro le ,  pa r t i cu la r l y  i n  plant  s i t i n g .  

9.2-2A. Air Pol lut ion Control 

While air-pol lut ion-control  requirements have long been par t  of 

the  regulatory landscape, the Federal Clean Air Act Amendments of 1970 

brought a i r -po l lu t ion control  t o  the fo re f ron t  of national e f f o r t s  t o  insure 

a clean and heal thful  environment. The newly establ ished US Environmental 

Protect ion Agency (EPA) was required by the  Act t o  promulgate primary na- 

t ional  ambient a i r -qual i ty  standards zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(AAQS) t o  p ro tec t  human heal th  and sec- 

ondary standards t o  p ro tec t  human welfare. The l a t t e r  category encompassed 

the  e f f e c t s  of a i r  po l lu t ion on mater ia ls ,  vegetat ion,  v i s i b i l i t y ,  animal 

l i f e ,  e t c .  

"non-degradation" of a i r  whose qua l i t y  was b e t t e r  than National standards 

( including prist ine areas  such a s  National parks and fo res ts ) .  The a i r  
po l lu tan ts  i n i t i a l l y  regulated under the  Clean Air Act included SO2, t o t a l  

suspended par t i cu la tes  (TSP), NO2, C O Y  and photochemical oxidants. 

oxidants a re  produced ind i rec t l y ,  gu ide l ines f o r  non-methane HCs were a l so  

E P A ' s  respons ib i l i t y  a l so  included a mandate t o  insure the 

Since 

establ ished.  

po l lu tan ts .  Table 9.2-2 summarizes these standards. 

More recent ly ,  lead has been added t o  the  l i s t  of c r i t e r i a  

To achieve ambient a i r -qua l i t y  standards,  s t a t e  and local  author i -  

t i e s  were d i rec ted  t o  promulgate appropr iate emissions standards,  subject  t o  

approval by EPA. The r i g h t  was reserved t o  s t a t e  and local  au tho r i t i es  t o  

implement ambient a i r -qual i ty  standards more s t r ingent  than the National 

standards and t o  regulate po l lu tan ts  not covered by Federal standards. 

S t a t e  emission l im i t s  fo r  individual sources of a i r  pol lut ion typ ica l l y  

speci fy a maximum allowable discharge r a t e  and/or concentrat ion of each reg- 

ulated po l lu tan t .  In some cases,  spec i f i c  control  methods f o r  l i m i t i n g  pol- 

l u t a n t  discharges a re  speci f ied.  

by the  Clean Air Act t o  spec i f i c  categor ies o f  new sources, including new 

The Federal ro le  i n  the  d i r e c t  regulat ion of emissions i s  l imi ted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 9.2- 1. Elements of environmental regulatory policy affecting 
coal-gasification plants. 

Air Pollution Control 

National Ambient Air Quality Standards (Pr imary,  Secondary, Nondegradation) 

Federal  New Source Performance Standards 

National Emission Standards for Hazardous A i r  Pollutants 

State and Local Standards (A i r  Quality, Emission Limits, Control Methods) 

Water Pollution Control 

Federal  Safe Drinking Water Standards 

Federal  New Source Performance Standards 

National Clean Water Act 

Toxic and Hazardous Waste Regulations 

State and Local Standards (Stream Quality, .Effluent Limits, Treatment Methods) 

Solid Waste Gontrol 

Federal  Toxic and Hazardous W a s t e  Regulations 

State and Local Standards (Classification, Disposal Methods) 

Table 9. 2-2. National ambient air-quality standards: codified a t  40 CFR Par t  50. 

Pollutant Primary Standards Averaging Time Secondary Standards 

None 9 Ppm 8-hra 
35 PPm 1 -hra zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAco 

Lead 1.5 Vg/m Quarterly average The same as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

primary 

0.053 ppm Annual (arithmetic mean) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe sanie a s  the 
primary 

NO2 

Annual (geometric mean) 60pg/m3 
260 ~ lg/m3 24-hra 150 pg/m3 

3 
75 Vg/m 

b Particulate matter 

Ozone 0.12 ppm 1 -hrd The sanie a s  the 
pr imar v 

Sulfur oxides zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.03 ppm Annual (arithmetic mean) - 
0.14 ppm 24-hra - 

- 3 -hra 0.5 ppm 

a 

bChanges to the TSP standard were proposed in the Federal Register (March 20, 1984). The 

An 

Not to be exceeded more than once per year. 

notice proposed changing the indicator from TSP to particles smaller than 10 pm. Ranges of 
24-hr standards of 150-250 yg/m3 and annual standards of 50-65 pg/rn3 were proposed. 
annual secondary TSP standard in the range of 70-90 pg/m3 was also proposed. 

‘Guide to achieving the 24-hr standard. 

dThe standard is attained when the expected number of days per calendar year with maximum 
hourly average concentrations above 0.12 ppm is equal to or less than 1. 
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i ncl ude 

tential 

sources 

chemi ca 

les and classes of new stationary sources of emissions. The latter 

specified industrial processes judged by EPA to represent major po- 

sources of air pollution. Currently, they include approximately 60 

including fossil-fuel-fired steam generators, petroleum refineries, 

plants, and coal- carbonization (coking) plants, but 
not coal-gasification facilities. 

Federal New Sources Performance Standards (NSPS) for designated processes 

should require the use of "best adequately demonstrated technology," 

into account cost and other factors. 

come to represent the nominal design standard for new facilities. 

By requiring that NSPS limits reflect the technological ability to 

reduce emissions, Congress put into place a dynamic constraint that is inde- 

pendent of ambient air-quality considerations, except in cases where the 

latter require emission controls more stringent than NSPS requirements. 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.2-3 illustrates the impact by showing recent changes i n  
pollutant-emissions limits for coal-fired power plants. 

NOx and TSP all have become more stringent over time in response to 

technological improvements. As an indication of current trends, standards 

appl'icable to the Cool Water coal-gasification plant in California are also 

shown. 

NSPS requirements, especially for NOx emissions, which may be reduced by an 

order zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  magnitude with currently commercial technology. 

The list of air pollutants regulated at the federal level has also 

been expanded over time to include chemical species designated as hazardous. 

Pollutants currently regulated or proposed to be regulated by National Emis- 

sion Standards for Hazardous Pollutants (NESHAP) are shown in 

The 1970 Clean Air Act specified that 

taking 

In practice, NSPS requirements have 

Standards for SO2, 

The data suggest the potential for further tightening of Federal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 9.2-3. Trend in air-pollution emission standards for 

new coal-fired power plants (lbs/106 Btu). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I 1 -  I 

Pre- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACool Water 1 NSPS I NSPS 1971 I NSPS 1978 I (1984) 
Pollutant 

I I 1 I 

TSP 0.1 0.03 0.03 

-0 .1-1.2 0.04-0.4 
(7 0-90% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(95 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA97 %l 

None 1.2 SO2 
I I I removal) I removal) 

I I -, , I 
None 0.7 0.5-0.6 0.065 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOx 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.2-4. A much larger number of organic and inorganic chemicals have 

been identified as being potentially hazardous or toxic, of which about 25 

are under study by EPA as part of their current commitment. 

involving risk assessment and risk management are being used to guide the 

development of regulatory priorities and standards at the Federal level. 

New approaches 

While the potential for Federal regulation of coal-gasification 

plants has been extensively studied, no regulations have yet been proposed 

since the industry has yet to materialize. 

cal regulations will determine allowable emission limits at 

coal-gasification facilities.' Many states are now also moving to develop 

toxic air programs that may have implications for coal-gasification plants 

in the future. 

In the meanwhile, state and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo- 

9.2.2B. Water-Pollution Control 

Current regulatory policy for water pollutants bears a number of 

similarities to air-pollution control i n  that standards apply both to water 

quality and effluent discharges, with the federal role i n  the latter area 

limited to specified categories o f  new sources. 

tional standards of acceptable air quality, water-quality standards are 

determined by individual states; thus, it is not at all uncommon to find 
different states setting different limits for a given pollutant on the same 

river. The Federal Water Pollution Control Act Amendments of 1972 aimed to 

"restore and maintain the chemical, physical, and biological integrity of 

the nation's waters," establishing the "national goal that the discharge of 

pollutants into the navigable waters be eliminated by 1985." Thus, the no- 

tion of "zero discharge" is imbedded in current Federal legislation. Fur- 

thermore, the 1972 Act established a National goal of having water quality 

which provides for the protection and propagation of fish, shellfish, and 

wildlife, while also providing for recreation in and on the water. Toward 

this end, states individually set their own receiving water-quality stan- 

dards, subject to EPA approval. 

ria designed to protect the water uses of streams. These limits typically 

refer t o  the elimination of floating solids, films, scums, bottom deposits, 

and objectionable odors. 

pollutants, e.g., all states typically set limits on pH, temperature, and 

dissolved oxygen (though, as noted earlier, the values of these limits may 

In contrast to uniform Na- 

- 
There are also general water-quality crite- 

States also set specific limits for particular zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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d i f f e r  from s t a t e  t o  s t a t e ) .  

Eff luent discharge l im i ta t ions  general ly r e f l e c t  technological 

means of control and of ten a re  only loosely re la ted ( i f  a t  a l l )  t o  

water-qual i t y  standards. 

gy current ly  avai 1 ab1 el' and "best avai 1 ab1 e technol ogy economical l y  achiev- 

able" provide the  guidel ines fo r  l imi t ing speci f ied water po l lu tan ts  from 

new sources subject  t o  Federal regulat ion and a lso  guide the se t t i ng  of many 

s t a t e  and local standards. Federal NSPS do n o t  current ly  cover 

coal-gasi f icat ion f a c i l i t i e s ,  so t h a t  waste-water e f f luen ts  from such p lants  

a re  subject  only t o  s t a t e  and local regulatory requirements w h i c h  vary 

across the country. 

the US Public Health Service Dr ink ing  Water Standards. While these do n o t  

impact coal-gasi f icat ion f a c i l i t i e s  d i rec t l y ,  they do have an ind i rec t  ef- 

f e c t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  t h a t  some of these stahdards are  used as  c r i t e r i a  for  determining 

T h u s  , concepts such as  "best pract i  cab1 e technol o- 

Other elements of current  regulatory pol icy i n  the  water area are  

the tox i c i t y  of leachable mater ia ls from so l id  wastes, including 

coal-gasi f icat ion wastes. 

hand1 i ng . 
Wastes found t o  be hazardous require special 

Table 9.2-4. Pollutants subject to national emission 
standards for hazardous air pollutants. 

~~ ~ ~ 

Promulgated 

Asbestos 

B e r  yllium 

Mercury 

Vinyl chloride 

Coke-oven emissions 

Benzene 

Inorganic arsenic 

Fugitive volatiles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

For th c orning 

Butadiene 

Carbon tetrachloride 

Cadmium 

Chromium 

Chloroform 

Ethylene oxide 

Ethylene dichloride 

Methylene chloride 

Perchloroethylene 

Trichloroethylene 

TEPA Notice of Intent to  propose standards issued 
i n  1985; promulgation is expected in 1988. 
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9.2-2C 

of sol 

Solid Waste Control 

Important Federal legislation regarding the handling and disposal 

1976 Toxic Substances Control Act (TSCA) and the Resource Conservation and 

Recovery Act (RCRA). 

tial for releasing hazardous or toxic chemical substances into surface or 

ground water systems as a result of runoff or chemical leaching through 

soils. 

various chemical and industrial processes (as opposed to those from 

coal-conversion processing). Nonetheless, as air and water pollution regu- 

lations have prohibited or minimized the release of coal-related pollutants 

to the water and air, their presence i n  solid wastes has grown i n  

si gni f i cance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

der RCRA is perhaps the most critical factor affecting coal-gasification 

processes. At the present time, EPA regulations treat high-volume wastes 

from coal combustion at electric power plants as a special category exempt 

from the procedures for determining toxicity on a case-by-case basis. 

ited testing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof wastes from coal-gasification plants shows characteristics 

similar t o  those from conventional coal combustion, though coal-gasification 

plant wastes are not currently exempt from RCRA. Wastes found to be hazard- 

ous according to EPA criteria must be handled and disposed of in special 

d-i-sposal sites, adding considerabley to the complexity and cost of disposal. 

These regulations are still developing and could affect coal-gasification 

facilities in the future. In addition, state and local regulations also ap- 

ply, which may be more stringent than Federal regulations or guidelines for 

waste disposal . 

d wastes has come along only in the last decade i n  the form of the 

A principal concern of this legislation is the poten- 

To a large extent, the focus of this concern has been wastes from 

The designation of wastes as either hazardous or non-hazardous un- 

Lim- 

9.2-3. Future Regulatory Directions 

The clear trend toward increasingly stringent regulation of emis- 

sions to air, water and land has significant implications for the 



development of coal-gasification processes. 

regulatory directions are likely to be of special importance: (i) New Source 

Performance Standards for conventional pol 1 utants (e. g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,. SO2, NOx , TSP) wi 1 1  
continue to become more stringent as better technology becomes available to 

reduce emissions below currently achievable levels. (ii) Concern over haz- 

ardous and toxic substances is rapidly expanding the list of pollutants of 

concern to include many organic species and trace elements not heretofore 

regulated or measured (or, in some cases, measurable). 

multi-media problem, affecting air pollutants, water pollutants and solid 

wastes. ( i i i )  The policy of zero discharge of waste-water contaminants will 
continue to play an important role in the design and siting of 

coal-gasification facilities. Indirectly, it will also increase the severi- 

ty of solid-waste disposal-problems. 

dling and disposal of solid wastes will continue to grow in importance. For 

example, regulations recently proposed by EPA include a modification zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 

procedure used to determine leachate toxicity, adding organics and other el- 

ements to the test criteria. The current exemption of coal ash and slag as 

non-hazardous under RCRA would also be removed. These changes would intro- 

duce a high degree of uncertainty that coal-gasification wastes could con- 

sistently be classsified as non-hazardous. 

In particular, the following 

This is a 

(iv) Regulations regarding the han- 

All of these items have implications for coal-gasification re- 

search needs. Recommended research to address current environmental issues 

and anticipate new ones in the future are discussed at the end of this chap- 

ter, following a review of recent characterization studies and current meth- 

ods of environmental control. 

9.3. Environmental Emissions from Coal Gasification 

Table 9.3-1 summarizes some of the potential pollutants associated 

with coal-gasification plants. Gasification plants potentially constitute a 

major source o f  water pollutants, in addition to air pollutants and solid 

wastes. Because coal is chemically complex, gasification reactions are ca- 

pable of directly or indirectly producing a wide range of organic and inor- 

ganic compounds whose presence may constitute an environmental problem or 

hazard. 



9.3-1. Process Overview 

To h i g h l i g h t  t h e  n a t u r e  and sources o f  env i ronmenta l  emiss ions o f  

concern, we show i n  F ig .  9.3-1 a t y p i c a l  c o n f i g u r a t i o n  f o r  a p l a n t  p roduc ing  

low- o r  medium-BTU gas ( i n  t h i s  case f o r  e l e c t r i c  power genera t ion) .  

may f i r s t  go th rough a p r e p a r a t i o n  o r  pre- t reatment  step, which may g i v e  

r i s e  t o  smal l  q u a n t i t i e s  o f  p a r t i c u l a t e  m a t t e r  and ( i f  m i ld  h e a t i n g  i s  i n -  

vo lved)  s u l f u r  d i o x i d e  emissions. T h i s  s tep  i s  t y p i c a l l y  w e l l  c o n t r o l l e d .  

* 
Coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 9. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- 1. Some potential pollutants f rom coal-gasification plants. 

Air zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SO2 

Nox 
TSP 

HCs 

co 

HZS 

"3 

cos 

HC1 

HCN 

Metals 

Organics 

Water 

"3 
@OH 

CN 

SCN 

BOD 

COD 

TOC 

TSS 

TDS 

PH 

HZS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s203= 

so4= 
c i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F- 

Alkalinity 

Oils /g r  ease 

Land 

Slags 

Ash s lur r ies 

Fines 

Dry residues 

Waste treatment 

Sludges 

Spent catalyst 

Hazardous or toxic substances - 
* Power g e n e r a t i o n  r e p r e s e n t s  

gas p r o d u c t s  a r e  burned, r e  

Other  a p p l i c a t i o n s ,  such as 

p r o d u c t i o n ,  i n v o l v e  c o n v e r t  

form, which reduces t h e  env 

f a c i  1 i t y  . 

an env i ronmenta l  w o r s t  case s i n c e  t h e  coa l -  

eas ing  p o l l u t a n t s  i n t o  t h e  environment,. 

chemical  manufacture o r  high-BTU gas 

ng or upgrading t h e  p r o d u c t  i n t o  a u s e f u l  

ronmental  consequences a t  t h e  g a s i  f i ca.ti on 
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S 0 2 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATSP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASO2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOx 

t 
Air or Oz A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-+ Acid- - 
--). removal - 

Power 
plant 

Coal * Coal- Prep Gasifier C Qucnch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm- gas 

t 
t 

Slag 
H2O 

or 
ash 

Waste- Sulfur- *so2, sizs 
watcr recovcry Off nyproducts 

( N I I ~ ,  plicnol) trcntrnent gas system By product- * sulfur 
Diasolved i 1~ 

t t  gases, heat 

Waste Sludge 
watcr I 

Sludge 
t 

Solid 
residue 

Fig. 9.3-1. Typical environmental control and emissions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor coal-gasification processes. 

Emissions f rom t h e  g a s i f i e r  i t s e l f  c o n s i s t  p r i m a r i l y  o f  s l a g  o r  

A f t e r  e x i t i n g  ash, which i s  quenched o r  s l u i c e d  w i t h  water  upon removal. 

t h e  g a s i f i e r ,  t h e  gas produc ts  a r e  t y p i c a l l y  coo led  by water  quenching ( o r  

o t h e r  fo rm o f  c o o l i n g )  t o  remove p a r t i c u l a t e  m a t t e r  and gas-phase 

condensables. T h i s  procedure g i v e s  r i s e  t o  t h e  p r i n c i p a l  wastewater stream 

a s s o c i a t e d  w i t h  c o a l - g a s i f i c a t i o n  p l a n t s .  

an acid-gas removal-system where s u l f u r  (predominant ly  i n  t h e  f o r m  o f  H2S) 

i s  removed. 

combusted, g i v i n g  r i s e  t o  convent iona l  a i r - p o l l u t a n t  emiss ions ( p r i m a r i l y  

SO2 and NOx). 

t e c h n o l o g i e s  used t o  t r e a t  p r i m a r y  waste streams. 

wastewater- t reatment  system, s u l f u r - r e c o v e r y  system, c o o l i n g  towers,and any 

f l a r e s  o r  i n c i n e r a t o r s  i n c l u d e d  i n  t h e  p l a n t  des ign.  F i g u r e  9.3-1 shows t h e  

types  o f  env i ronmenta l  emiss ions t y p i c a l l y  a s s o c i a t e d  w i t h  these components. 

-'* 

The p r o d u c t  gas i s  n e x t  r o u t e d  t o  

I f  t h e  p r o d u c t  gas i s  then used f o r  power genera t ion ,  i t  i s  

Other  sources o f  emiss ions a r e  t h e  v a r i o u s  env i ronmenta l  c o n t r o l  

These i n c l u d e  t h e  



Thus, coal-gasification processes represent potentially significant sources 

of air pollutants, water pollutants and solid wastes. 

9.3-2. Recent Characterization Studies 

Recent characterization studies of emissions from 

coal-gasification facilities have been conducted by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS DOE and EPA. 
Most of this work was conducted in the mid-to-late 1970s and early 1980s 

when the potential for a significant coal-gasification industry in the US 

appeared real. The DOE work focused primarily on a number of pilot plants 

constructed in the 1970s to test several advanced gasification processes. 

EPA studies focused more intensively on commercial gasification facilities 

i n  different parts of the world. A series of recently published reports by 

EPA summarizes the results of its multi-year testing program 6-8 

provides a comprehensive overview of environmental data for 

coal-gasification facilities. 

types and characterize emissions of air pollutants, water pollutants and 

solid wastes. Environmental characterization studies have also been carried 

out at the Great Plains gasification facility in North Dakota and at the 

Cool Water plant in California, and some information from these facilities 

i s  now becoming available. 

chapter. 

3-5 

and 

These summaries cover a variety of gasifier 

These plants are discussed later i n  this 

9.3-2A. Air Pollutants 

Tables 9.3-2 and 9.3-3 summarize features of the ten 

coal-gasification facilities characterized i n  the EPA studies. These in- 

clude both air-blown and oxygen-blown gasifiers, encompassing fixed-bed, 

fluidized-bed, and entrained-bed designs. 

The characterization of air-pollutant emissions is focused on sul- 

fur and nitrogen species, which are the key pollutants of concern in coal 

gasification. Figure 9.3-2 summarizes the partitioning of sulfur among var- 

ious outlet streams for each of the gasifiers tested. 

sulfur in coal is converted to gaseous species, with small amounts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof' sulfur 

Most of the total 



ex i t ing  the g a s i f i e r  in process waters and so l ids .  

d i s t r i bu t i on  of su l fu r  species i n  the  vapor phase. 

su l fu r  i s  seen t o  be i n  the form of H2S, which accounts f o r  82-94% of the  

t o t a l  vapor-phase su l fu r  i n  the  e igh t  gas i f icat ion processes f o r  which data 

were avai lab le.  Reduced su l fu r  species,  including carbonyl su l f ide  (COS), 

methyl mercaptan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( CH3SH) , ethyl mercaptan ( C2H5SH) , and carbon d i su l f i de  

( CS2) general ly  were present a t  detectable level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs where analyses were 

conducted. 

about 10% f o r  the processes tes ted .  

d i s t r i bu t i on ,  w i t h  the  majori ty of  nitrogen ex i t ing i n  the  gas stream, as  

shown i n  F ig .  9.3-4. In these cases,  however, several of the  g a s i f i e r s  have 

s ign i f i can t  quant i t ies  of nitrogen i n  aqueous and by-product t a r  streams. 

Most of the vapor-phase nitrogen appears as  ammonia, w i t h  the  balance ap- 

pearing as  cyanide and thiocynate (Fig. 9.3-5). For t he  four low-BTU gas 

processes f o r  which data were ava i lab le ,  ammonia accounted f o r  81-87% of the  

vapor-phase nitrogen (excluding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN3). 

Figure 9.3-3 shows the  

Most of the  product gas 

The most prevalent of these species was COS, w h i c h  averaged 

The f a t e  of t o t a l  nitrogen general ly pa ra l l e l s  the  o u t l e t  sulfur 

No vapor-phase v o l a t i l e  amines of low 

molecular weight organo-nitrogen 

these processes. For two o f  the  

low ammonia leve ls  correspond t o  

quench ra ther  than upstream, as  

systems incorporate some type of 

g a s i f i e r ,  in which nearly a l l  of 

an aqueous phase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L 

species determinations were reported f o r  

g a s i f i e r s  (Lurgi and Koppers-Totzek, ) the  

condit ions downstream a f t e r  an aqueous 

n the other cases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l l  of the  gas i f icat ion 

quenching o r  cooling s tep  downstream of the  

the  ni t rogen compounds are  t rans fer red  t o  

Other potent ia l  a i r  po l lu tants  from coal-gasi f icat ion f a c i l i t i e s  

involve various fug i t i ve  emissions from cooling towers, sea ls ,  f langes, 

e t c . ,  and par t i cu la te  emissions resu l t ing  from carryover o f  g a s i f i e r  so l ids .  

Par t i cu la te  emissions, however, a re  no t  usually s ign i f i can t  because of the  

quenching and downstream processing t h a t  removes v i r t ua l l y  a l l  so l ids  from 

the  gas. To the  extent  par t i cu la te  emissions a re  s ign i f i can t ,  they a re  most 

l i ke l y  t o  be found a t  aux i l ia ry  f a c i l i t e s  such as  coal- f i red steam plants  o r  

solid-waste inc inerators .  Fugit ive emissions, on the  other hand, have n o t  

been well character ized i n  past s tud ies and represent an area where addi- 

t ional  research i s  needed. 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.3-2. Coal and coal-gasification facility type (Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ) .  

Type of Gasifier Site Type of Coal 

Chapman-Wilputte Kingsport, TN Virginia bituminous 

Foster-Wheeler/ Univ. of Bituminous coal from Pinnada 
STOIC Minnesota Seam 

(Duluth) 

Koppers-Toteek 

Lurgi, dry ash 

Modderfontein, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
So. Africa 

Westfield, 

Bituminous, high volatile coal 
from So. Africa 

Rosebud, sub-bituminous coal 
from Montana; bituminous 
coals from Percy, Illinois; 
and Pittsburgh non-caking and 
non-swelling coal from the 
Federal No, 1 mine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ ~ I 

Lurgi-type, dry zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKO sovo, Lignite from Kosovo mine 
ash Yugoslavia 

Lux gi, tr i- stat e Sasolburg, Western Kentucky coal 
synfuels test So. Africa 

~~ - 

Riley (modifica- 
tion of Morgan 
Gas Producer) 

KRW-PDU 

~~~ ~ 

Wor che s ter, 
MA 

Madison, P A  

North Dakota lignite 

Wyoming sub-bituminous coal, 
Pittsburgh No. 8 bituminous coal, 
and North Dakota lignite 

Texaco Ruhrko hle / 
Ruhr chemie , 
FRG 

Illinois bituminous coal 

W ellman-Galusha Glen-Ger y Pennsylvania anthracite 
Brick Co., 
York, PA 

Wellman-Calusha Fort Snelling North Dakota lignite 
(Indianhead) 

Yo"? I Product Gas 

t 
Heat 

Content Study 

E$- 
Medium 

1973- Medium 
1974 1 

yr 
Medium 

I 

3 'Low means less than 5500 kJ/m3 ; medium means approximately 11,000 kJ/m . 

9.3-2B. Water Pollutants 

The quantity and quality of wastewaters produced by 

coal-gasification facilities depend significantly upon the gasifier type, 

the feed-coal characteristics, and the nature o f  gas cleanup and 

ash-removal/handling systems. Wastewaters may be categorized into two gen- 
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Total outlet 
sulfur (g/s)  30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

i n  
2.5 3.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

[ 
1.8 

.t 
Cyclone 
dust (%) 

15O 
0.16 1.9 1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 0- t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAsh o r  slag (%) 
39 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4*4 3.0 4.4 
7.1 l5 8.3  

t Other 
emissions (%) 

'As percent of the total outlet +Vent gases a r e  1.5% of total, 
sulfur aqueous discharges a r e  0.3% 

OSludge cyclone dust is recycled 

OBy-product tar AAqueous discharges 

OVent gases 

N = Negligible o r  nonexistent NA = Not analyzecl N P  = Not present 

29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 

Fig. 9.3-2. Sulfur disfribution among outlet s t reams (Ref. 6). 
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Coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsulfur in  
product gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(%) 

t cos (%) 

CH3SH (%I t 

150 
140 

Eo& - 100 - - 72 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA78 78 

94 

1 
501 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 

8.6 
NA NA NA 4.4 2.6 n ND ND ND ND 

0 

20-9 

&&, 0.9 ND 0.41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcO.1 NR 0.48 ND ND ND , 
0 

'Percent of product gas sulfur 

'Crude product gas, includes 
tar /o i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANA = Not analyzed 

ND = Not detected 
(< - 3 ppmv) 

NR = Not reported 

Fig. 9.3-3. Distribution of vapor-phase sulfur species (Ref. 6). 

307 



2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"1 n 

0.64 
0. 25 0. 25 

1- 

Total outlet 
nitrogen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(g/s) -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc-. 

1.1 1.2 

.61 
.42 

I t  

0 7  

Product 
gas (%) t 

Cyclone 
dust (%) 

50- 

1. 0 

- 79 85 80 - 
- 53 56 

I 

18 

15 13 

7 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 5 6 
NR - Ash or slag (%) 

100- 

t 50- 36O 44A 
Other 
emissions (%) 

0 NDI NDI NDA 

As percent of the total outlet +Vent gases a r e  1.9% of total, 
nitrogen aqueous discharges a re  0.2% 

l'Aqueous discharges OSludge cyclone dust is recycled 

OBy-product ta r  

N = Negligible o r  nonexistent 

N P  = Not present 

ND = Not detected 

NR = Not reported 

Fig. 9.3-4. Nitrogen distribution among outlet streams, excluding N2 (Ref. 6). 
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l o 0 4  50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21 
Coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnitrogen in 
product gas (%) 

64 
n 61 - 

15 
33 26 

12 

0 

98 96 
100- 81 83 87 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85 90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t 
-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 25 Ammonia (%) 50- 

0 

.t Cyanide (%) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 7  - 0 100- 
75 

50- 

19 17 13 15 

0 2 1  r--l - - 
'Percent of product-gas nitrogen 

'Aqueous quench prior to data 
acquisition 

%nclud e s thio cyanate 

Fig. 9.3-5.  Distribution of vapor-phase nitrogen species (Ref. 6). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
era1 groups: those from tar-producing gasifiers and those from non-tar pro- 

ducing gasifiers. The former refer to fixed-bed systems which produce 

substantial quantities of phenolics, oils and tars, while the latter catego- 

ry includes ash-agglomerating, fluidized-bed, and entrained-bed gasifiers 

which produce little or none of these pollutants. 

Coal gasification wastewaters include gas-quench condensates, 



cyclone-dust quenchwaters, ash-pan waters, gas-compression and cooling con- 

densates, acid-gas removal waters, and leachates from slag and ash-disposal 

facilities. Among these, the quench condensates represent the principal 

wastewater source in terms of pollutant strength and stream volume (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.3-4). The aqueous pollutants of greatest environmental concern are ammo- 

nia, cyanide, phenols, and sulfur compounds (primarily suflides). 

for the ten low- and medium-BTU coal gasifiers shown i n  Table 9.3-%.7 

producing (fixed-bed) systems are the Chapman, Wellman-Galusha, Riley, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFos- 

ter Wheeler/STOIC, and Lurgi processes. Entrained-bed gasifiers are repre- 

sented by the Koppers-Totzek and Texaco processes, while the KRW process 

development unit (PDU) represents an ash-agglomerating fluidized bed pro- 

cess. Waterwater data were catalogued in terms of conventional pollutants 

(e.g. BOD, COD, NH3, TDS, etc.), trace elements, and organics. Wastewater 

sources were treated in three general categories: (i) process waters from 

the gasifier, particulate removal, gas cooling, and acid-gas removal opera- 

tions, (ii) process waters from ash and slag handling, and (i i i) leachates 

from gasification slag and ash. 

lutants, trace metals, and organics in some of the major process streams of 

tar- and non-tar producing coal-gasification wastewaters. 

Characterizations of wastewater contaminants were conducted by EPA 
Tar 

Tables 9.3-5 to 9.3-11 summarize the EPA data on conventional pol- 

These data con- 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.3-4. Normalized production of quench liquor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs /gas-cooling condensates (Ref. 7). 

Wastcwater  

kg wa te r l kg  coal  

1.0 

2.1 I l l inois No. 6 

I l l inois No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1.8 

2.6 P i t t sbu rgh  No. 8 

Montana Rosebud 0.9  

I l l inois No. be 0.7-1.3 

Casi f lc r  Coa l  produced, 

b 
Lu rg i  a Montana Rosebud 

b 

b 

b 

d 
Tcxaco 

Xoppcrs-Totzek''l I l l inois No. 6' 0. 9 

aLurg i  gas i f ier  at Westficld, Scotland. 

bCoarsc  graded (6-32 mtn). 

S team 
consumed, 

kg a teamlkg  coa l  

1.25 

2.51 

2. 25 

3.24  

1.01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 

0.78 

NA ' 

T a r l o i l  
produced, 

cg T-O/kg coa l  

0.04 

0.03 

0.05 

0.05 

0.04  

6 

g 

Pltcnole 
prodticod, 

kg C6N5OIi/kg Con1 

0.00.)  

0.005 

0.005 

0.004 

0.005 

I 
Steam flow r a t e  is taken as the sum of I ree l imakct ip  
s l u r r y  water ,  coal  mois ture,  and water  i n  addit ivee 
end flOCCUlnilt6. 

'Fine graded (2-10 mm). 

dRuhrko l i l e /~u luc l i em ic  i n  Obcrhausen-I io l tcn,  FKG. 

ePulvcr izcd (< 2 mm). 

gNegligiblc. 

h~~~ projections.. 

'NA - data not avai lable 



a 
Table 9.3-5. Conventional pollutants in coal-gasification wastewaters (Ref. 7). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
Gasif icnt ion 

s y s t e m  
I 

Typo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof wastc- 
watc r  

pH, s tandard  

TDS 

TSS 

Hardncss  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 

Alkalinity as 

Conductivity 
(urnliolcm) 

COD 

TOG 

BOD 

NH3 (total) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SCN- 

1.1 zs 
s20; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50; 

units 

CaC03 

CaC03 

so = 
4 3  

Cli loride 

Methanol 

NO; 

NO; 

F luor  ido 

Total  sul fur  

NI.13 fixed 

Car tonatc  

R i ley  

Ash pan 

11.3 

2,460 

32  

2,900 

87 

15 

44 

ND' 

c 4  

1,380 

0.06 

110 

c 0.02 

0.7 1 

18 

C 30 

2 x  106 

;hapman 

kparatoi  
l iquor 

7.66 

6,300 

144 

2,140 

32,000 

22,200 

6,530 

5.000 

1,000 

7 0  

c 10 

1,000 

60 

300 

20 0 

Wcllnian- 
Galuslia 
at Fort 

Sncll ing 

Cyclone- 
dus t  

quench- 
watc r  

10.0 

390 

d 

800 

185 

85  

0. 97 

0.36 

12  

55 

0. 1 

34 

<o. 5 

eo. 01 

2 

Koppcrs-Totzek at Modderfonteln 

Com- 
) r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsor 

con- 
lcnsatc 

8.2 

260 

C 1  

b 

60 

990 

;, 000 

644 

97 3 

7 .3  

10.9 

43.9 

4.8 

c i  

56 

2 

23 

ND 

aUnlts a r c  rnglf unless otherwise noted. 

bPur i f i cd  scwagc used as process  feedwater.  

CCooling tower makeup water  URCd as process  fcedwater. 

Com- 
r c a s o r  

.cnsatcc 
con- 

8.0 

17 0 

12  

46 

,690 

,500 

569 

900 

10.5 

17. 1 

53.5 

7 .8  

c 1  

49 

3 

13 

ND 

t 
tect iso l  

.9. 1 

1.390 

7 0  

69 1 

78  

1,800 

28 

26 

2.8 

110 

1.1 

18.5 

< I  

461 

0.1 

153 

<o. 1 

tectisol' 

0.1 

1,640 

20 

554 

144 

2,000 

1,000 

49 

ND 

1 37 

4.5 

16.4 

C 1  

541 

2.8 

158. 

:o .  1 

Sub- 

coal 
Ituminous 

8.4 

390 

4,600 

6,770 

2,300 

150 

48 

2,430 

2.2 

7 9  

la 

10 

225 

3.7 

22 

1.4 

1 .8  

KRW-PDU 

lituminoua 
con1 

8.4 

331 

3,100 

2.382 

5,200 

237 

55 

965 

59 

1 os 
7 9  

10 

0.6 

493 

0.9 

25 

- 
,ignite 

- 
8.7 

2.249 

1.000 

2,067 

6 ,700 

115 

170 

4,125 

62  

62  

102 

12  

65 

1.5 

61 

30 

dDlanks m e a n  p a r a m e t e r  not analyzcd. 

eND - not detected. 



_______- - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 9.3-6. Conventional pol lutants in L u r g i  coal-gasif icat ion wastewaters  (Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ci asif icat ion 

sys tem 

Type of 
was tewater  

~ € 1 ,  standard 
units 

TDS 

TSS 

Conductivity 
(umho /cm)  

COD 

TOC 

BOD 

NH3 (total) 

CN- 

SCN- 

.HZS 
so; 
so; 
p o i 3  

Chloride 

NO; 

NOZ 

Fluor ide 

Calcium 

Magnesium 

Sodium 

TDS after 
ignition 

Tota l  sulfur 

Fa t ty  acids 
as acetic 

NH3 - f r e e  

- fixed 

Carbonate 

Total  sol ids 

Total  non- 
volatile 
sol ids 

Permanganaf 
number 

Tar & oi ls 

.aw-gas 
liquor 

9.0 

1,iao' 

<1 

3,100 

12,000 

6,600 

7 20 

240 

8.7 

I ,  690 

99 

0.15 

45 

3.2 

0.5 

6.0 

Lur zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg i  at Sasolbur g 

xtracted- 
a s  l iquor 

10.4 

390e 

< 1  

330 

990 

5,500 

0. a5  

17 0 

55 

5.2 

95 0 

12 

0.03 

40 

1.9 

0.46 

6.5 

Stripped 
a s  liquor 

6.5 

420e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
< I  

140 

1.400 

390 

0. 17 

6 

40 

I'6. 0 

600 

<1 

0.04 

50 

2.9 

1.0 

6.1 

- 
Zeal- 
l u r r y  
irnter 

120 

17 0 

25 

: 20 

241 

77 0 

91 

230 

- 

~ ~~ 

Lurgi  a t  
Wesl 

Gas 
liquor 1: 

7.63 

1,140 

f 

5,900 

4,300 

16 

21 0 

220 

160 

20 

340 

260 

4,090 

250 

10.650 

:as 
quorc 

- 
a. I 

1,940 

3,600 

2,250 

a 
60 

330 

9 

30 

450 

1.05C 

8.93C 

47 c 
9,96C 

- 

Lurgi-type at Kosovo 
- 
yanic 
a te r  

- 
1.9 

590 

140 

205 

60 

7 30 

560 

57 0 

- 

- 
;as 
quor 

- 
9.2  

2, 170 

150 

a, 900 

4,970 

9.030 

Cl  

< 7 5  

< 1  

Tract 

a! 

3,51( 

25( 

2.23( 

4, 201 

c401 - 

-- 
uenched- 
ash  

water d 

8 .1  

2,100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 ,780  

1,460 

90 

0.01 

0.026 

Trace 

T race  

49 5 

26 

II. a 
0. 4 

0. 91 

Trace 

1.9 

10,900 

a. 060 

a 
Units are m g l l  unless otherwise noted. 

:wastewater associated wit11 Pittsburgl i  +a coal. 
Wastewater associated with Montana Rosebud coal. 

dIncludes coal bunlcer vent-gas scrubber and ash-lock 
vent-gas scrubber blowdomns. 

eTDS measured a t  180 "C. 
fBlanlcs mean parameter not 

gPos s ible analytical interferences. 
analyzed. 



a 
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.3-7.  Trace elements in  fixed-bed coal-gasification wastewaters (Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7). 

Foe t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

Type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

Method of 
ana lvs la  

Aluminum 
Antimony 
Arsen ic  
B a r i u m  
Bery l l ium 
B o r o n  
Bromine 
Cadmium 
Calcium 
C e r i u m  
Ccs ium 
Chlor ine 
Chromium 
Cobalt  
Copper 
F luor ine  
Gal l ium 
Germanium 
Iodine 
Iron 
Lanthanum 
Lead 
Llthium 
Magnesium 
Manganese 
Mercury  
Molybdenum 
Nickel 
Niobium 
Phosphorus 
Potase lum 
Rubidium 
Scandlum 
Selenium 
Si l icon 
Si lver  
Sodium 
Stront ium 
sulfur 
Tel lu r ium 
Tha l l ium 
Thor ium 
Tin 

' Titanium 
Uranium 
Vanadium 
Ytterbium 
Y t h i u m  
Zinc 
z i rcon ium 

30 

30 
4,000 

ND 
400 
100 
ND 
MC 
ND 
< 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 0 0  

40 
5 

20 
50 
20 

ND 
7 

9,000 
ND 
10 

200 
300 
< I  

4. 21 
20 
2 
2 

100 
6,000 

30 
c2 
40 

400 
ND 
200 
MC 

> 9 , 0 0 0  
4 

ND 
< 10 
ND 
200 

10 

1 
ND 

50 
40 

10 

ND' 

taw-gas 
l iquor  

[CPES' 

< 50 
e2 

200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 0.5 

3 2  

e2 
3,200 

1, 80Oi 

1,500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e6 
C 1  

430 

< 2' 
< I  

510 
<1  
660' 
< 2  

e 3  

<ZOO 

< 40 

600' 
7,900 

< 2  
6.000 

14 

< 21 

c5 

e 3  

e2 
8 

L u r g i  a t  Sasolburg 

Ex t rac ted-  
gas  ISquor 

ICPES 

<50 
85 

1,700' 
80 

eo. 5 
26 

<2 
1,900 

2,800 

15 

e 6  

520 

< 2' 

7 9' 

18 
460 
C 1  

<2  
4 

c 200 
40 

300' 
7.700 

e 2  
6,500 

3 

< 2' 

< 5  

c 3  

< 2  
11 

i tr ipped- 
;as liquoi 

ICPES 

< 50 

36' 
1,700' 

110 
C0.5  

28 

< 2  
2,900 

3,900 
c 6  
19 

5,600 

61' 
28 

1.000 
C1 
6. Zi 
< 2  

3 

< 200 
2,400 

8 qi 
7,800 

e2 
6,100 

15 

< 2i 

12 

13' 

e2 
29 

< 50 

170 

,900 
: 0.5 

e 9  

51 
MC 

< 2' 

< I  
c5 
< I  

MC 

8 3' 
140 

MC 
< I  
1.9' 
<2 

c3 

,200 
< 40 

gi 
MC 
< 2  

MC 
,900 
MC 

< 2i  

,800 

810 

190 
< 3  

Lurgi- type 
a t  Kosovo 

Cyanic 
w a t e r  

SSMS 

7 0  
ND 
90 
20 

ND 
20 

100 
ND 
ND 
ND 

4 
4,000 

9 
s 3  
20 

300 
ND 
20 

400 
4.900 

8 
8 
2 

MC 
40 

ND 
N D  

7 
ND 
ND 

7 , 0 0 0  
< l  
5 2  
ND 

1.000 
ND 

> 4,000 
10 

MC 
ND 
ND 
40 
ND 

$10 

ND 
30 
50 
ND 

Plienosolvan 
eff luent 

SSMS 

100 
ND 

20 
50 

ND 
100 

9 
ND 

6 ,000  
ND 
ND 

1,000 
5 
3 

30  
4,000 

ND 
30 
20 

500 
ND 

7 0  
3 

2,000 
10 

ND 
ND 

80 
ND 

8 0  
I .  000 

ND 
5 5  
30 

1,000 
ND 

4,000 
20 

MC 
ND 
ND 
10 
20 

400 
L 30 

1 
ND 

< 30 
7 0  

5 30 

- 
Ri ley  

Ash 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pan 

U S a  - 
e 

21 
17 0 

<1 

MC 
< I  

6 
530 

1.900 

1.3 

58 
0.5 

< 7  

14 

20 

3 

5.5 

- 

Chapman 

Separa tor  
l iquor 

SSMS 

ND 
7 0  

800 
300 
ND 

9.000 
ND 

5 
2,000 

3 
1 

200 
ND 
ND 
10 

2,000 
ND 
ND 
300 

1.000 
1 

ND 
3 

2,000 
ND 

:O. 0003 
ND 

8 
MC 
MC 
ND 

2 
2.000 
2,000 

2 
ND 
ND 
ND 
ND 
ND 
ND 

30 

10 

ND 
5 

ND 
10 

Kel lman-Catusha 
a t  F o r t  Snel l lng 

Cyclone -dun t 
quench-water 

SSMS 

MCfg 
< 60' 

57 Og 
ND 
900' 

40 

MCg 

1 201 

< 5g 

2 

4 

MC 

9 

2,000 
20 
7 
6 

ND 

40 

C 58 

1 2g 

4.900g 

99g 

MC 

0.4 
4 

< 20B 

ND 
400 
MC 

20 
ND 

6 
2.000 

1; 

2 
MCg 

1, roog 
MC g 
ND 
ND 
ND 
1808 
100 ND 
ND 
ND 15g 

2 

ND 

5 
35g 

a 

bSSMS - spark source mass  spectrometry. 

dAAS - atomic absorption spectrophotometry. 
e 

fMC - major component in  the wastewater, concentration greater than 10,000 pg/.t. 

gAnalyzed by induced coupled argon plasma-emission spectrometry. 

hNot detected. 
i 

Units a r e  pg/P unless otherwise noted. 

C 
ICPES - induced coupled argon plasma-emission spectrometry. 

Blanks mean parameter not analyzed. 

Analyzed by atomic absorption spectrophotometry. 

31 3 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.3-8. Trace elements in non-tar producing coal-gasification 
wastewaters (Ref. 7). a 

CasUlcatlon 
systcm 
TYDC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

waithwatcr 
Method of 
analysis 

AluniInum 
Antimony 
Arsenic 
Barlum 
Bcrylllum 
Bismuth 
Boron 
Bromlnc 
Cadmlum 
Calcium 
Cerium 
Cesium 
Chlorine 
Chromium 
Cobalt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D y s  proslum 
Erbium 
Europlurn 
l luorlne 
Cadolinlum 
Gallium 
Cermanium 
Hafnium 
Holmium 
lodine 
Iron 
Lanthanum 
Lead 
Lithium 
LU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAte tlum 
Magncsium 
Mangancsc 
Molybdenum 
Neodymlum 
Nickel 
Niobium 
Phorphorus 
Pohssium 
Praseodymium 
Rubidium 
Samarium 
Scandium 
Selenium 
Sillcon 
Silver 
Sodium 
Strontium 
sulfur 
Tnnhlum 
Tellurium 
Terbium 
Thallium 
Thorlum 
lhuilum 
Tin 
Tihnlum 
Tungsten 
Uranium 
Vanadium 
Ylterblum 
Yttrium 
Zinc 
Zirconium 

Copper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~~~~ 

Koppcrs-Totzek a t  Modderfonteln 

:omprcsao 
:ondcnsateb 

SSMSd 

5 
$ 2  

2 
100 
ND 

2 
C 1  
80 

3 
MC 
ND 
C l  
100 

5 
3 

10 

ND 
ND 
NV 
30 
ND 
C 1  

5 

ND 
ND 

4 
500 
ND 
20 

3 
ND 

1,000 

10 
30 

ND 
4 
2 

7 0  

MC 
ND 

8 
ND 
SI 

1,000 
300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 2  

2.000 
70 

>2.000 
2 
3 

ND 
ND 
C 8  
ND 

2 

30 
ND 
c 7  

2 

ND 
$ 1  

600 
3 

-- 
;ompressor 
condcnsatec 

SSMS 

9 
10 
4 

40 

ND 
ND 

C 1  
300 

7 
MC 

1 
ND 
60 

5 
1 

10 
ND 
ND 
ND 

3.000 
ND 

3 
7 

ND 
ND 

8 
1,000 

1 
30 
10 

ND 
2,000 

9 
20 

ND 
7 
5 

7 0  
MC 

ND 
3 

ND 
S l  

2 
100 

1 
<1.000 

30 
> 3.000 

ND 
3 

ND 
ND 
< 3  
ND 
< I  
200 
ND 
< 3  
< I  

ND 
1 

1,000 
10 

Rectisolb 

SSMS 

100 
< I  
20 

200 
ND 
ND 
C l  
30 

1 
MC 

1 
< I  
200 

3 
1 

50 
ND 
ND 
ND 

400 

ND 
< I  
< l  
ND 
ND 

8 
MC 

1 
20 

6 
ND 
M c 
50 

40 
ND 
200 

2 
700 

5,000 

ND 
9 

ND 
C1 

50 
1,000 

ND 
>1.000 

300 
> 2.000 

ND 
ND 
ND 
ND 
< 3  
ND 

4 
100 

ND 
6 

3 
ND 
< 1  

6.000 
< I  

RcctlsoiC 

SSMS 

100 
ND 
10 

200 
ND 
ND 
ND 
60 

ND 
MC 
ND 
ND 
300 

7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r l  
100 
ND 
ND 
ND 

3,000 
ND 
C 1  

2 

ND 
ND 

9 
2,000 

ND 
10 

3 
ND 
MC 
80 
20 

ND 
100 
c 1  

1,000 
M C  
ND 

6 

ND 
C 1  
40 

2,000 

. ND 
> 2.000 

500 

54 .000  

ND 
ND 
N D  
ND 
<6 

ND 
ND 
200 

ND 
6 
5 

ND 
< I  

5.000 
SI 

jubhltuminous 
coal 

A ASc f IC PES 

N D ~  
ND 

73 
1.200 

ND 
I 

6.800 

ND 
MC 

ND 
ND 
ND 

1.800 

N D  

28,000 

ND 
ND 

ND 

1,300 
2,7 00 

38 
MC 
ND 
MC 

ND 

46 

20 

ND 

XKW-PDU 

Bituminous 

1,400 
ND 
300 
550 

ND 

10,000 

ND 
MC 

ND 
ND 

5 

600 

ND 
100 

7.600 
610 
ND 

ND 

ND 
4.300 

ND 
ND 
ND 

8,600 

ND 

18 

14 

ND 

2.400 
ND 

420 
47 0 

5 

MC 

ND 
8.000 

ND 
12 

ND 

2,300 

ND 
44 

55.000 

ND 
ND 

ND 

ND 
MC 

ND 
ND 
ND 

MC 

ND 

110 

ND 

ND 

‘Tea 
luhrkohle 

settlor 
mderflmv 
SShl.5 

MCh 
90 

600 
MC 
10 
10 

700 
300 
7 0  

h(C 
1.000 

7 0  
MC 

4,000 
400 
700 

50 
20 
10 

MC 
30 

2.000 
3,000 

20 
30 
20 

hfC 
900 

4,000 

70 
2 

MC 
MC 

1,000 
100 

1.000 
200 

MC 
MC 
100 

2,000 

90 
700 

1,000 
MC 
c 6  
MC 

7.000 

MC 
5 
7 
1 

100 
200 

4 
IO0 
MC 
50 

300 

2 

20 
700 
MC 

I, 000 

Units as pg/m unless otherwise noted. a 

bPurified sewage used as process feedwater. 

dSSMS - spark source mass spectrometry. 
e 

fICPES - induced coupled argon plasma emission spectrometry. 

gND - not detected. 

hMC - major component in  the wastewater, concentration greater than 10,000 pg/l. 

b l a n k s  mean parameter not analyzed. 

C 
Cooling tower makeup water used as  process feedwater. 

AAS - atomic absorption spectrophotometry. 

> a t  
uluchemie 

Settler 
ylldcrf low 

iAS/lC PES 

MC 
21 

480 
2.700 

130 

M C  

190 
MC 

I .  200 
260 
7 40 

MC 

3,100 

MC 
2.500 
1.100 

1.050 

5.800 

MC 

1.600 
MC 

MC 

50 

MC 

1.400 

1,700 
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Table 9.3-9.  Organics in fixed-bed coal-gasification wastewaters (Ref. 7). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Gasification system 
~ ~ ~~~~~ 

Wastewater type 

Sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtype 

Acid extractable coinpounds 

Phenol 
Methylphenols 
Dimethylphenols (totaljf 
2 ,4  -Dime thylpheno 1 
Trimethylpheno 1 
Indanol 
1 -Naphthol 
2-Naphthol 
Rcsorcinol/catechol 
Hydroxybenzaldehyde zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0-  Cresol 
m-Cresol 
p- Cresol 
Total unknown phenols 

Base-neutral extractable compoundr 

Naphthalene 
Accnaphtlialene 
Fluor eale 
Phcnanthr enc/aathracene 
Fluoraiitliene 
Pyr  ene 
Bis (2 -e  thylhexy1)p hthalate 
Chr ys cnc 
Benzo b)fluoranthenc 
Bcnzo (a)pyrene 
Pyridinc 
Ethylpyridine (a) 

Quinoline 
4-Me thylquinoline 
1 -Methylnaphthalene 
2 , 3 - Dimethylnaphthalene 
2,6-Dimethylnaplithalene 
Indole 
2 -Methylindole 
3-Methylindo le 
Diethyl phthalate 
Di-n-butyl phthalate 
2-Mctliylpyridine 
3- and 4-Methylpyridine(s) 
Alkylpyridine (a ) 
Nlcylquinoline(s ) 
B enz (a)anthracenc 
7, 12-Dimethylbcnz(a)anthracene 
D enzo (b)fluoranthene 
3-Methylcholanthrene 
Dibcnz (a, b)anthracene 
252 Group (as benao(a)pyrene) 

Volatilc organic coinpounds 

Benzene 
Toluene 
Ethylbenzene 
m, p-Xylene 
o -Xylene 

Chapman 

Separator liquor 

b 
Average 

2,400 
3,200c 
1,200 

0.82 
1.7 
5.0 
6.7 

5.7 

420g 

30 

- - - - 
8.6 
3.6 
2.6 
2.3 
5.7 
5.7 

12 
0.12 
0.10 
0.12 
1.2 

18 
3.1 
0.11 
2.3 
2.3 
2.2 

12 
12 

2.4 
ND 
ND - - - - - - 
- 
- 
- 
- 

0.63 
0.42 
0.048 
0.15 
0.28 

Range 

1900-3100 
1500-4700 
330-1900 
98-820 

0.35-2.2 
: 0.'07- 3.2 

3.3-8.5 
5.4-9.2 
3.6-65 

:O. 18-19 

1.6-17 
1.2- <6 

0.26- <6 
0.7- <6 
0.3- <9 
0.4-<9 
1.2-32 

1.3-61 
0.62-5.6 

0.43-4.2 
0.65- C4.5 
<I. 3-<3 

8-14 
2.2-16 

0.58-3.6 

0.56-0.74 
0.38-0.46 

0.022-0.106 
0.124-0.172 
0.034-0.184 

'oater-Wheeled 
STOIC 

Ash-fan 
water 

Grab 

0.0033 

ND 
ND 
ND 
ND 
ND 
ND 

ND 
ND 
ND 

N D ~  

N? 

- 

0.00033 
ND 
ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0. 0067h 

- - 
- 
- - - - - - 

- - - 
- 

Riley 

Ash-fan 
water 

Grab 

241 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

- 

7.4 
2.0 
1.0 
2.2 
1.7 
1.7 

11.1 
2.4 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
1.9 
1.4 

- - 
- - 
- 
- 
- - - 

- 
- - - 
- 

Lurgi-type 
a t  KOEOVO 
heno solvan- 
inlet water 

Grab 

690 
- 9  

333 
130 
ND 
ND 
ND 
ND 
ND 
ND 
260 
610 
100 
698 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.19 
28 
46 
5 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
29 
13 
26 
12 

0.92 
0.23 
0.68 

<O. 004 
0.02 
1.26 

0.9 
0.5 
ND 
ND 

0.8 

data as mgi t  . 
bAvverage of grab samples. 

extremely high data point is not included i n  the average but the compound was identified 6 of 
6 times. 

~ N D  means not detected. 
CDashee mean parameter not analyzed. 
fIncludes 2,4-DMP. 
gThe portion of 2,4-DMP from the BIN fraction was estimated from the amount foiind in the acid fraction. 
hProbablc artifact of sample handling. 



Table 9.3- 10. O r g a n i c s  i n  non- ta r -p roduc ing  coa l -gas i f i ca t ion  w a s t e w a t e r s  (Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 ) .  a 

Gasification system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
Wastewater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtype 

Sample type 

Acid extractable compounds 

Phenol 
Dimethylphenols (total) 
2,4-Dim e thylphenol 
o-Cresol 
m-Cresol 
p-Cresol 
Total unknown phenols 

Base-neutral extractable 
compounils 

Naphthalene 
Acenaphthalene 
Fluorene 
Phenanthr ene/anthracene 
Flu0 r anthene 
Py r  ene 
Bis (2- ethylhexy1)phthalate 
Chrysene 
Benzo (b)fluoranthene 
Benzo (a)pyrene 
Pyridine 
Diethyl phthalate 
Di-n-butyl phthalate 
Benz(a)anthracene 
Bcnzo (b)fluorantliene 
Dibenz (a, b)antliracene 

d 

Volatile organic compounds 

Benzene 
Toluene 
Ethylbenzene 
in, p-Xylene 
o-Xylcni 
Chloroform 
Total volatile organics 

Koppers- To tzek a t  
Modderfontein 

Compressor 
condensate 

grab 

b 
Tr 

ND 
ND 
ND 

N D ~  

- - 

Tr 
ND 
ND 
ND 
ND 
ND 
Trf 
ND 
ND 
ND 
ND 
Trf 

0.006f 
ND 
ND 
ND 

ND 
ND 
ND 
ND 
ND 
Tr - 

Rectisol 

g rab  

Tr 
ND 
ND 
ND 
ND - 
- 

Tr 
T r  

0.001 
Tr-0.0046 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I ,  0063-0.019 
0.025-0.097 

ND 
0.034 
0.002 

ND 
ND 
Trf 
ND 

0.015 
ND 

0.016-0.023 

ND 
ND 
ND 
ND 
ND 
Tr - 

KRW-PDU 

~ ~~ 

lubbitumi- Bituminous 
IOUS coal coal 

Lignite 

0.19' - - 
ND 
ND 
NU - 

10.0 
1.0 
1.0 
2.71 
0.94 
0.68 

ND 
ND 
ND 
ND 

- 

- 
ND - 
- 

- - 
.. - 
.. - 
.. 

0.2 
0.040 
0.10 
0.44 
0.30 
0.36 

0.020 
ND 

0.005 
Tr 

- 

- 
0,010 - - 

a 

bTr means trace (de tec ted  but at an unquantifiable level be low 0.001 m g / l ) .  

d Inc ludes 2,4-DMP. 
e 

fProbable artifact of s a m p l e  handling. 

All  data as mg/2. 

C 
D a s h e s  mean p a r a m e t e r  not analyzed. 

ND means not detected. 

0.16 - - 
ND 
ND 
ND - 

0.20 
0.060 
0.11 
0.040 
0.001 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0,001 

ND 
ND 
ND 

0.25 

- 

- 
ND - 
- 

0.020 - 
- - 
- 

Texaco a t  
bhrkoh le /  
hhrc l iemie  

Sett ler - 
underflow 

grab 
- 
- 

0.0026 
ND 
ND 
ND 
ND - 
- 

ND 
ND 
ND 
ND 
ND 

0.0081 
ND 
ND 
ND 

ND 
ND 
ND 
ND 
ND 

ND f 

- - - 
- - - 

0.03-0.05 
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Table 9.3-11. Summary data for wastewater bioassay tests (Ref. 7). 

Gasifier /wastewater 

Lurgi-type Kosovo/gas 

Lurgi-type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKosovo/ 

Lurgi-type Kosovo/ 

Lurgi Sasolburg/ 

Lurgi SasoIburg/ 

Riley/ash leachate 

Riley/cyclone dust 

Chapman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ s eparator 
liquor 

W ellman- Galus ha 
(Fort Snelling ) / 
ash sluice water 

Wellman-Galusha 
(Fort Snelling)/cyclone 
dust quench water 

Wellman-Galusha 
(Glen-Gery)/ash 
sluice water 

W ellman-Galusha 
(Glen-Gery) /ash 
leachate 

Texaco Ruhrkohle/ 
Ruhrchemie /settler 
underflow 

liquor 

pretreated gas liquor 

ASTM slag leachate 

pretreated gas liquor 

bioreactor effluent 

leachate 

Texaco Ruhrkohle/ 
Ruhrchemie/ASTM 
slag leachate 

Ruhr chemie /ASTM 
fines leachate 

Texaco Ruhrkohle/ 

Texaco Ruhrkohle/ 
Ruhrchemie/bioreactor 
effluent 

AMESa 

positive 

negative 

negative 

- 

- 
negative 

negative 

negative 

negative 

negative 

negative 

negative 

negative 

negative 

negative 

negative 

Bioassay Test Results 

b In-vitro 
: ytotoxi city 

CI-IO-M 

CHO-M 

CHO-ND 

- 

- 
CHO-L 

CHO - ND 

RAM-ND 

WI-38-M 

WI-38-ND 

WI-38-ND 

WI-38-ND 

CHO-H 

CHO-ND 

CHO-L 

CHO-ND 

Treshwater algae' 

ECSO 

- 

3?hf 

4% 

0.1 to 1.0% 

1.4- 1.7% 

13-19% 

l0-11% 

20% 

a Fathead minnow 

Lc5 0 
~ 

- 

- 
" 

4.5-7.570 

38% 

- 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.02% 

- 

- 

- 

- 

1.2- 1.3% 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.0% 

9.3-13% 

a 

l'CHO - Chinese hamster ovary clonal toxicity assay: RAM - rabbit alveolar macrophages toxicity 
Salmonella bacterial mutagenicity as say (S. typhimurium). 

assay; WI-38 - human lung fibroblast cells; L - low toxicity; M - moderate toxicity: H - high 
tosicity; ND - no detectable toxicity. 

in biomass. 

the fish population. 

CSelenastrum capricornutum, EC50 - concentration of effluent estimated to cause a 50% decrease 

dPimephales promelas, LC50 - concentration of effluent estimated to cause a 50% decrease in 

'=Dashes mean parameter not analyzed. 
f Values expressed as  percent coiiccntration of sample in dilution water. 
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firm t h a t  quench condensates produce the most contaminated waste streams 

from coal gas i f i ca t ion .  These streams contain substant ia l  amounts of COD, 

BOD, NH3,  SCN, C N ,  reduced su l fu r  compounds, carbonates, and dissolved 

so l ids .  The fixed-bed g a s i f i e r s  a l so  contai:n s ign i f i can t  quan t i t i es  of d is-  

solved organics and v o l a t i l e  inorganics.  

a l l y  r e f l e c t  the composition of the  parent coa l ,  w i t h  most of these 

substances report ing t o  the  l i qu id  o r  so l i d  e f f l uen t  streams from the  

g a s i f i e r .  

Trace-element compositions gener- 

The c r i t i c a l  po int  a f fec t ing  the research agenda f o r  coal gas i f i -  

cat ion i s  t h a t  wastewater t reatment processes add considerable cos t  t o  the  

overal l  system, so t h a t  process improvements w h i c h  reduce o r  e l iminate these 

steps a re  highly des i rab le .  S imi lar ly ,  a b e t t e r  understandihg of fundamen- 

t a l  process chemistry, pa r t i cu la r l y  i n  the context  of recycle and reuse of 

contaminated waters,  could help minimize the  need f o r  downstream treatment. 

We return t o  these points  i n  summarizing research recommendations ai; the  end 

of t h i s  chapter.  

9.3-2C. Sol id Wastes 

The major solid-waste streams from coal -gas i f icat ion proct asses a re  

the  ash o r  s lag from the g a s i f i e r ,  p l u s  dust  co l lec ted  i n  the cyclone sepa- 

r a t o r s  found i n  some process designs. Byproduct t a r  and o i l  may a l s o  be 

discharged from some types of gas i f i e rs .  

var ious g a s i f i e r s  include character izat ion of chemical proper t ies,  physical 

cha rac te r i s t i cs ,  leaching t e s t ,  and bioassay t e s t s  (Table 9.3-12). Deta i ls  

concerning these data a re  summarized i n  Ref. 8. 

EPA t e s t  data on so l id  wastes from 

The most c r i t i c a l  aspects  of solid-waste handling and disposal 

concern whether o r  not the waste i s  c l a s s i f i e d  a s  hazardous under RCRA o r  

whether i t  poses any biological  hazard, a s  indicated by bioassay t e s t s .  Re- 

sults f o r  g a s i f i e r  ash, s lag  and cyclone dus t ,  w h i c h  or ig ina te  pr imari ly 

from t he  inorganic components of coa l ,  have demonstrated t h a t  these materi- 

a l s  a r e  non-hazardous under current  RCRA cr t e r i a  (Table 9.3-13). This ob- 

servat ion i s  cons is ten t  w i t h  the resul ts of o ther  t e s t i n g  programs car r ied  

out by the US DOE on several coal -gas i f icat  on p i l o t  p lants .  

f o r  g a s i f i e r  ashes, s lags  and dus ts  suggest s i m i l a r i t i e s  t o  ashes from con- 

Avai lable data 



ventional coal-combustion systems.$ The general conclusion from 

characterization studies to date is that disposal of gasifier and cyclone 

solid wastes should not require management practices substantially different 

from those currently used for coal-combustion solid wastes. As noted earli- 

er, however, EPA has recently proposed modifications to the current RCRA 

criteria which could make the future status of coal-gasification wastes far 

less certain. In this context, additional testing of archived samples of 

gasifier ash and slag could provide an expanded data base to assess the im- 

pact of new RCRA test criteria. 

EPA characterization studies also included tar- and oil-discharge 

streams typical of fixed-bed gasifiers. These indicated the presence of 

polynuclear aromatic compounds (PNAs) including benzo(a)pyrene, one of the 

most potentially hazardous PNAs identified in gasifier tars.8 In addition 

to toxic or carcinogenic organic compounds, these streams were found to con- 

tain many trace elements. Co-disposal of such substances with other solid 

wastes could affect their RCRA classification. Since these tars and oils 
have relatively high heating values, however, they are quite suitable (and 

often used) as a fuel rather than a solid waste. 

in this case could include the ultimate fate of trace metals and the emis- 

sion of trace organics from incomplete combustion. 

The environmental concerns 

9.3-3. Methods of Environmental Control 

We present in this section a very brief overview of current and 

developing methods for environmental control of major contaminants at 

coal-gasification facilities. 

9.3-3A. Air Pollutants 

As previously noted, emissions of sulfur species have traditional- 

ly constituted the primary air-pollution concern at coal-gasification facil- 

ities. Current regulations also focus on emissions of particulates and 

nitrogen oxides, while future regulations may address hazardous or toxic 

species such as organics and trace metals. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j 
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One of the  v i r tues  of coal gas i f i ca t ion  has been the a b i l i t y  t o  

reduce atmospheric su l fu r  emissions t o  l eve ls  f a r  below those achievable i n  

conventional coal-combustion systems. T h i s  r e s u l t  i s  achieved because su l fu r  

occurs primari ly i n  the form of gaseous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH,S ( ra the r  than SO,), t h u s  making 

i t  amenable t o  removal by a var ie ty  of physico-chemical acid-gas removal- 

processes already commercialized i n  re la ted  indus t r ies  such a s  petroleum re- 

f in ing .  Whether the acid-gas removal-process i s  viewed as  an environmental 

control technology o r  simply as  a process component depends on the process 

appl icat ion.  For high-BTU gas production, removal of su l fu r  i s  a necessary 

pa r t  of the  process t o  avoid contamination of methanation ca ta l ys ts .  In the  

production of fuel gases, however, the acid-gas removal-step i s  needed p r i -  

marily t o  comply w i t h  environmental regulat ions on allowable SO, emissi-ons 

once the  fuel i s  burned. In t h i s  case, i t  i s  c lea r l y  an environmental con- 

t r o l  technology. 

w i t h  a sulfur-recovery system, w h i c h  t yp ica l l y  converts H,S and other  

reduced su l fu r  species t o  elemental su l fu r ,  one of t he  major by-products 

from coal gas i f i ca t ion .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA typical  sulfur-recovery system migh t  cons is t  of a 

Claus plant w i t h  a ta i l -gas  treatment-system. For properly operating sys- 

tems, atmospheric emissions would consis t  of some ta i l -gas  SO, and/or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H,S in very low concentrat ions (several  ppm). The la rges t  source of SO, from 

coal gas i f i ca t ion  a r i s e s  from the  combustion of the  low- o r  medium-BTU 

coal-gas product, where the H,S n o t  removed by the  acid-gas removal-system 

i s  oxidized t o  SO, on combustion.* This combustion-gas stream i s  a lso  the 

principal source of nitrogen oxide emissions, which are  derived from 

fuel-bound nitrogen (p r inc ipa l l y  from ammonia n o t  dissolved in the g a s i f i e r  

quench stream), plus thermal NOx produced from nitrogen and oxygen present 

i n  airblown g a s i f i e r s .  Nitrogen oxide control measures t h u s  consis t  of ammo- 

nia removal together with combustion contro ls  designed t o  minimize the  for-  

mation of thermal NOx by methods such as  steam in jec t ion ,  burner-design 

modif icat ions, and other standard methods. 

Conventional acid-gas removal processes operate i n  conjunction 

~ ~~~ 

* T h i s  statement appl ies t o  fuel-gas appl icat ions such as  e l e c t r i c  power 

generation. For other appl icat ions,  the l a rges t  source of SO, emissions 

i s  l i ke l y  t o  be an aux i l ia ry  coal- f i red bo i le r  producing steam fo r  pro- 

cess use. 
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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 9.3-13. Summary ranges of cheinical concentrations of elements 
i n  RCRA EPA extracts f rom gasifier ashes, mg/P (Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8). 

Elements 

Aluminum 
Antimony 
Arsenic 
Barium 

Beryllium 
Cadmium 
Calcium 
Chromium 

Cobalt 
Copper 
Iron 
Lead 

Lithium 
Magnesium 
Manganese 
Mercury 

Molyb de num 
Nickel 
Potassium 
Selenium 

Silicon 
Silver 
Sodium 
Strontium 

Titanium 
Vanadium 
Zinc 

Facilitiesa 

High 

T C  

D 
K 

- 
L 
B 
E 

F 
B 
E 
H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G 
B 
B 
- 

E 
B, E 
B 
A 

B 
K 
D 
B 

A, B 
E 
C 

Low 
Range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C BCb-0. 15 

< 0.002-0.033 
C 0.005-<O. 050 

0.019-7.2 

<O. 0005- CO. 002 
<O. 0005-0.1 

< 0.001 -0.3 
0. 099-MCd 

<BC-3.3 
<o. 001-0.1 
<O. 008-10 
CO. 002-0.025 

N D ~ - O .  29 
0.036-MC 
0.001-0.5 

C 0.0002-< 0.0005 

C BC-0.1 
C BC-0.04 

ND-MC 
< 0.001-0.01 

0. 2-MC 
CO. 0005-0.007 

1.6-140 
0.06-6 

< 0.005-0.1 
ND-0.07 

<BC-4 

RCRA 
Limit 

5 
100 

1 

5 

5 

0. 2 

1 

5 

a 
The code used in  this table to identify source tests is as follows: A, Chapman; B, Wellman- 
Galusha (Fort Snelling); C, Wellman-Galusha (Glen Gery); D, Riley; E, Lurgi type (I<osovo); zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F, Texaco (Ruhrchemie); G, Lurgi (SASOL 1); H, IGT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-GAS; I, KRW-WY subbituminous coal: 
J, KRW-Pittsburgh 88; K, KRW-ND lignite; L, Foster-Wheeler/STOIC. 

b<BC = l ess  than or  equal t o  blank concentration. 

d 

e 

C 
All analyses below detection limit. 

MC = major component. 

ND- not detected, 

In  view of regulatory trends, improved NOx control methods may be 

needed i n  conjunction with hot-gas cleanup systems currently being developed 

for application to IGCC power generation. High-temperature pollutant control 

322 



offers the significant advantage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  eliminating the need to quench and sub- 

sequently treat the condensables from gasifier products. While recent DOE 

research on high-temperature removal of sulfur and particular matter appears 

to be quite promising, levels of NOx emissions are similar to those currently 

required for new coal-fired power plants (i.e., about 0.6 lb/MBTU). 

additional efforts are warranted on high-temperature removal systems to 

achieve the much lower levels of NOx emissions currently obtainable with 

low-temperature gas-treatment processes and commercial flue-gas treatment 

systems. 

Thus, 

Other potential air pollutants from coal-gasification processes 

are largely fugitive in nature. Here, the need for or viability of addition- 

al control technology remains speculative and large a matter of future regu- 

latory developments. In these cases, more complete characterizations of 

fugitive organic and inorganic materials are the first step required to as- 

sess the need for additional controls. 

9.3-3B. Water Pollutants 

Wastewater-treatment systems at coal-gasification plants are de- 

signed primarily to deal with the quench-condensate stream plus smaller 

streams such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas those from acid-gas removal-processes, ash sluicing, etc. 

Several steps are common to wastewater-treatment systems. These include the 

stripping and recovery of the ammonia and phenols, which represent poten- 

tially useful by-products. This step is typically followed by a biological 

oxidation process to remove additional organics. In some instances, there 

may be added still another polishing operation such as filtration through 

activated carbon. 

As noted, requirements for coal-gasification wastewater-treatment 

presently depend on state and local regulations. At plants subject to zero- 

discharge regulations, treated waters and waste sludges typically are sent 

to an impermeable solar evaporation pond in regions where rainfall levels 

are relatively low. However, this method is not viable i n  many parts o f  the 

country. 

ing on local circumstance; otherwise, alternative methods of disposal in- 

volving wastewater recycle must be used. No generalizations are possible at 

this time since US experience is extremely limited. 

In these cases, some allowable discharge may be permitted, depend- 



9.3-3C. Solid Waste 

Disposal of gasification-plant solid wastes generally involves a 

conventional sanitary landfill with an impermeable liner to prevent leaching 

into groundwater. As noted earlier, waste disposal methods are determined 

principally by whether or not wastes are classified as hazardous by Federal 

or state agencies. To the extent that future research leads to innovative 
means of utilizing coal-gasification wastes i n  ways that are economically 

productive, the uncertainties and costs of dealing with solid-waste disposal 

problems may be greatly ameliorated. 

disposal of ash from gasifiers are given i n  Sec. 13.2. 

Additional discussions of the use and 

9.4. Experience at Commercial Facilities 

In recent years, two commercial facilities have come on-line i n  

the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS, which provide the most up-to-date experience in dealing with envi- 

ronmental problems of coal gasification. These facilities are the Great 

Plains coal-gasification project i n  North Dakota (producing SNG) and the 

Cool Water gasification project in California (producing electricity i n  an 

IGCC). Here, we briefly highlight some of the environmental control issues 

and performance data that are available from these plants. 

9.4-1. The Great Plains Gasification Plant 

The Great Plains facility represents the first US plan constructed 

Despite the fi- to demonstrate the production of SNG at a commercial scale. 

nancial problems surrounding operation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the plant in the current market 

environment, it remains a technological success insofar as production of 

pipeline-quality gas i s  concerned. Environmentally, however, Great Plains 

also has demonstrated the potential pitfalls of applying off-the-shelf tech- 

nology to new situations. In this case, the Stretford unit employed for 

sulfur removal has failed to operate as anticipated, with the result that 

emissions have not complied with SOx  regulation^.^ The problem is generally 

attributed to the presence of trace compounds in the gas stream which ad- 

versely affect Stretford process chemistry and catalyst performance. After 

many months of study, however, no solution has yet been found and the plant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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continues to operate under a special variance from the North Dakota Pollu- 

tion Control Agency. 

Other environmental control systems at Great Plains appear to be 

performing adequately, though all details of environmental monitoring have 

not yet been made public. Since the Great Plains facility employs a 

tar-producing Lurgi gasifier, special attention has been paid to waste-water 

treatment and disposal. Cleaned waters from the wastewater-treatment facili- 

ty are recycled as cooling-tower makeup-water since no discharge are permit- 

ted. Dewatered cooling-tower and wastewater treatment sludges are 

incinerated and disposed of with the solid residue by deep-well injection. 

Gasifier ash, however, is classified as non-hazardous and is disposed of in 
a conventional landfill. A detailed envirorynental monitoring program is be- 

ing carried out as part of the current plant operation under the auspices of 

DOE. 

9.4-2. The Cool Water Gasification Facility 

The 100 MWe Cool Water coal-gasification project produces conden- 

sates from an entrained-bed Texaco gasifier, which are treated in a sour- 

water stripper. The effluent is then sent to an evaporation pond along with 

clarified waters from the slag- and ash-handling system. Groundwater moni- 

toring tests to date indicate no leakage around the evaporation pond or slag 

disposal areas." The gasifier slag at Cool Water has been designated as 

non-hazardous according to Federal and state criteria based on standard 

leaching tests for trace elements and organics. Typical results are shown in 
Table 9.4-1. 

The performance of air pollution control systems at Cool Water has 

exceeded that needed to comply with applicable emission limits imposed by 

California. The principal emission sources are the stacks of the,heat- 

recovery steam generator (HRSG) and the plant incinerator. Results of com- 

pliance testing and supplemental environmental monitoring for the 

steam-generator stack gases are shown in Tables 9.4-2 and 9.4-3, respective- 

ly. Emissions of SO2, NOx, and CO are significantly below allowable limits, 

with low to negligible levels of trace metals, organics, and other poten- 

tially harmful pollutants. Qualitatively similar findings result from com- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
325 



pliance and supplemental testing of the incinerator stack gases, as is shown 

i n  Tables 9.4-4 and 9.4-5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 9.4-1. Results of Cool Water  solid-waste tests (Ref. 10). 

(a) Gasifier slag: RCRA waste-testing results. 

Ignitability 
Corr osivity 
Reactivity 

Negative 
Negative 
Negative 

Leachate 
concentration 

RCRA EPA Parameters 

Arsenic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, mg/P ND 
Barium, mg/P 0.039 
Cadmium , mg/l ND 

Lead, mgl i  ND 
Mer cur y , mg /Q ND 
Selenium , mglm ND 
Silver, mgl l  ND 

Chromium (total), mg /Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAND 

Parameter 

Antimony, 
Ar s enic , 
Barium, 
Beryllium , 
Cadmium, 
Chromium , 
Chromium (+6), 
Cobalt , 
Copper, 
Fluoride, 
Lead, 
Mercury, 
Molybdenum, 
Nickel (total), 
Selenium, 
Silver, 
Thallium, 
Vanadium, 
Zinc, 

LC-50 (96 hours) mglm 

Leachate 
concentration 

ND 
ND 
25 
ND 
ND 
1.6 
ND 
0.14 
0. 25 
3.8 
0.36 
ND 
ND 
ND 
ND 
ND 
ND 

1 
ND 

> 500 

RCRA 
limit 

5.0 
100.0 

1.0 
5.0 
5.0 
0.2 
1.0 
5.0 

(b) Gasifier slag: State of California waste-leaching testing results. 
~ 

California 
limit 

15 

100 

100 
560 

80 
25 

180 

5.0 

0.75 

5.0 

5.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0. 2 

350 
20 

1.0 
5.0 
7.0 

24 
250 

Detection 
limit 

(c 0.06) 

(eo. 002) 
(<O. 005) 
(CO. 08) 
(< 0.0004) 
(CO. 08) 
(eo. 002) 

Detection 
limit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0.001) 

(0.001) 
(0.05) 

(0. 005) 

(0.003) 

(0.0002) 
(0.002) 
(0.001) 
(0.001) 
(0.002) 
(0.002) 
(0. 003) 

ND = not detected. 



SO2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcontrol at Cool Water is obtained by using the Selexol 

acid-gas removal-process i n  conjunction with a Claus/Scot sulfur-recovery 

system. Sulfur levels in the gas are reduced by 95-97%. NOx emissions are 

controlled through steam injection i n  the gas turbine. When normalized on 

coal-energy i,nput, NO emissions are an order of magnitude below current New 

Source Performance Standards for coal-fired power plants. This level is com- 

parable to emissions achieved by using selective catalytic reduction systems 

on coal-fired power plants i n  Japan and the FRG. 

While the environmental control equipment at Cool Water has gener- 

ally performed quite successfully, some aspects of the original design still 

remain to be demonstrated. For example, problems encountered during start-up 

required incinerating the off-gas stream from the waste-water treatment pro- 

cess rather than direct treatment in the Claus/Scot unit as designed. Simi- 
larly, some rerouting of plant wastewater and recycle streams directly to 

X 

the evaporation pond was required to achieve adequate performance of the 

water-treatment facility. Understanding and correction of these problems 

expected as plant operation continues. 

9.5. Research Needs and Priorities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 

We now present a summary of kpy recommendations related to the en- 

vironmental control of cbal-gasification facilities. These recommendations 

are framed by several general questions regarding the methods and cost of 

meeting current and future environmenta control requirements: (i) Are ade- 

quate control technologies available to meet current environmental control 

requirements for surface coal-gasificat on facilites? Can the performance of 

such technology be predicted reliably to assure compliance with current re- 

quirements for air, water and solid waste emissions from commercial gasifi- 

cation processes? (ii) What are the anticipated trends i n  future 

environmental control requirements, and how will these affect future gasifi- 

cation technology in various applications? 

formation available to handle potential future situations? (iii) What is the 

potential for significantly reducing the cost of environmental control 

through new process development and/or the development of improved control 

technology? 

Is adequate technology and in- 

What research is needed to pursue these opportunities? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Each of these issues provides a context for research recommenda- 

tions. The scope of these recommendations is tailored to the mission of 

DOE'S Surface Coal Gasification Program. Priorities are designated as either 

1 (high) or 2 (lower). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.5-1. Current Control Technology 

Environmental research on coal gasification processes conducted 

over the past decade has been focused, to a large extent, on characterizing 

the chemical composition of gaseous, liquid and solid waste streams from 

various types of gasifiers. This procedure has aided the design of technolo- 

gy for air-pollution control, waste-water treatment, and solid-waste dispos- 

al, with the result that current environmental control requirements are 

generally met, albeit based often on empirical design criteria rather than 

fundamental understanding. 

Recent experience also underscores the continuing need for more 

fundamental research on process factors related to environmnetal control. 

Examples from the two most recently commercialized US coal-gasification fa- 

cilities serve to illustrate the general point that, while control technolo- 

gy is available to meet current environmental regulations, the performance 

of such systems cannot always be predicted reliably and, in some cases, 

falls short of the mark. 

understanding of process and chemistry details relevant to environmental 

control-system design and performance. The two areas where additional re- 

search may be especially productive are i n  gaseous pollutant removal and wa- 

ter treatment/recycle systems. The following research recommendations are 

thus suggested with priority 2: (i) Basic research is needed to obtain bet- 

ter understanding of the process chemistry related to the control of gaseous 

pollutants. The chemistry of sulfur removal from complex gas mixtures, in- 
cluding the effects of trace compounds found in coal-gasification plant pro- 

cesses, is a particular area of concern. (ii) Fundamental research is 

similarly needed on gasification-process water-chemistry, particularly i n  

the context of waste-water recycle systems (which offer the potential for 

waste elimination). 

Invariably, this problem reflects a lack of basic 

This research should provide a basic understanding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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the reactions of species and the fate of contaminants common to 

coal-gasi fication process condensates and wastewaters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.5-2. Future Environmental Requirements 

Our earlier discussion showed that, over the past two decades, 

there has been a clear and continuing trend toward more stringent environ- 

mental control requirements for energy-conversion processes of all types. 

In recent years, environmental requirements have become more comprehensive 

in scope, covering emissions to all environmental media (air, water and 

land). At the same time, the level of sophistication with which potential 

pollutants are identified, measured, and regulated has also increased. 

While the nature of future environmental requirements inevitably remains 

speculative, the following-general trends are likely to affect coal gasifi- 

cation processes: (i) Control' of criteria air pollutants (those originally 

.. 

,: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 9.4-2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEPA performance-test resul ts  for the Cool Water I-IRSG stack gases (Ref. 10). 

Parameter  

Sulfur dioxide 

Nitrogen oxides 

Carbon monoxide 

Fluoride 

Mercury 

B er  yllium 

Sulfuric acid mist 

Part iculate loading 

Units 

lb  /hr 

lb/hr 
ppmv @ 15% oxygeti 

lb /kc 

lb /hr 

l b  /hr  

1b /hr 

lb /hr 

lb /hr 

Emiss ion 
limit 

35 

140 
50 

77 

None 

None 

None 

None 

None 

1984 
Tes t  

33.1 

61.2 
22.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2. 9 

0.0053 

ND 

ND 

2.7 

1. 23 

1985 
T e s t  

16.8 

68.9 
25 

3.7 

NR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NR 

NR 

NR 

N R  

a 
Approval to construct/modify a stationary source: 9 December 1981, EPA 
Region II. 

ND = not detected a t  the following detection limits: merc iay  (CO. 000065 
l b /h r )  and beryllium (CO. 00016 lb/hr) .  

NR = not required for the 1985 performance tests. 
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Table 9.4-3. Cool Water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHRSG stack gases: supplemental environmental data (Ref. 10). 

Envir o m e n t a l  parameter 

Carbon monoxide 
Carbon disulfide 
Carbonyl sulfide 
Hydrogen sulfide 

Ammonia 
Hydrogen cyanide 

C2-C6 Hydrocarbons 
Benzene 

Hydrogen bromide 
Hydrogen chloride 
Hydrogen fluoride 

Radon- 222 

Volatile t race elements detected 

Boron 
Calcium 
Chromium (total) 
Copper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Lr on 
Mercury 
Nickel (total) 
Silicon 
Zinc 

Organic compounds detected 

ND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= not detected. 

Units 
Mean 
value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

ND 
ND 
ND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

0.01 

ND 
ND 

0.33 
0.73 
0. 21 

0.23 

0.14 
4.1 
0.063 
0.087 
0.45 
0.0067 
0.32 
7.6 
0.49 

None 

Detection 
l imi t  

Table 9.4-4. E P A  performance-test resul ts  for the Cool Water 
incinerator-stack gases (Ref. 10). 

Parameter  1 Units I Emission I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAky8t 1 1985 
limits Tes t  

Sulfur dioxide 

113 /hr  None 0. 06 NR Fluoride 

Mercury lb /hr None 0.00015 Mi 

Beryll ium 

Sulfuric acid mist lb /hr None 

ND = not detected a t  a beryll ium detection limit of <O. 000002 lb/hr . 
NR = not require'd for the 1985 performance test. 

lb /hr No ne ND N R  

NR. 0.0002 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.4-5. Cool Water incinerator-stack gases: supplemental 
environmental data (Ref. 10). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

: I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA331 

Environmental parameter 

Carbon monoxide 
Carbon disulfide 
Carbonyl sulfide 
Hydrogen sulfide 

Ammonia 
Hydrogen cyanide 
Nitrogen oxides 

C2-C6 hydrocarbons 
Benzene 

Hydrogen bromide 
Hydrogen clilor ide 
Hydrogen fluoride 

Radon - 222 

Volatile trace elements detected 

Boron 
Calcium 
Chromium (total) 
Cobalt 
Jron 
Magnesium 
Manganese 
Mercury 
Nickel (total) 
Silicon 
Sodium 
Titanium 
Zinc 

Organic compounds detected 

ND = not detected. 

Units 

~- 
Mean 
value - 

26 
ND 
ND 
ND 

18 
0.014 

64 

ND 
ND 

0. 26 
1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.072 

0.56 

0.22 
2.5 

11 
0.051 
7.8 
1.2 
0.34 

0.12 
62 

1.7 
0.63 
0. 15 
0.37 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
No ne 

Detection 
l imit 

(<O. 025) 
(<O. 025) 
(<O. 025) 

F1) 
(e11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

regulated by the 1970 Clean Air Act, e.g., SO2, particulate matter, NOx, 

HCs, and photochemical oxidants) will continue to be important. Recently, 

the NSPS for combustion-related pollutants have tended to become more strin- 

gent as control-technology capabilities have improved. In terms of future 

developments, the commercialization of technology yielding much lower emis- 

sions of NOx at coal-fired power plants than were heretofore required may 

compel further tightening of current NSPS requirements in the future, par- 

ticularly if NOx emissions prove to be implicated i n  environmental issues 

such as acid rain. (ii) Hazardous and toxic air pollutants are likely to be- 

come more heavily regulated in response to concerns over their health and 

ecological impacts. In the context of coal-gasification processes, this 

problem could affect emissions of heavy (trace) metals and organic compounds 

' I  



emitted i n  small quantities. ( i i i )  Zero discharge of waste-water contami- 

nants can be expected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  continue t o  be the prevailing philosophy guiding 

regulatory requirements at the Federal, state and local levels. This re- 

quir.ement could have significant implications for commercial 

coal-gasification facilities in parts of the country where relatively simple 

methods such as solar evaporation ponds cannot be used. (iv) The disposal of 

solid as well as liquid wastes will come under increasing scrutiny t,o ensure 

that waste materials by-products and potential leachates are environmentally 

benign. 

evolve as new measurement techniques and research results become available. 

Research recommendations flowing from these observations include 

the following with priority 1: (i) Sustained research is needed to charac- 

terize emissions of trace metals, organic compounds and other potentially 

hazardous or toxic substances to air, water and land emanating from 

coal-gasification process streams, control technologies, fugitive emission 

sources, and leachates. (ii) Continued research is similarly needed in the 

areas of solid and liquid waste management, particularly the characteriza- 

tion of wastes under evolving RCRA criteria, and the utilization of solid 

residues as by-products rather than wastes. Understanding of the fate of 

organic and inorganic contaminants in the environment, both near-source re- 

actions and longe-range transport, is needed. 

Criteria defining hazardous and toxic substances are likely to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

9.5-3. Advanced Control Technology 

Environmental-control systems currently account for a significant 

portion of total coal-gasification process-costs, so that high priority must 

be assigned to novel or advanced methods for reducing these costs while 

maintaining environmental quality standards. 

control processes will depend, in part, on the gasifier design and perhaps, 

more substantially, on process application. Thus, processes yielding gas 

for use at room temperature invariably produce condensates requiring some 

degree zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof waste-water treatment, in addition to gaseous pollutant removal 

(although gasifier types such as entrained beds produce inherently cleaner 

condensates than others, e.g., tar-producing fixed-bed gasifiers). 

The ability to eliminate or substantially simplify environmental 
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On t h e  o t h e r  hand, g a s i f i e r  a p p l i c a t i o n s  f o r  e l e c t r i c  power gener- 

a t i o n  o f f e r  t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  s i m p l i f i c a t i o n  o f  environmental  

c o n t r o l  systems by u s i n g  hot-gas cleanup. Removal o f  p o l l u t a n t s  a t  h i g h  

temperatures, f o l l o w e d  by combustion o f  t h e  gaseous produc ts ,  n o t  o n l y  

y i e l d s  improved process e f f i c i e n c y  b u t  a l s o  e l i m i n a t e s  severa l  u n i t  opera- 

t i o n s  r e q u i r e d  f o r  low-temperature process ing  (e.g., waste-water t rea tment ) .  

The ongoing DOE research  program on hot-gas cleanup o f f e r s  an e x c e l l e n t  op- 

p o r t u n i t y  f o r  major improvements o f  t h i s  na ture .  Our p r i o r i t y  1 research  

recommendations are: (i) Cur ren t  DOE research  on hot-gas cleanup i s  impor- 

t a n t ,  g e n e r a l l y  wel l - focused, and deserv ing  o f  s t rong  con t inued  support .  

Key research  needs have been i d e n t i f i e d  and a r e  be ing  pursued t o  develop v i -  

a b l e  means o f  p a r t i c u l a t e  and s u l f u r  removal a t  h i g h  temperature us ing  gas 

t rea tmen t  and/or in-bed removal processes. (ii) A d d i t i o n a l  research  appears 

t o  be needed t o  ensure t h a t  NOx emissions w i t h  hot-gas cleanup systems can 

be c o n t r o l l e d  t o  t h e  same degree t h a t  i s  ach ievab le  w i t h  c u r r e n t  

low-temperature c o a l - g a s i f i c a t i o n  systems and combustion-gas t rea tmen t  de- 

v i ces .  Such l e v e l s  a r e  an o r d e r  o f  magnitude lower  than c u r r e n t  NSPS re -  

quirements, b u t  rep resen t  reasonable t a r g e t s  f o r  on-going research  and 

development. 

References 

1. 

2. 

3. 

4. 

5. 

S.B. Baruch and J.S. Feher, "Tox ic  Substances: Fu ture  E l e c t r i c  U t i l i t y  

Cons idera t ions , "  Proceedings o f  t h e  American Power Conference, Vo1.47, 

I l l i n o i s  I n s t i t u t e  o f  Technology, Chicago, IL .  (1985). 

E.S. Rubin and F.C. McMichael, Environ. S c i .  Technol. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA112 (1975). 

J.P. F i l l 0  and M.J. Massey, "Fate o f  Phenols Dur ing  t h e  G a s i f i c a t i o n  

o f  Coal , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'I Symposi um Proceeedi ngs Environmental Aspects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Fuel Conver- 

s ion  Technology I V Y  Report  No. EPA-600/7-79-217, PB880-134729, NTIS, 

A r l  i ngton , VA (September 1979). 

R.G. Luthy, J.Water P o l l u t i o n  Contr .  Fed. - J  53 325 (1981). 

R.M. Fe lde r  and J.K. F e r r e l l ,  " P o l l u t a n t s  f rom Coal Conversion Process- 

e s , "  Report  No. DoE/PC/30232-T8 t o  US DOE from Nor th  C a r o l i n a  

S t a t e  U n i v e r s i t y ,  Raleigh, NC (1983). 



6. M. K i l p a t r i c k ,  "Coal G a s i f i c a t i o n  Environmental Data Summary: S u l f u r  

and N i t rogen  Species, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI' Repor t  No. EPA-600 /7-86-015b, US EPA, Re- 

search T r i a n g l e  Park, NC ( A p r i l  1986). 

Summary: Low and Medium-BTU Wastewaters," Report No. EPA-600/7-86-015a, 

US EPA, Research T r i a n g l e  Park, NC ( A p r i l  1986). 

Wastes and Byproduct Tars  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, ' I  Repor t  No. EPA-600/7-86-015~, US EPA, Re- 

search T r a i n g l e  Park, NC ( A p r i l  1986). 

A l t e r n a t e  Energy '86 Conference, Counci l  on S y n t h e t i c  Fuels, Cap t i va  

I s l a n d ,  FL, May 1986; a l s o ,  p r i v a t e  communications w i t h  US DOE, Radian 

Corp., and ERT, I n c .  (1986). 

Water Coal G a s i f i c a t i o n  Program," N a t i o n a l  AICHE Meeting, Boston, MA, 

American I n s t i t u t e  o f  Chemical Engineers, NY ( A p r i l  1986). 

7. F .J .Casta ld i  and F.D. Sk inner ,  "Coal G a s i f i c a t i o n  Environmental Data 

8. A.G. Eklung, "Coal G a s i f i c a t i o n  Environmental Data Summary: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASol i d  

9. V.P.  Sabin, "Progress Repor t  on Great  P l a i n s  G a s i f i c a t i o n  P ro jec t , "  

10. R.W. Grover e t  a l . ,  " P r e l i m i n a r y  Environmental M o n i t o r i n g  Resu l ts :  Cool 



CHAPTER 10: 

COAL BENEFICIATION" 

T h i s  chapter  i s  an i n t r o d u c t i o n  t o  c o a l  b e n e f i c i a t i o n .  It 

i n c l u d e s  a b r i e f  r e v i e w  o f  c u r r e n t  commercial p r a c t i c e s  and severa l  

developmental coa l -c lean ing  methods. Recent advances i n  coa l  b e n e f i c i a t i o n  

processes have been d r i v e n  by envi ronmenta l  concerns and t h e  d e s i r e  t o  

produce superc lean o r  u l  t r a c l  ean c o a l  t o  make coa l  -water s l  u r r y  f u e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs .  

water  s l u r r y  f u e l s  a r e  b e i n g  developed as a p o t e n t i a l  replacement f o r  No. 6 

fue l  o i l  i n  o i l - f i r e d  power p l a n t s .  Some o f  these techn iques  may a l s o  f i n d  

a p p l i c a t i o n s  i n  c o a l  g a s i f i c a t i o n .  

understanding o f  coa l  morphology and on deve lop ing  i n n o v a t i v e  coa l -c lean ing  

methods t h a t  can y i e l d  h i g h  ash and s u l f u r  removals f rom coa l  i n  a 

c o s t - e f f e c t i v e  manner. 

Coal- 

Coal b e n e f i c i a t i o n  research  should focus  on a t t a i n - i n g  a b e t t e r  

10.1. Background 

Coal b e n e f i c i a t i o n  i s  b a s i c  t o  coal -convers ion processes because 

most o f  these t e c h n o l o g i e s  a r e  des igned t o  handle c o a l s  t h a t  have s p e c i f i c  

p r o p e r t i e s .  Mined coa l  does n o t  conform t o  these s p e c i f i c a t i o n s .  For 

example, L u r g i  g a s i f i e r s  r e q u i r e  c o a l  t h a t  i s  approx imate ly  2 i n  t o  1/4 i n  

i n  s i z e ,  w h i l e  Koppers-Totzek g a s i f i e r s  r e q u i r e  c o a l  t h a t  i s  90% l e s s  than 

200 mesh i n  s i z e .  It i s  e v i d e n t  t h a t  l o w e r  l e v e l s  o f  i m p u r i t i e s  i n  t h e  

c o a l  reduce cleanup r e q u i r e d  d u r i n g  convers ion  o r  post -convers ion 

* T h i s  c h a p t e r  has been prepared by Suman P.N. Singh, Chemical Technology 

D i v i s i o n ,  Oak Ridge N a t i o n a l  Labora tory  (ORNL), Oak Ridge, TN 37831. ORNL 

i s  opera ted  by M a r t i n  M a r i e t t a  Energy Systems, I n c . ,  under c o n t r a c t  

No. DE-AC05-840R21400 wi th  t h e  U.S. DOE. The a u t h o r  thanks R.E. Hucko 

(DOE, PETC) f o r  a s s i s t a n c e  i n  p r o v i d i n g  r e c e n t  i n f o r m a t i o n  on developmental 

c o a l - c l e a n i n g  t e c h n o l o g i e s  funded by PETC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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process ing.  Coal b e n e f i c i a t i o n  has r e c e i v e d  f a r  l e s s  a t t e n t i o n  than o t h e r  

c leanup techno log ies .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs envi ronmenta l  laws become s t r i c t e r ,  g r e a t e r  

r e l i a n c e  i s  l i k e l y  t o  be p l a c e d  on coa l  b e n e f i c i a t i o n  i n  o r d e r  t o  coniply 

w i t h  r e g u l  a t i  ons. 

Raw coa l  ranges i n  s i z e  from l a r g e  r o c k s  t o  d u s t .  I n  a d d i t i o n  t o  

t h e  o r g a n i c  c o a l  mat te r ,  t h e  mine p r o d u c t  c o n t a i n s  sha le  f rom mine 

p a r t i n g s ,  s t r a y  machine p a r t s ,  p ieces  o f  lumber, water  and ash, as w e l l  as 

o t h e r  minera l  i m p u r i t i e s  such as p y r i t e s .  

r e f e r r e d  t o  as run-of-mine (ROM) o r  as-mined c o a l .  

t h e  v a r i o u s  o p e r a t i o n s  performed on t h e  as-mined coa l  t o  make i t  more 

s u i t a b l e  f o r  end-use a p p l i c a t i o n  w i t h o u t  d e s t r o y i n g  t h e  p h y s i c a l  i d e n t ' i t y  

o f  t h e  c o a l .  Coal b e n e f i c i a t i o n  i n c l u d e s  coa l  p r e p a r a t i o n  and washing. I n  

t h e  pas t ,  when t h e  p r i m a r y  need was f o r  lump c o a l ,  coa l  b e n e f i c i a t i o n  

c o n s i s t e d  o f  manual o p e r a t i o n s  such as hand p i c k i n g  of c o a l  lumps f rom t h e  

mine product .  I n  r e c e n t  years ,  t h e  te rm coa l  b e n e f i c i a t i o n  has been 

r e d e f i n e d  t o  i n c l u d e  t h e  e n t i r e  spectrum o f  opera t ions ,  r a n g i n g  f rom t h e  

r e l a t i v e l y  s imp le  c r u s h i n g  and s i z e  c l a s s i f i c a t i o n  o p e r a t i o n s  ( t h a t  a r e  

a lmost  r o u t i n e l y  per formed on a l l  c o a l s  used today) t o  r a t h e r  e l a b o r a t e  

chemical  and m i c r o b i a l  processes t h a t  a r e  b e i n g  developed t o  render  t h e  

ROM coa l  more s u i t a b l e  f o r  t h e  end-use process.  

The raw mine p r o d u c t  i s  o f t e n  

Coal b e n e f i c i a t i o n  i s  a g e n e r i c  te rm t h a t  i s  used t o  des ignate  

The e x t e n t  t o  which a c o a l  i s  b e n e f i c i a t e d  i s  determined by 

severa l  f a c t o r s  such as t h e  ROM c o a l  ash, s u l f u r ,  and mois tu re  l e v e l s ;  end 

use; emissions r e g u l a t i o n s  on t h e  end-use f a c i l i t y ;  and market f o r c e s .  For 

example, i f  t h e  coa l  i s  t o  be burned i n  an e x i s t i n g  u t i l i t y  b o i l e r  w i t h  

s o f t  emissions r e g u l a t i o n s ,  t h e  e x t e n t  o f  t h e  b e n e f i c i a t i o n  i s  l i k e l y  t o  

be minimal and may c o n s i s t  o n l y  o f  s i z e  r e d u c t i o n  and r o c k  removal. 

However, a t  t h e  o t h e r  extreme, i f  the coa l  i s  a raw m a t e r i a l  f o r  t h e  

manufacture o f  a h igh-va lue  p r o d u c t  (e.g., a c t i v a t e d  carbons o r  carbon 

e lec t rodes) ,  t h e  l e v e l  o f  b e n e f i c i a t i o n  may be q u i t e  e x t e n s i v e  and a much 

h i g h e r  coa l  c l e a n i n g  c o s t  i s  j u s t i f i e d  because o f  t h e  h i g h e r  v a l u e  o b t a i n e d  

f o r  t h e  c l  eaned-coal p roduc t .  B e n e f i c i a t i n g  t h e  c o a l  has t h e  f o l  1 owing 

advantages: (i) The c leaned coa l  i s  more u n i f o r m  i n  s i z e ,  composi t ion,  

c a l o r i f i c  va lue,  and m o i s t u r e  conten t .  When t h e  c leaned coa l  i s  consumed, 

i t  r e s u l t s  i n  more r e l i a b l e  and u n i f o r m  o p e r a t i o n .  (ii) By reduc ing  t h e  

ash i n  t h e  c o a l ,  b e n e f i c i a t i o n  c o n t r i b u t e s  t o  reduced s l a g g i n g  and f o u l i n g  

i n  t h e  furnace,  t h u s  i n c r e a s i n g  b o i l e r  on-steam a v a i l a b i l i t y ,  decreas ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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maintenance, and lowering overal l  operating cos ts .  

su l fur  level i n  the  coal reduces su l fu r  oxide emissions a f t e r  combustion 

and, t h u s ,  decreases f l ue  gas desul fur izat ion (FGD) requirements. 

decrease may t r a n s l a t e  i n t o  reduced production costs. 

emissions from power p lants  have been implicated as  one of the major 

( i i i )  Reducing the  

T h i s  

Sulfur oxide 

precursors of acid prec ip i ta t ion (ac id  rain). ’  

associated mineral matter and su l fu r  from the ROM coal resu l t s  i n  lower 

t ransportat ion cos ts  f o r  shipment of the same energy value, higher 

combustion e f f i c iency ,  and reduced ash disposal and FGD requirements for  

the same furnace c a l o r i f i c  value. 

coal may be reduced, thereby yielding improved coal handling and burning 

charac ter is t i cs .  T h i s  procedure leads t o  more e f f i c i e n t  fuel use because 

less  energy i s  wasted i n  drying the  coal .  ( v i )  Beneficiat ion can be used 

t o  t a i l o r  the  coal t o  customer speci f icat ions,  t h u s  creat ing a higher value 

fo r  the  product. ( v i i )  Beneficiat ion may allow the use of many high-sulfur 

and high-ash coals  which could no t  otherwise be used, thereby increasing 

the usable energy-resource base. 

disadvantages are  a s  follows: ( i )  Benefic-iating the  coal resu l t s  i n  reduced 

marketable coal o u t p u t  from the mine product because some o f  t he  coal i s  

discarded w i t h  the refuse. ( i i )  Beneficiat ing the coal involves capi ta l  

and operating cos ts  t h a t  must be recovered and r e s u l t  i n  higher p r ices  

fo r  the product coals.  

confronted w i t h  the  problems and cost  of  disposing of t he  p lant  refuse i n  

an environmentally acceptable manner. 

s ign i f i can t ly  reduced when as-mined coal i s  shipped d i rec t l y  t o  the  

consumer. 

( i v )  Removal o f  the  

(v)  The moisture content of the  cleaned 

Coal benef ic iat ion a lso has negative aspects.  The major 

( i i i )  The beneficiat ion-plant operator i s  

These problems a re  e i t h e r  absent o r  

The advantages of some coal. benef ic iat ion general ly outweigh the  

disadvantages. 

benef ic iat ion,  combined w i t h  FGD, appeared t o  of fe r  t he  most economical 

means zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  achieving su l fu r  oxides emission control f o r  coal-burning 

f a c i l i t i e s  a t  an SO2 emissions .limit of 1.2 lb/10 BTU. 

regulat ions become more s t r ingent ,  coal benef ic iat ion wi l l  become more 

a t t rac t i ve .  

systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A study by Hoffman e t  a1 .* indicated .that coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 
As emissions 

For some coals ,  benef ic iat ion may el iminate the  need -for FGD 
2 



Coal is expected to provide an increasing share of National energy 

needs. 

ation alone i n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUS is expected to rise from 52% in 1986 to 63% by the 

year 2000. 

ingly stringent environmental regulations that are motivated by acid preci- 

pitation and solid-waste disposal concerns. The supply of comp1ianc:e- 

quality coal may be limited; if so, coal beneficiation will play an increas- 

ingly important role i n  meeting the Nation's energy needs i n  an environmen- 

tally acceptable manner. 

advances in coal cleaning are given i n  the following sections and will 
provide a perspective of the technology. 

for further details. 

According to the U.S. Bureau of MinesY3 coal use for power gener- 

Future coal-utilization plants w i l l  be required to meet increas- 

Summaries of current coal beneficiation methods and recent, 

References 4-7 may be consulted 

10.2. Current Commercial Practice 

Current commercial coal preparation relies primarily on physical 

(mechanical) processes to beneficiate the coal. 

and other novel coal beneficiation technologies of recent origin are at 

various levels of process development. 

found commercial application because their use is not yet cost-effective. 

The chemical, microbial, 

None of the novel methods have 

Physical beneficiation processes involve gravity separation, 

centrifugal action, the use of surface tension, and magnetic separation to 

separate lower-density coal matter (specific gravity - 1.2) from higher- 

density impurities (specific gravity > 2.5). Physical beneficiation 

processes generally consist of combinations of some or all of the following 

unit operations: 

the coal received from the mine (often 24 in x 0) to more manageable 

dimensions. 

as rotary breakers, impact mills, and single- and double-roll crushers. 

Sketches of some typical size-reduction equipment are shown in Fig. 10.1. 

Size Classification - This operation consists of segregating the 

coal into various size fractions to facilitate downstream processing. 

Both the ROM coal and the crushed product may be classified into different 

Size reduction - This operat on consists of reducing the size of 

Size reduction is usually accomplished by using equipment such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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s i z e  f r a c t i o n s .  

v i b r a t i n g ,  and c r o s s - f l o w  screens and c l a s s i f y i n g  cyc lones.  F i g u r e  10.2 

presents  some sketches o f  t y p i c a l  s i z e - c l a s s i f i c a t i o n  equipment. 

c o a l - b e n e f i c i a t i o n  p l a n t s ,  p r i m a r i l y  i n v o l v e s  separa t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  t h e  p h y s i c a l l y  

a t tached s u l f u r  compounds and/or minera l  i m p u r i t i e s  ( o f  h i g h e r  s p e c i f i c  

g r a v i t i e s )  f rom t h e  coa l  ( o f  lower  s p e c i f i c  g r a v i t y ) .  It i s  o f t e n  

accompl ished by u s i n g  j i g s ,  cyc lones,  and c o n c e n t r a t i o n  t a b l e s ,  which 

u t i l i z e  a combinat ion o f  f r i c t i o n a l ,  g r a v i t a t i o n a l ,  and c e n t r i f u g a l  f o r c e s  

t o  e f f e c t  an apparent d e n s i t y - d i f f e r e n t i a l  s e p a r a t i o n  between t h e  coa l  and 

i t s  s u l f u r  and m i n e r a l  i m p u r i t i e s .  Schematics o f  t y p i c a l  equipment used i n  

coa l -p repara t ion  p l a n t s  a r e  g i v e n  i n  F ig .  10.3. 

Another commonly used c l e a n i n g  method i s  heavy-medium separa t ion ,  

i n  which we employ an i n t e r m e d i a t e  s p e c i f i c - g r a v i t y  suspension o f  f i n e ,  

dense m i n e r a l s  (e.g., magnet i te  o r  sand) i n  w a t e r  t o  e f f e c t  t h e  d e s i r e d  

separa t ion .  I n  genera l ,  heavy-medium s e p a r a t i o n  r e s u l t s  i n  a f a i r l y  h i g h  

recovery  o f  t h e  c l e a n  c o a l ,  a l though t h e  c l e a n  coa l  must be separated f rom 

t h e  dense medium b e f o r e  i t  can be e i t h e r  used o r  processed f u r t h e r .  

Because o f  t h i s  a d d i t i o n a l  p rocess ing  step, heavy-medium s e p a r a t i o n  i n c u r s  

h i g h e r  o p e r a t i n g  c o s t s  than s i m i l a r  b e n e f i c i a t i o n  processes u s i n g  o n l y  

c l e a r  water .  

Equipment f o r  s i z e  c l a s s i f i c a t i o n  i n c l u d e s  s t a t i o n a r y ,  

Cleaning - T h i s  o p e r a t i o n ,  which i s  a t  t h e  h e a r t  o f  many 

F r o t h  f l o t a t i o n  processes a r e  a l s o  g e n e r a l l y  used t o  b e n e f i c i a t e  

v e r y  f i n e - s i z e  (28 mesh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 0) f r a c t i o n s .  I n  f r o t h  f l o t a t i o n ,  t h e  c o a l  i s  

b e n e f i c i a t e d  i n  a l i q u i d  medium (water)  by f i n e l y  d i s p e r s e d  a i r  bubbles 

which a r e  i n j e c t e d  i n t o  t h e  coa l  bath and f l o a t  t h e  v e r y  f i n e ,  c lean-coal  

p a r t i c l e s  t o  t h e  l i q u i d  sur face,  where t h e y  a r e  mechan ica l l y  skimmed. A 

s u r f a c t a n t  i s  g e n e r a l l y  added t o  t h e  coa l  b a t h  i n  o r d e r  t o  render  t h e  c o a l  

more hydrophobic and t h e r e b y  f a c i l i t a t e  coa l  f l o t a t i o n .  I m p u r i t i e s  

assoc ia ted  w i t h  t h e  c o a l  s i n k  t o  t h e  bot tom o f  t h e  vesse l ,  f rom which t h e y  

a r e  then removed f o r  eventual  d i s p o s a l .  

D r y i n g  - T h i s  u n i t  o p e r a t i o n  i n v o l v e s  r e d u c t i o n  o f  t h e  coa l  

mo is tu re-conten t  t o  t h e  d e s i r e d  va lue.  Var ious t y p e s  o f  equipment such as 
screens, f i l t e r s ,  c e n t r i f u g e s ,  and thermal  d r y e r s  a r e  used t o  dry t h e  c o a l ,  

depending on t h e  m o i s t u r e  c o n t e n t  d e s i r e d  n t h e  p r o d u c t  c o a l .  F i g u r e  10.4 

i s  a ske tch  o f  a f l u i d i z e d - b e d  c o a l - d r y e r  n s t a l l a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(b) Single-roll crusher 

(c) Hammer impact mill 

Fig. 10.1. Sketches of typical size-reduction equipment used in coal preparztion plants. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
340 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(a) Double-deck, mechanically vibrated screen 

(b) Mechanically vibrated bar grizzly 

-Feed box zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. inlet 

spout 

LCake discharge '-Sieve bend 

(c) Sieve bend 

Fig. 10.2. Sketches of typical size-classification equipment used 
in coal-pr eparation plants. 



Raw 
"Dr es  s l l  water coal 

Water pulsation 

(a) Baum jig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) Concentrating table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Air 

Air exhaust 

\ 

Water 
pulsation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 
.reen 

A J  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Air inlet 

(c) Batac jig 

Overflow 
chamber 

Underflow orifice 

(a) Hydrocyclone 

Fig. 10.3. Sketches of typical cleaning equipment used in coal preparation plants. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Coal-preparation plants use combinations of these unit operations 

in treating different size fractions of the raw coal, depending on 

specifications of the coal to be produced. The minimal level of 

beneficiation consists of size reduction, some size classification, and 

removal of trash and some mineral matter but essentially no sulfur 

reduction. At the minimal level, coal yields and energy recovery range 

from 98 to 100% of the ROM coal. Full-scale beneficiation consists of a 

thorough cleaning of the as-mined coal and involves all of the specified 

operations. Cleaned coal yields at this level range from 50 to 80%, with 

energy recoveries between 75 and 95% of the as-mined coal. 

coal-specific. 

Coal-beneficiation costs vary because they are project- and 

Current coal-preparation plants are largely customized for 

specific applications. Generally, coal-preparation costs range between $5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$15 per ton of cleaned coal, depending on the level of.beneficiation. 

10.3. Recent Advances in Coal Cleaning 

Advances in coal cleaning have historically tended to be 

evolutionary rather than revolutionary. 

together with increased environmental activism, has led to the development 

The energy crisis of the 1970s, 

of several novel approaches to coal cleaning. Most of the new methods are 

based on chemical processes to remove more of the impurities from coal 
:: 
, .  

than is possible with conventional mechanical techniques. Several novel 

physical and some microbial methods were also examined during this period. 

A list of these novel technologies is presented in Table 10.1. However, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

because of improving market conditions for petroleum products in recent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI '  

years, the national interest in developing a viable synthetic fuels 

industry has withered and further R & D on most of these novel technologies 

has essentially'ceased. 

The impetus for recent advances in coal-cleaning methods has come ! 

mainly from the drive to produce superclean or ultraclean coal for use i n  

coal-water slurry (CWS) fuels and concerns that emissions from coal-fired 

power plants are major precursors of acid rain. 
contain 70 to 75 wt% coal pulverized to -200 mesh, 24 to 29 wt% water, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 1 wt% chemical additives to provide storage stability and improved flow 

characteristics.8 The coal used i n  CWS fuel must contain only very low 

levels of ash ( < 5%) and sulfur ( < 1%). 

CWS fuels typically 

As a result, new deep-coal- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

i 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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cleaning methods are being developed.' Table 10.2 lists some of these. 

Further details on these new processes may be obtained from Refs. 9-15. 

10.4. Conclusions 

Coal beneficiation has not received the attention given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  coal 

(i) combustion, gasification, or liquefaction for the following reasons: 

Beneficiation is often regarded as a part of the overall conversion 

process. (ii) Coal preparation lacks the scientific appeal of the other 

technologies. 

production at as low a cost as possible. 

coal cost, its use is minimized as far as possible. 

(iii) Because coal is a commodity, market forces dictate its 

Since beneficiation increases the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Moisture Air  

exhaust 

Air & 

Dewatered 

Stoker fed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 x-""' 

Fig.  10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Sketch of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa fluidized-bed coal-dryer instal lat ion, 

(iv) Past emissions regulations could generally be met by installing 

controls downstream of the conversion step. However, while FGD is a 

plausible emission-control method, it is expensive and has less-than- 

desired reliability. As emission regulations are tightened, coal 

beneficiation may be required. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 10.1. Novel coal-beneficiation technologies developed during 
the 1970s and early 1980s. 

Physical b eneficiation processes Chemical beneficiation processes 

Dry table separator Meyer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

Magnex process Battelle hydrothermal 

High-gradient magnetic separation (wet or dry) 

Chemical comminution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKVB 

Selective oil agglomeration 

Microwave coal cleaning 

Two-stage froth flotation 

Otisca process 

Ledgemont 

PEXC oxidative desulfurization 

JPL low -temperature chlor inoly sis 

ARC0 promoted oxydesulfurization 

Table 10 2. Novel developmental coal-cleaning processes of 
recent origin. 

Te chology 

Physical Methods 

Ultrasonic comminution 

Dry electrostatic separation 

Microbubble flotation 

Otisca-T process 

Chemical Methods 

Microwave treatment 

Gravimelt process 

Super critical extraction 

Aqueous cupric chloride treatment 

Sodium hypochlorite treatment 

Microbial Methods 

Microbial coal cleaning using thiobacillus 
ferrooxidans, sulfolobus acidocaldarius 
and other bacteria 

Energy Minerals Research Co. 

Advanced Energy Dynamics, 
Inc. 

Bechtel National, Inc. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ 
Bergbau Forschung GmbH 

Otisca Industries Ltd. 

General Electric zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACo. /TRW 

TRW 

Consolidated Natural G a s  
Research zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACo. 

ORNL 

Signal Research Co. 

Atlantic Research Corp., 
Institute of G a s  Technology, 
Lehigh University 

Reference(s) 

9.10 

10 

10 

11 

10 

12.13 

14 

15 

15 

10 



Several authors 2J4J16J17 have shown that coal beneficiation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
either alone or in combination with FGD, is a cost-effective sulfur oxide 

emissions control strategy. 

that the use of specially beneficiated coal in a moving-bed gasifier leads 

to sharp (70 to 90%) reductions in sulfur-emission levels and tar formation 

and to significantly higher ( - 83%) gasification efficiency. 

to a commercial process, R & D on physical methods is responsible for 

development of the Rotating Probability (RO-PRO) screens and the BATAC 

jig. 
low levels are, at present, too expensive and, therefore, R & D effort 

should focus on cost reductions for these technologies. 

The authors of a recent study18 have shown 

While R & D on chemical coal-cleaning processes has not yet led 

Chemical processes that reduce coal-ash and sulfur contents to very 

DOE research efforts should be directed toward two aspects of 

coal beneficiation: (i) gaining zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa better understanding of coal morphology 

and (ii) developing innovative coal-cleaning technologies through the 

smal-1 (e.g. , 20- to 50-lb/hr) pilot-plant scale. 

morphology i s  important in order to guide the development of more 

efficient coal-cleaning methods and should receive perhaps 30% of the funds 

allocated for coal beneficiation R & D. 

Research on coal 
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11: 
OPTICAL DIAGNOSTICS FOR IN SITU MEASUREMENTS IN 

COMBUSTION ENVIRONMENTS CONTAINING COAL PARTICLES* 

Abstract zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Much of the recent progress in understanding pulverized coal com- 

bustion is attributable to the use of new optical diagnostics for i n  situ 

measurements of gas temperatures, concentrations of major and trace gas spe- 

cies, particle-size distributions, particle-surface temperatures, and -gas- 

and particle-velocity fields. In addition, advanced methods, which are now 

undergoing laboratory development and validation, hold promise for measuring 

-- in situ the composition of both entrained particulates and deposits on mate- 

rial surfaces exposed to coal-combustion environments. There is great PO- 

tential for more widespread application of these techniques in the future, 

particularly i n  laboratory bench-scale studies. We describe some of the 

more promising of these new optical methods. This is not intended to be a 

comprehensive review but rather draws heavily on many of our own experienc- 

es. The emphasis is on studies of entrained-flow environments derived from 

the combustion of pulverized coal. These environments are hostile with re- 

gard to in situ optical interrogation in the sense that they are character- 

ized by high temperatures, high particulate loadings and flow turbulence-, 

and requi-re the use of windows that limit optical path lengths and 

signal-to-noi se ratios. 

* This chapter has been prepared zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby D.R. Hardesty and D.K. Ottesen (Sandia 

National Laboratory, Livermore, CA 94550) and was presented by the 

authors at a NATO Workshop on "Fundamental Physical Chemical of 

Pulverized Coal Combustion," Les Arcs, France (July 30, 1986). The 

instrumentation requirements for coal gasification are similar to those 

for direct coal combustion and experimental facilities are interchange- 

ab1 e. 



After present ing an ou t l ine  of d iagnost ics  requirements, we 

present a framework, i n  terms of two pr incipal  c lasses  of f lows, f o r  consid- 

er ing the relevance of var ious techniques i n  appl icat ions involving combus- 

t ion  flows w i t h  pulverized coals .  We d iscuss advantages and l im i ta t ions  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- i n  situ methods f o r  ( i )  measuring gas-phase temperatures; ( i i )  measuring the  

major and minor gas species concentrat ions;  ( i i i )  measuring pa r t i cu la te  

proper t ies,  including s i zes ,  temperatures, ve loc i t i es ,  number dens i t l es ,  and 

f lux ;  and ( i v )  measuring gas ve loc i t i es  i n  the  presence of a broad d-istr ibu- 

t ion  of p a r t i c l e  sizes. 

work on the  appl icat ion of l a s e r  spark-spectroscopy f o r  i n  si tu measurement 

of the elemental composition of entrained par t i cu la tes .  

Special considerat ion i s  given t o  our most recent  

-- 

11.1. Introduction 

Recent progress i n  understanding pulverized-coal combustion i s  at -  

t r i bu tab le ,  i n  par t ,  t o  the  use of new opt ica l  d iagnost ics  f o r  -~ i n  s i tu  mea- 

surements of gas temperature, concentrat ions of major and trace-gas species,  

par t ic le-s ize d i s t r i bu t i on ,  and gas- and par t ic le-ve loc i ty  f i e l d s .  There i s  

great  potent ia l  f o r  more widespread appl icat ion of these techniques i n  the  

fu tu re ,  pa r t i cu la r l y  i n  laboratory bench-scale s tud ies .  

vanced methods, w h i c h  are  now undergoing laboratory development and val ida- 

t i o n ,  hold promise f o r  -- i n  situ measurement of the  composition of both 

entrained pa r t i cu la tes  and deposi ts  on material sur faces exposed t o  

coal-combustion environments. 

t i c s  t h a t  have the  g rea tes t  potent ia l  f o r  near-term appl icat ion t o  de tec t  

the proper t ies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  gaseous o r  pa r t i cu la te  species i n  small-scale 

pulverized-coal ( P C )  combustion experiments. 

of the  hos t i l e  fea tures  of p rac t ica l  combustors (e .g . ,  high temperature, 

h i g h  par t i cu la te  loadings, and flow turbulence).  

In addi t ion,  ad- 

We emphasize the fea tures  of opt ica l  cfiagnos- 

These experiments contain many 

11.2. Diagnostics Requirements 1,2 

Perhaps the key ingredient  i n  def in ing the app l i cab i l i t y  of: any 

opt ica l  technique f o r  PC s tud ies  i s  the degree of temporal and spat ia l  reso- 

lu t ion required. A l l  other  requirements a re  derived from the  spec i f i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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parameters to be measured and depend upon the diagnostic system itself. 

order this discussion, we define two classes of PC combustion flows as shown 

schematically in Fig. 11.2-1. Class I includes all wall-bounded, laminar 

and turbulent duct flows, while Class I1 refers to mixing, ducted, laminar, 

or turbulent shear fiows. Unconfined, premixed or diffusion flames are spe- 

cial cases of Class I or Class 11, respectively. With the notable exception 

of suspended or electrodynamically-levitated particle experiments, these 

represent the two limiting cases of the myriad of possible laboratory-scale 

PC combustion studies. 

tions but have little advantage over more conventional methods (e.g., intru- 

sive probes for thermometry and gas or solids extractions) in others. Where 

the measurement needs suggest that an optical technique be applied, consid- 

eration of the key features of the two classes of flows i n  Fig. 11.2-1 helps 

to define diagnostics requirements. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

To 

C,learly, some methods are useful in some applica- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.2-1. Characteristics of Class I Flows 

The important features of Class I flows include: (i) well mixed 

gases; (ii) temporal steadiness; (iii) negligible pressure gradients; 

and (iv) plug flow, where reaction zones extend along the space coordinate 

or are very small or near zero in extent (e.g., in the post-flame zone). 

Mean radial gradients in temperature, velocity, or particulate loadings are 

either negligible (distribution curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA) or at most are on the order of the 

transverse duct dimension (distribution curve B) due to, for example, a 

nearby bend in the duct. In some cases, smaller characteristic dimensions 

and steeper gradients arise due to the presence of surfaces inserted in the 

flow. 

The range of gas-phase parameters for Class I flows is: tempera- 

ture, 1100 to 2000 K; major species concerntrations (in mol%) from 0.03 

(H20) to 0.8 (N2); minor species concentrations from a few to 100 ppm for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SO3 and less than 2000 ppm for NO and SO2. Concentrations of CO due to 

incomplete combustion may range from a few hundred ppm to several percent. 

In addition, at combustion temperatures, volatilization of some mineral spe- 

cies such as vanadium, sodium and potassium occurs. For typical amounts o f  
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CLASS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

CLASS I 1  

Fig. 11.2-1. Two principal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow regimes for .PC combustion. Class I: wall- 
bounded duct zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflows; Class 11: mixing and ducted shear flows. 
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these species in the unreacted coal ,  the highest concentrat ions t o  be ex- 

pected are on the order of 25 ppm f o r  sodium and potassium and 1 ppm f o r  

vanadium. 

of ppm wil l  occur a f t e r  cooling and condensation. 

As noted, an important fea ture  of any coal-derived flow i s  the  

high loading densi ty of entrained par t i cu la tes  including coal ,  char, f ree  

mineral matter, soot  and f l y  ash. Mass-loading dens i t i es  a re  t yp i c ia l l y  

weighted toward the large pa r t i c l e  s izes .  Of special importance f o r  opt ical  

measurements i s  the  wide d is t r ibu t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  both s i ze  and pa r t i c l e  number den- 

s i t i e s .  Figure 11.2-2 summarizes several recent observations of the  

number-size d is t r ibu t ion  of par t i cu la tes  i n  a var ie ty  of typical  steady com- 

b u s t i o n  environments. 

of the pa r t i c l e  and may range from a few t o  a hundred m/sec. 

pa r t i c l es  of d i f f e ren t  s izes  move a t  d i f f e ren t  ve loc i t i es  because of the  

s l i p  with the gas stream. 

Concentrations of these mineral species i n  the tens t o  hundreds 

Par t i c l e  ve loc i ty  i s  a function of  t he  mass and s i z e  

In general ,  

11.2-2. Diagnostics Considerations f o r  Class I Flows 

well as  

may y ie  

most of 

e i t h e r  

T h u s ,  a 

no t .  

For these steady flows, requirements on temporal resolut ion a re  

minimal; time-averaged measurements a re  adequate. An exception i s  the case 

where b o t h  the mean value and turbulent  f luc tua t ions  of veloci ty are re- 

quired, e.g . ,  f o r  heat- t ransfer est imates.  Simi lar ly,  requirements on spa- 

t i a l  resolut ion a re  general ly n o t  severe, e .g . ,  none f o r  f lat(A) p ro f i les  o r  

about 0 .1  of the duct diameter f o r  a skewed ( B )  pro f i le .  

relaxed requirement's on resolut ion , i n t rus ive  isok ine t ic  probes (where sam- 

pl ing ve loc i t ies  match the mean gas flow ve loc i ty)  may be va l id  diagnost ic 

candidates. 

based on other considerat ions such a s  the  inherent e r ro rs  and flow d is tu r -  

bances introduced by in t rus ive  probes. 

In view of these 

The a l te rna t i ve  choice of an opt ica l  method would have t o  be 

For Class I f lows, l ine-of-s ight  as  

spat ia l ly-resolved opt ical  methods are  general ly appl icable.  Ei ther 

d the  desired information f o r  a f l a t  radial  p ro f i l e  (A) .  However, 

the advance opt ica l  methods require t i g h t  focusing of l a s e r  beams, 

n pr inc ip le  o r  t o  overcome natural signal t o  noise l im i ta t ions .  

spa t ia l l y  resolved measurement i s  obtained whether i t  i s  needed o r  



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 
SOOT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 0 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- u  + 0 C2H4-AIR DIFFUSION FLAME 

(FLOWER, 1983al 

0 CH4-02 PREMIXED FLAT FLAME 
(FLOWER, 1983b) - 

CH -0 PREMIXED FLAT FLAME ' (D'ALESSl0,et ai, 1975) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A UTRC COMBUSTOR; C3H8 (g)-AlR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 (BONCZYK, 1977) - 
A C H AIR DIFFUSION FLAME 

*-(KUNUGI & JINNO, 19661 
GAS TURBINE COMBUSTOR; 

JP 4-AI R 
(PAGNI, e t  al, 1973) 

& FLY ASH 

H - 

t - l  PULVERIZED COAL FINES 

- H (HOLVE, 1983) 

H - 

H - 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I - 
10-2 10-1 1 .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 

PARTICLE SIZE, MICRONS 

Fig. 11. 2-2. Par t i c le  number densi t ies and part icle s izes for soot, P C  
fines and fly ash  in combustion f lows; see Ref. 1 for  the 
l i terature citations given in the legend. 
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11.2-3. Characteri stics of C1 ass I1 F1 ows 

The important features of CLass I1 flows include: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 

mixed gases and particulates with potentiall) steep gradients 

ties; (ii) locally unsteady flow with substantial turbulent f 

) locally un- 
in all proper- 

uctuations; 

(iii) finite mean pressure gradients and three-dimensional flow, both in the 

mean and i n  the turbulent fluctuations; (iv) particle motion may have sig- 

nificant inertial components; and (v) the range of mean values for the con- 

centrations of gaseous and particulate species is from zero to the levels 

indicated for Class I flows. Local zones of high temperature and high rates 

of chemical reaction can generate high levels of intermediate species such 

as the free radicals OH and C2. 

11.2-4. Diagnostics Considerations for Class I1 Flows 

The unsteady, three-dimensional, steep gradient character of such 

flows generally precludes the application of line-of-sight optical diagnos- 

tics. 

of use i n  whole flame observation and line-of-light indicators of gross 

flame behavior. 

lent intensities imposes severe constraints on diagnostics. High spatial 
3 resolution is required to measure local properties (on the order of 1 mm 

for small geometries and perhaps 1 cm3 for large flows). As indicated by 

the schematic of a typical local probability density function (PDF) of, 

e.g., gas temperature in the reacting shear layer, Class I1 flows have re- 

gions where fluctuations about the local mean value are bimodal; the conven- 

tional definition of the mean value may be very misleading. 

regions, high temporal resolution is required in addition to high spatial 

resolution. Adequate time resolution for Class I flows is likely to be on 

the order of 5011 sec. In other words, single-pulse measurements with pulse 

widths less than 5 0 ~  are dictated; the PDF must be constructed from an en- 

semble of such single pulse data. In some cases, such as for a single- 

particle-counting diagnostic system, this process occurs naturally and the 

number of counts of particles in each size bin is stored. In other cases, 

as in any of the Raman scattering techniques, the diagnostic must be 

The exceptions to this include visualization techniques that may be 

The existence of regions of steep gradients and high turbu- 

In such 



specially configured to acquire single-pulse information. In still others, 

as in laser-Doppler velocimetry, an ambiguous jumble of information may be 

generated due to the difficulty of distinguishing true turbulent fluctua- 

tions from variations caused by the size dependence of particle velocity. 

Locally high concentrations of reaction intermediates (such as OH and C2) 
may be exploited in some diagnostics to sense local temperature or zones of 

incipient soot formation. 

reaction-generated hydrocarbon species can have strong adverse noiseinducing 

consequences on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlaser-based-d iagnost ics .  

On the other hand, the presence of C2 and other 

In Class I1 flows, probe measurements of local values of gas tem- 

perature, species concentrations and particulate loadings are highly ques- 

tionable from virtually every technical viewpoint. Without exception, it 

would be advantageous if a suitable, nonintrusive optical diagnostic with 

the requi red spati a1 and temporal resol uti on were avai 1 ab1 e for measuring 

each important local property in Class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 flows. 

following sections, in principle, this is the case. In fact, however, there 

have been few validated measurements using advanced optical methods in flows 

where coal or coal slurry fuels have been used. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs is discussed i n  the 

11.3. Gas-Phase Temperature Measurement 

In this and in the next section, promising and principally 

laser-based optical methods for measuring the temperature and concentrations 

of major and minor gas species in Class I or I1 PC combustion are 

summarized. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.3-1.  Raman Scattering Techniques 

Temperature measurement in flames using Raman spectroscopy has 

been an active area of research for more than a decade. For most applica- 

tions of Raman scattering in combustion, temperatures are calculated from 

vibrational or rotational population distributions in N2, which is at high 

concentration levels in nearly all regions of air-fed flames. In addition, 

it has been demonstrated that the rotational and vibrational modes of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN2 are 

close to equilibrium with the translational mode for the great majority of 
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combustion situations. 

the temperature can be calculated from relative scattering intensities for 

different transitions. 

Raman scattering has the important advantage that 

11.3-1A. Spontaneous Raman Scattering 

Spontaneous Raman scattering (SRS) is a proven temperature- 

measurement technique and has been widely applied i n  clean flames. 

photons (usually from a fixed-frequency laser) are scattered at frequencies 

which are shifted by the energy difference between two vibration-rotation 

levels. 

tios of the intensities of the Stokes (lower frequency) and anti-Stokes 

(higher frequency) signals or by resolving the Raman signal spectrally zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(us- 

ing either Stokes or anti-Stokes lines) and fitting theoretical curves to 

the data. Application of spontaneous Raman scattering to luminous flames 

has been complicated by the weakness of the Raman signal relative to back- 

ground emission. The presence of particles in combustion gases introduces 

severe problems for any SRS method. 

swamp the weak SRS signal. 

niques, combined with high-power pulsed lasers and gated detection, may cir- 

cumvent this continuous background problem. However, excessively high 

energy 1 aser pul ses heat particles above the gas temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 3  causing 

additional radiation and fluorescence modulated at the laser frequency, ra- 

diation which cannot be eliminated by gated-detection and 

background-subtraction techniques. 

approach4 i s sui tab1 e for making time-averaged SRS measurements in 1 umi nous , 
particle-laden flows. The system uses a cavity-dumped argonion laser of in- 

termediate peak power (50-100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW) and short pulse length (20 ns), combined 

with a high repetition rate (10 sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-I) to obtain moderate average power 

(0.5-1.0 W ) .  

improves the average signal-to-background ration by a factor of 10 relative zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t o  a similar system using a 5 W cw laser. Flower validated the feasibility 

of making time-averaged temperature measurements in highly luminous flows by 

this method. 

Incident 

Temperature measurements are typically performed by using the ra- 

Incandescence from hot particles may 

In some cases, background-subtraction tech- 

It appears that only one rather unique 

6 

The synchronous detection sampling gate is 25 ns. This system 

5 

Application of the technique is restricted to environments 



which are steady over the time period required for the measurement (1 to 10 

minutes with an optical multichannel detection system.) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.3-1B. Stimulated Raman Scattering Techniques 

Stimulated Raman scattering techniques have important advantages 

over spontaneous Raman techniques for probing luminous, particle-laden or 

turbulent flows. In the most widely developed method, coherent anti-Stokes 

Rama 

i .e. 

ti on 

usua 

sing 

scattering (CARS), the Raman-scattered signal is emitted coherently, 

it has the laser-like directionality. Thus, much greater discrimina- 

against background luminosity is possible. Further, signal levels are 

ly sufficiently high that temperature measurements are possible with a 

e laser pulse for both Class I and Class I1 flows. CARS requires two 

lasers, a pump laser and a Stokes laser. 

schematically in Fig. 11.3-1. When the difference frequency between the 

pump laser zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and the Stokes laser (us) corresponds to a Raman resonance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(us) of the probed species, a signal at the anti-Stokes frequency 2(u -w ) 

is generated. The Stokes laser must be either tunable or broadband and is 

typically a dye laser. The response of the molecule to the pump and Stokes 

beams can be described in terms of the third-order resonant susceptibility. 

The susceptibility can be divided into a resonant part, which has a strong 

frequency dependance, and a nearly frequency-independent nonresonant compo- 

nent. The resonant and nonresonant signals interfere and the disappearance 

of the resonant signal into the nonresonant background determines the sensi- 

tivity limit for CARS. As will be shown, there are essentially two ap- 

proaches, scanned CARS, a time-consuming method, and broadband CARS, a rapid 

and more promising approach for PC combustion studies. 

search on broadband CARS is devoted to improving the accuracy and precision 

of single-pulse temperature measurements. The precision of the technique is 

presently limited by frequency noise in the broadband dye-laser spectrum. 

tative temperature and concentration information. Such modeling requires 

molecular linewidths and transition frequencies. 

ity must be convoluted with the laser linewidth i n  order to com-pare theo- 

retical and experimental spectra. The temperature is deduced by 

A CARS experiment is depicted 

P 

P S  

Much current re- 

Accurate modeling of CARS spectra is necessary to extract quanti- 

The molecular susceptibil- 
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least-squares fitting of computer-generated spectra to obtain the best match 

to experimental spectra. 

consuming procedure, various fast algorithms have been developed for single- 

pul se broadband CARS temperature measurements; 

Because this least-square fitting is such a time- 

11.3-1C. Application of SRS and CARS to Pulverized Coal Combustion 

A1 though background f 1 ame emi ssi on i s rarely problematical in CARS 

measurements, the interaction of the high-intensity laser beams used for 

CARS with particles in the flame causes difficulties. 

the laser radiation may heat particles to very high temperatures and cause 

laser-modulated particulate incandescence. Other, more subtle effects occur 

in particle-laden flows, particularly in the case of soot-laden environ- 

ments. 

centrations increase considerably i n  the gas phase surrounding the 

particles. 

of laser-induced C2 fluorescence. 

observed a coherent background signal in the region of the nitrogen spec- 

trum, which interferes with CARS thermometry. 

has not been fully explained. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

date of the applicability of CARS for gas-phase temperature and species con- 

centration measurements i n  a PC combustion environment. 

controlled, coal-seeded laminar flow reaction, CARS spectra of oxygen and 

nitrogen were successfully acquired and temperatures were determined from 

theoretical fits to nitrogen spectra. Significant spectral interferences 

were observed in the oxygen spectra because of laser-induced particle break- 

down at high laser power. Lucht used the system shown in Fig. 11.3-1. The 

pump and Stokes beams were generated by a Molectron Nd:YAG laser and 

Quanta-Ray dye laser. 

Nd:YAG laser serves both as a CARS pump beam and as a pump for the dye laser 

(bandwidths are 0.1 and 0.2 cm-', respectively). 

into two equal intensity beams; all three beams are focused on a common 

probe volume (4X0.2X0.2mm) by a 238-mm focal length lens. 

narrowband dye-laser frequency was scanned across the Raman resonances of 

As has been noted, 

When soot particles are rapidly heated by laser absorption, C2 con- 

Interferences can arise in the CARS measurements as the result 

In flows seeded with coal slag, Beiting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

The source of the background 

Recently, Lucht completed the most systematic investigation to 

Using a well- 

The 532nm, frequency-doubled 10 Hz output of the 

The pump beam is split 

In this work, the 
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Fig. 11.3-1. Schematic of experimental arrangement for scanned CARS diagnostics with a 
2-channel system using in situ referenced background subtraction.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

oxygen o r  nitrogen t o  generate the CARS s igna l ,  w h i c h  i s  focused on the en- 

t rance s l i t  of a 1.5-m monochromator t h a t  i s  scanned synchronously w i t h  the 

dye lase r .  

d ig i t i zed  and stored on a PDP 11/24 minicomputer. T h i s  time-consuming ap- 

proach (30 minutes t o  acquire 600 frequency data points and 30 l a s e r  shots  

averaged a t  each point )  has now been el iminated by u s i n g  a broadband dye la-  

ser t o  obtain the e n t i r e  CARS spect ra i n  a s ing le  shot ,  w i t h  an opt ica l  

multichannel analyzer (OMA) f o r  detect ion ra ther  than a PM tube; the  time 

needed f o r  data acquis i t ion i s  reduced t o  a few seconds. 

were performed i n  a densely coal -seeded 1 ami nar flow reactor  ( 100X25mm) en- 

closed w i t h  quartz windows. 

t h u s  maximizing any e f f e c t s  such as absorpt ion,  w h i c h  a r i s e  from propagation 

through the  medium. 

11.3-2. W i t h  high pulse energies (26 mJ t o t a l  pump and 5 mJ Stokes) s i g n i f -  

A photomult ip l ier  (PM) tube de tec ts  the CARS s igna l ,  w h i c h  i s  

The measurements 

The laser beams t raversed the  100-mm length,  

Typical results f o r  oxygen and nitrogen spect ra are shown i n  Fig. 
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icant interference (random lines) were observed in the spectrum (fig. 

11.3-2b) compared to a coal-free spectrum (Fig. 11.3-2a). These spectral 

interferences are most likely due to laser-induced breakdown at the surfaces 

of coal particles at random positions along the laser-beam paths. Two ap- 

proaches, use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a longer focal length focusing lens or use of lower pulse 

energies, can circumvent this problem. In a large system, the sacrifice of 

spatial resolution with a longer lens may be acceptable. In this work, low- 

er pulse energies (8 mJ for the pump and 1 mJ for the Stokes beams) greatly 

reduced the breakdown, but at the expense of diminishing the CARS signal 

(fig. 11.3-2c). Lucht successfully implemented a simple conditional sam- 

pling system to detect off-axis emission during breakdown and to reject 
those shots on which breakeown occurs. Time-gating detection electronics 

synchronously with the lasers discriminates against noise from particle lu- 

minosity. 
from oxygen, interferences are. greatly reduced at the same laser energies. 

Figure 11.3-2d shows a nitrogen CARS spectrum obtained at high pulse ener- 

gies with a very good theoretical fit superimposed. 

single-shot broadband CARS will eliminate additional systematic 

uncertain-ties i n  such slow scans if these are caused, for example, by un- 

steadiness in the combustion conditions and variation in window 

transparencies. 

In summary, the applicability of Raman scattering techniques, both 

SRS and CARS, to PC combustion environments is determined by characteristics 

of the flow such as: (i) the particle size distribution and number density; 

(ii) the intensity, intermittency and scale of flow turbulence; (i i i) the 

size and geometry of the flow; and (iv) the temperature, pressure and compo- 

sition of the flow. Heavy loadings of luminous particles will be most det- 

rimental to SRS because of the weakness and isotropic nature of the signal; 

CARS will be most strongly affected by turbulence and combustor size because 

of beam-overlap requirements and, of course, by beam attenuation at larger 

path 1 engths in parti cl e-1 aden flows. 

laboratory combustors, CARS has potential for achieving local measurements 

of the probability density function of temperature, from which valid means 

and fluctuations i n  gas temperature may be inferred. 

bility of CARS i n  such flows have not been thoroughly investigated. 

Since CARS signpls from nitrogen are 100 times stronger than 

In any application, 

There is little doubt that, for a variety of Class I1 flows in 

The limits of applica- 

Beam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a t t e n u a t i o n  due t o  heavy p a r t i c l e  l o a d i n g s  and beam s t e e r i n g  due t o  t u r b u -  

lence a r e  expected t o  be t h e  major  l i m i t a t i o n s  on CARS a p p l i c a b i l i t y  i n  

Class I1  f lows.  Beam-steering ( e s p e c i a l l y  f o r  l o n g  o p t i c a l  p a t h  l e n g t h s )  

w i l l  cause t h e  t h r e e  l a s e r  beams t o  d i v e r g e  from t h e  r e q u i r e d  common f o c a l  

volume. If c o n d i t i o n a l  sampl ing techn iques  can be dev ised t o  d i s t i n g u i s h  

l a r g e  beam-steering e f f e c t s  f rom t h e  r e a l  temperature f l u c t u a t i o n s  due t o  

tu rbu lence,  t h e  main e f f e c t  o f  beam-steering w i l l  be t o  decrease t h e  d a t a  

r a t e ,  a r e l a t i v e l y  minor  consequence. Only  f o r  v e r y  c l e a n  Class I 1  f l o w s  

may t h e  same be s a i d  f o r  SRS. 

d a t i o n  o f  CARS f o r  l o c a l  temperature measurements i n  Class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 c o a l - f i r e d  

f l o w s  has n o t  been done; t h i s  i s ,  i n  f a c t ,  one p r i n c i p a l  o b j e c t i v e  o f  cur- 

r e n t  research  a t  o u r  l a b o r a t o r y .  

For  Class I PC combustion f lows,  t h e  p r o s p e c t  f o r  success fu l  ap- 

p l i c a t i o n  o f  CARS i s  good. 

cause o f  t h e  low l e v e l  o f  temperature f l u c t u a t i o n s .  A p p l i c a t i o n  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASRS i s  

s e v e r e l y  l i m i t e d  by t h e  background l u m i n o s i t y  l e v e  , b u t  t i m e - g a t i n g  and 

s i g n a l  averag ing  may help.  

To date,  a sys temat ic  demonstrat ion and v a l i -  

For  such f lows,  t i m e  averaging i s  acceptable be- 

11.3-2. Fluorescence and Absorp t ion  Techniques 

Laser-induced f luorescence (L IF)  and a b s o r p t i o n  methods ( u s i n g  l a -  

s e r  d iodes  o r  o t h e r  i n f r a r e d  sources) have been a p p l i e d  e x t e n s i v e l y  t o  de- 

t e r m i n e  gas phase temperature i n  r e l a t i v e l y  c l e a n  and i n  soot- laden 

combustion environments.  

emerged o n l y  r e c e n t l y  as a p o t e n t i a l l y  u s e f u l  techn ique f o r  a p p l i c a t i o n  t o  

bench-seale coal-combus-tion studi'es (see Refs. 8-10). Laser f luorescence 

and a b s o r p t i o n  methods r e q u i r e  many o f  t h e  same i n g r e d i e n t s  as t h e  CARS ap- 

p a r a t u s  shown i n  F ig .  11.3-1. 

FTIR source i s  r e q u i r e d ,  w i t h  d e t e c t i o n  a t  90° w i t h  r e s p e c t  t o  t h e  i n c i d e n t  

beam f o r  f luorescence o r  a long t h e  beam f o r  absorp t ion .  

ments, t h e  v a r i a b l e  f requency l i g h t  source i s  tuned t o  a r e a l  e l e c t r o n i c  

t r a n s i t i o n  o f  a molecule o r  atom. The species absorbs l a s e r  r a d i a t i o n  and 

i s  e x c i t e d  t o  a h i g h e r - l y i n g  e l e c t r o n i c  s t a t e .  

can decay back t o  t h e  ground s t a t e  by spontaneous emiss ion ( f luorescence) ,  a 

process i n  which a photon i s  e m i t t e d  i s o t r o p i c a l l y .  The f luorescence o r  ab- 

s o r p t i o n  s i g n a l  i s  p ropor t ionaq t o  t h e  e x c i t i n g  s t a t e  p o p u l a t i o n  o f  t h e  mol- 

F o u r i e r  t r a n s f o r m  i n f r a r e d  spect roscopy (FTIR) has 

A laser-pumped t u n a b l e  dye l a s e r  ( f o r  L IF)  o r  

I n  these measure- 

The e x c i t e d  s t a t e  species 
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ecule or atom. 

laser excitation depends not only on the rates of laser absorption aiid spon- 

taneous emission but also on collisional transfer rates, which must be mea- 

sured or estimated. 

Unfortunately, the excited state population resulting from 

Numerous studies in clean flames have been performed in recent 

years using LIF (including various special derivatives, such as two-line 

f 1 uorescence) from the hydroxyl (OH) radical to measure temperatures i n 
flames. 

nostic because of signal-strength considerations; OH is typically present in 
high concentrations in flames, and several vibrational bands of the .First 

excited electronic transition lie at the frequency-doubled wavelengths of 

high-efficiency rhodamine laser dyes. In addition, the frequency and radia- 

tive transition rates of OH rotational transitions are unusually 

well-characterized. 

be in equilibrium with the combustion gases) can also be used to infer gas 

temperature. 

temperature using atomic fluorescence. 

(e.g., lithium, sodium, potassium) have electronic transitions in the visi- 

ble region of the spectrum, where ring dye lasers operate very efficiently, 

such techniques offer the possibility of temperature measurements at kHz da- 

ta rates. 

Laser-excited OH fluorescence is attractive as a temperature diag- 

Fluorescence from vaporized atomic species (assumed to 

Five methods have been out1 i ned12 for measuring flame 

Because numerous possible seed atoms 

In a similar way, temperatures of molecular gas-phase species in 

flames have been determined from absorption spectra. Infrared sources are 

generally used for absorption measurements because all molecules, exc:ept 

homonuclear diatomics, have strong absorption bands in this spectral regime. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As with LIF, temperatures are determined from the assumed equilibrium 

Boltzmann population distribution among the vibration-rotation energy 

levels. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.3-2A. Application of LIF and FTIR to Pulverized Coal Combustion 

In general, application of LIF or absorption techniques for 

gas-phase temperature measurement in pulverized coal-combustion environments 

will be feasible i n  situations where SRS is only marginally applicable. The 

strength of the LIF signal will depend on the type of species probed. Be- 

cause transient species such as OH will be used for the LIF temperature mea- 



surement in unseeded flows, LIF wil 
only in relatively high-temperature 

sient species concentrations may be 

the strength of the LIF signal is 1 

be useful as a temperature diagnostic 

regions. In such regions, where tran- 

very high (typically 1000 ppm for OH), 
kely to be orders of magnitude higher 

than the Raman signal. Thus, in situations where temperature and particle 

loadings are high and SRS cannot be used, LIF temperature measurements may 

be possible. LIF is an attractive alternative to CARS i n  some instances 

since less complex apparatus and data-reduction procedures are involved. 

Single-pulse LIF temperature measurements may be possible. 

tractive alternative to CARS in some instances since less complex apparatus 

and data-reduction procedures are involved. 

measurements will require either a fast-scanning dye laser or laser excita- 

tion with two or more distinct frequencies for the so-called two-line meth- 

ods. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo obvious technical obstacles exist for single-pulse, two-line 

temperature measurements methods, although no such measurements have been 

reported in flames to date. Seeding the flow with species such as atomic 

sodium will extend the temperature range of applicability of LIF at the cost 

of added experimental complexity to ensure uniform seeding, but may possibly 

introduce some uncertainty about the effect of the seed species on local re- 

action processes. In many coal-derived flows, sufficient atomic absorbers 

may already be present. 

in PC combustion studies is the effect of fluorescence trapping or 

re-absorption of fluorescence emission as it traverses the medium between 

the probe volume and collecting lens.. In axisymmetric Class I flows, the 

symmetry (or 1 ack of symmetry) of the f 1 uorescence temperature prof i 1 e 

should be an excellent indication of these effects. 

may be much more difficult to detect the influence of fluorescence trapping, 

and serious temperature errors could result. 

experiments is largely the result of the fact that modern infrared sources 

are much brighter than the infrared emission of the hot gases i n  the flame. 

This is especially true for applications in bench-scale experiments. 

er, even i n  situations where the infrared emission from the flame is compa- 

rable to that of the infrared source, modulation of the source provides 

discrimination against the infrared emission of the flame, provided the com- 

bined infrared intensities do not saturate the detector. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

LIF is an at- 

Single-pulse LIF temperature 

An important consideration for application of LIF 

In Class I1 flows, it 

The feasibility of FTIR absorption thermometry in PC combustion 

Howev- 



11.4. Gas-Phase Species Concent ra t ion  Measurement 

I n  t h i s  s e c t i o n ,  we comment b r i e f l y  on t h e  prospec ts  f o r  a p p l i c a -  

t i o n  o f  b o t h  Raman s c a t t e r i n g  techniques and laser - induced f luorescence o r  

a b s o r p t i o n  methods f o r  t h e  d e t e c t i o n  o f  gas-phase species c o n c e n t r a t i o n s  i n  

PC combustion environments.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.4-1. Raman S c a t t e r i n g  Techniques 

Spontaneous Raman s c a t t e r i n g  (SRS) i s  a wel l -developed techn ique 

f o r  measuring c o n c e n t r a t i o n s  o f  major  species i n  c l e a n  f l o w s ,  i n c l u d i n g  com- 

b u s t i o n  and t u r b u l e n t  m i x i n g  f l o w s .  However, SRS has n o t  been a p p l i e d  t o  

measurements i n  environments laden w i t h  coa l  p a r t i c l e s ,  soo t  o r  gas-phase 

hydrocarbons, due t o  i n t e r f e r e n c e s  f rom p a r t i c u l a t e  l u m i n o s i t y  and broadband 

f luorescence f rom t h e  gaseous o r g a n i c  species.  As noted, CARS has been ap- 

p l i e d  f o r  gas thermometry i n  a wide v a r i e t y  o f  combustion systems, b u t  CARS 

has n o t  been as w i d e l y  a p p l i e d  f o r  c o n c e n t r a t i o n  measurements. 

t i o n s  may b.e c a l c u l a t e d  f rom CARS s i g n a l s ,  e i t h e r  f rom t h e  s i g n a l  i n t e n s i t y  

o r  by u s i n g  t h e  r a t i o  o f  t h e  resonant  and nonresonant CARS s i g n a l s .  

d isadvantage o f  c a l c u l a t i n g  c o n c e n t r a t i o n s  f rom s i g n a l  i n t e n s i t y  i s  t h a t  t h e  

CARS s i g n a l  s t r e n g t h  i s  v e r y  s e n s i t i v e  t o  f a c t o r s  such as beam o v e r l a p  and 

t h e  temporal  s t r u c t u r e  o f  t h e  l a s e r  pu lse,  which can v a r y  s u b s t a n t i a l l y  over  

t h e  course o f  an exper iment  o r  even f rom one l a s e r  p u l s e  t o  t h e  n e x t .  

p r i n c i p l e ,  more p r e c i s e  and accura te  c o n c e n t r a t i o n  measurements a r e  o b t a i n e d  

by u s i n g  t h e  r a t i o  o f  t h e  resonant  CARS s i g n a l  f rom t h e  species o f  i n t e r e s t  

t o  t h e  f requency- independent nonresonant background. Such measurements can 

be performed by u s i n g  p o l a r i z a t i o n  a n a l y s i s  t o  separate t h e  CARS s i g n a l s  i n -  

t o  resonant  and nonresonant s i g n a l s ,  s e p a r a t e l y  r e c o r d i n g  t h e  i n t e n s i t i e s  o f  

each s i g n a l ,  and then r e c o r d i n g  t h e  r a t i o  spectrum. V a r i a t i o n s  i n  CARS s i g -  

n a l  s t r e n g t h s  f rom p u l s e  t o  p u l s e  a r e  r e f l e c t e d  i n  b o t h  t h e  resonant  and 

nonresonant s i g n a l s ,  and a r e  approx imate ly  c a n c e l l e d  by u s i n g  s i g n a l  r a t i o s .  

C a l c u l a t i o n s  o f  spec ies c o n c e n t r a t i o n s  f rom t h e  r a t i o s  i s  s t r a i g h t f o r w a r d ,  

p r o v i d e d  t h a t  t h e  nonresonant s u s c e p t i b i l i t y  i s  a a c c u r a t e l y  known. A l t e r -  

n a t i v e l y ,  broadband CARS s p e c t r a  can be d i r e c t l y  analyzed t o  o b t a i n  species 

c o n c e n t r a t i o n s  when t h e  resonant  and nonresonant s i g n a l  magnitudes a r e  ap- 

p r o x i m a t e l y  equal .  

Concentra- 

The 

I n  
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
There have been very few attempts at obtaining species concentra- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

tion measurements using CARS in heavily particle-laden combustion and gasi- 

fication environments. A few preliminary demonstrations have been done for 

Class I flows. 7J13J14 We are not aware of avy, even preliminary validations 

of CARS for species concentration measurements in coal-fired, Class I1 

flows. While the few results for the Class I flows have been encouraging 

(i.e., a CARS signal was detected and a concentration estimated), from the 

standpoint of proof and validation of the diagnostic technique, much remains 

to be done, even for well-defined high-temperature environments. In view of 

the aforementioned uncertainties in interpreting CARS spectra (including 

such phenomena as pressure narrowing) , considerable fundamental diagnostics 

research on the method is required. 

11.4-2. Fluorescence and Absorption Techniques 

11.4-2A. Laser-Induced Fluorescence 

In recent years considerable progress has been made in defining 

the 1 imits of accuracy of various laser-induced fluorescence (LIF) tech- 

niques for detecting species concentrations. Species of interest in PC com- 

bustion flows, which may be measured by using LIF, can be divided into three 

basic categories: (i) radical species such as 0, OH, and NH which are im- 
portant in reaction kinetics and pollutant formation; (ii) pollutant species 

such as NO, CO and SO; and (iii) metal atoms such as Na, K and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV and com- 

pounds such as NaS which are important i n  corrosion, fouling and slagging. 

The use of LIF techniques as a diagnostic for species concentra- 

tions in PC combustion has not been actively pursued. One reason for the 

lack of activity is that the detection of free-radical molecular species, 

which has been the primary objective of fluorescence investigations in com- 

bustion media to date, has not been of particular interest to 

coal-combustion scientists. However, recent fluorescence investigations o f  

turbulent diffusion flames have shown that the radical pool is far from 

equilibrium in some portions of the flame. Consequently, accurate predic- 

tions of processes such as NO formation and CO burnout may require accurate 

knowledge of radical concentrations. In addition, there is indication that 

OH may be responsible for oxidation of coal volatiles, as well as for direct zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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attack on the residual char. 

i n  PC combustion but this will be difficult when particle loadings are high. 

Quantitative fluorescence diagnostics of pollutant species such as 

NO and COY while certainly feasible, have not yet been demonstrated, even i n  

laboratory flames. Qualitative fluorescence methods may be of use in locat- 

ing high zones of soot and HC formation. Most HCs, including soot precur- 

sors, have strong absorption bands in the visible and near ultraviolet and 

produce broadband flourescence emission in the visible portion of the spec- 

trum. Fluorescence techniques for the measurement of Na have been actively 

pursued for over a decade; i n  fact, Na has served as a model atom for the 

development and demonstration of numerous fluorescence techniques. 

techniques for measurements of other metal atoms are less well-developed, 

but it is anticipated that techniques developed for Na will also be applica- 

ble to numerous other metal atoms. 

are handicapped by the lack of a well-developed spectroscopic data base. 

Therefore, we expect to see more applications 

LIF 

LIF diagnostics of species such as NaS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.4-2B. FTIR Absorption Techniques/ 

The commercialization and widespread use of FTIR spectrometers has 

This progress has been facilitated their use for quantitative gas analyses. 

aided by the availability of increasingly accurate values for infrared line 

strengths, as reported i n  the literature. Furthermore, virtually all gases 

(except homonuclear diatomics) have at least one strong infrared absorption 

band in the mid-infrared region (400-4000 cm-l) that is easily accessible to 

most FTIR instruments. With many different species present in the sample, 

the mid-infrared region may become congested with many absorption lines. 

However, i n  most cases, the features caused by different species may be 

sorted out if the spectra are taken at sufficiently high resolution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0.5 cm-' or better), since each species has a unique infrared absorption 

spectrum. 

low molecular weight species (those having fewer than 5 atoms of atomic 

weight greater than hydrogen) are present in the sample. 

concentrations can be measured if higher signal-to noise (S/N) spectra are 

obtained. With FTIR, a number of factors influence the maximum attainable 

S/N. 
factor equal to the square root of the number of spectra averaged. 

Also, the task of sorting out the spectrum is much easier if only 

Clearly, lower gas 

For example, averaging many spectra together improves the S/N by a 

The 
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price one pays for improved zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS/N is the increased time required to acquire 

the data. 

In general, FTIR spectroscopy is an effective technique for detec- 

tion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  many different species simultaneously over a wide spectral bandwidth 

when conditions permit time-averaged measurements along a line-of-sight 

(e.g., in laminar or turbulent, plug-flow flames and reactors). Determina- 

tion of gas-phase species concentrations using absorption spectroscopy is 

based on the application of the Beer-Lambert Law of absorptfon, which re- 

lates the intensity of the light transmitted through the sample to the inci- 

dent light intensity, transition line strength, transition line-shape 

function, concentration of the absorbing species, and path length of the 

light through the sample. 

Recently, two groups zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8-10 have explored the use of FTIR for 

gas-phase species concentration measurements i n  PC combustion studies. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Sol omon' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs work i s reviewed el sewhere. 

has been of the nature of technique demonstration and validation. In this 

work, he has extended FTIR measurements into the high-resolution domain in 

order to assess the sensitivity of the technique for the determination of 

the concentration and rotational temperature of various molecules in a PC 

combustion environment. Infrared absorption measurements were made with 

uniformly-sized coal particles entrained in a laminar flow reactor. 

8 Ottesen ' s recent work at Sandia 

Past attempts to make high resolution absorption measurements have 

been plagued by the infrared emission of hot coal particles passing through 

the detector field-of-view. Solomonlo has attempted to make use o f  these 

emissions by inverting the order of the combustion reactor-interferometer 

apparatus and by extracting the average emittance of the hot particulate en- 

semble for a given measurement time. These particulate emission signals, 

however, act as an additional noise source for absorption measurements and 

are mitigated only somewhat by laborious time-averaging. This problem has 
-1 prevented the measurement of spectra at a resolution greater than 0.5 cm . 

However, this particle-generated noise occurs at Fourier frequencies lower 

than the pertinent bandwidth containing infrared spectral information. By 

electronically filtering the detector output, Ottesen successfully reduced 

this particulate noise and obtained the first reported measurements of pul- 

verized coal combustion products at a spectral resolution o f  0.08 cm-'. 

Although these measurements are more time consuming than those at 
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l ower  r e s o l u t i o n ,  t h e y  a l l o w  a more accura te  d e t e r m i n a t i o n  o f  b o t h  t h e  mo- 

l e c u l a r  r o t a t i o n a l  temperature and c o n c e n t r a t i o n .  T h i s  advantage r e s u l t s  

p r i n c i p a l l y  f rom t h e  lessened i n t e r f e r e n c e s  o f  nearby a b s o r p t i o n  l i n e s  f rom 

o t h e r  species (ma in ly  water  vapor molecules) and h i g h e r  e x c i t e d  s t a t e  t r a n -  

s i t i o n s .  These measurements a l s o  showed t h a t  t h e  measured l i n e w i d t h s  o f  CO 

and COP t r a n s i t i o n s  a r e  c o n s i d e r a b l y  g r e a t e r  than t h e  r e p o r t e d  va lues  o f  

0.04 cm-' a t  temperatures around 1300 K. 

a r e  0.105 an-', and i t  i s  p o s t u l a t e d  t h a t  t h e  a d d i t i o n a l  w i d t h  i s  caused by 

c o l l i s i o n a l  broadening due t o  t h e  l a r g e  q u a n t i t y  o f  water  p r e s e n t  (15 mol%). 

A p o r t i o n  o f  t h e  CO P-branch r o t a t i o n - v i b r a t i o n  band produced d u r i n g  t h e  

combustion of a p u l v e r i z e d  western Kentucky b i tuminous  coa l  i s  shown i n  

F ig .  11.4-1. The CO r o t a t i o n a l  temperature determined f rom t h e  r e l a t i v e  i n -  

t e n s i t i e s  of t h e  a b s o r p t i o n  l i n e s  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1218k28 K and i s  i n  good agreement 

w i t h  a temperature o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1247+22 K d e r i v e d  f rom t h e  COP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv3 ,  R-branch r o t a t i o n -  

v i b r a t i o n  d u r i n g  t h e  same exper imenta l  measurement. Reduct ion o f  t h e  no ise  

caused by t h e  p a r t i c u l a t e  emiss ion inc reased t h e  s e n s i t i v i t y  f o r  many smal l  

i n f r a r e d - a c t i v e  molecules (CO, CH4, NO, HCN, H2S) t o  about  100 ppm f o r  a 

10 cm p a t h  l e n g t h  a t  combustion temperatures i n  t h e  presence i n  coa l  p a r t i -  

c l e s .  C u r r e n t  e f f o r t s  a t  d e t e c t i n g  minor  p roduc ts  o f  combustion -- i n  s i t u  

have been hampered by t h e  s e r i o u s  o v e r l a p  o f  water -absorp t ion  l i n e s  w i t h  N- 

and S-conta in ing  species o f  i n t e r e s t .  

Measured w i d t h s  a t  h a l f  maximum 

11.5. P a r t i c l e  S ize ,  Number D e n s i t y  and Temperature Measurements 

Among t h e  spectrum o f  d i a g n o s t i c  requi rements f o r  examining PC 

combustion, perhaps t h e  most s e r i o u s  i s  t h e  need f o r  -- i n  s i t u  techniques f o r  

r e a l - t i m e  d e t e c t i o n  o f  t h e  l o a d i n g  and s i z e  d i s t r i b u t i o n  o f  e n t r a i n e d  par-  

t i c u l a t e  mat te r ,  i n c l u d i n g  s o l i d  c o a l ,  char,  f l y  ash, soot  
p a r t i c l e s  and l i q u i d  d r o p l e t s  o r  s l u r r y  m i x t u r e s .  I n  fundamental 

bench-scale s t u d i e s  o f  t h e  r e a c t i v i t y  o f  condensed-phase f u e l s ,  t h e r e  i s  

need t o  o b t a i n  s imultaneous i n f o r m a t i o n  on t h e  s i z e ,  temperature and r e s i -  

dence t i m e  o f  r e a c t i n g  p a r t i c l e s  l a r g e r  than 10 vm. -- I n  s i t u  o p t i c a l  s i z i n g  

techniques o f f e r  g r e a t  promise t o  meet many o f  these measurement needs. 

t a i l e d  chemtcal a n a l y s i s  w i l l  probab ly  c o n t i n u e  t o  r e q u i r e  e x t r a c t i v e  sam- 

p l i n g ;  a novel  and promis ing  -- i n  s i t u  o p t i c a l  method c a l l e d  laser-sparked 

spectroscopy i s  d iscussed i n  t h e  f i n a l  s e c t i o n .  

De- 
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Fig. 11.4-1. The CO P-branch spectrum obtained by FTIR spectroscopy in 
a coal-seeded laminar flow reactor: rotational T = 1218 K.8 

Optical methods can be characterized as imaging or light scatter- 

ing. 

while in the latter they are not. 

can be further subdivided into ensemble or single-particle techniques. 

all cases, the analysis o f  particle size relies on the assumption of 
independent light scattering, which should be valid down to particle separa- 

tions on the order of  four times the particle diameter and number densities 

up to 10 /d Because of the 

need for spatial resolution, real time analysis, and mass resolution (mass 

is concentrated in the upper end of the size distribution), the emphasis 

here is on the features of two of the most successful single particle count- 

ing (SPC) methods; one is a light scattering method and the other an imaging 

technique. 

In the case of imaging methods, individual particles are resolved 

As indicated i n  Fig. 11.5-1, both methods 

In 

10 3 per cm3, where d is the particle size in pm. 

11.5-1. Single Particle Counter, SPC (Scattering) Instruments 
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11.5-1A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUser Requirements 

1 Hardesty has summarized typical user requirements for application 

of SPC instruments to PC combustion environments. For many applications, 

both number and mass-loading densities are of interest. 

inferred from SPC measurements of the former if the material density of the 

particulates is known. The sizing range required for most studies probably 

has a lower bound of 0.1 pm, although soot formation and ash-condensation 

effects would--require monitoring down to 0.01 urn. However, in all likeli- 

hood, the practical limit of SPC in high number density flows is about 

0.1 pm. 

particl e-shape variations i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs desirable i n coal -f i red f 1 ows, where parti cl e 

properties range from irregularly fractured carbon particles (nz - 0.5) to 

fused silica fly ash (nz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 0.001). For comparison, liquid fuel droplets 

are in general transparent (n2 If particle properties 

and shapes are known and invariant, these restrictions on instrument design 

become less stringent. 

The latter can be 

Minimum sensitivity to particle refractive index (m = nl + in2) and 

- 0) and spherical. 

11.5-1B. Design Constraints 

While many discussions refer to particle measurements as particle 

sizing, the correct reference is to particle size-distribution measurements. 

Measurements of particle size alone, without accurate counting of the number 

i n  each size class, is insufficient to characterize mean diameters (number, 
area, mass) or their integrated values. 

accurate size characterization with only limited discussion of proper number 

counting. In practice, accuracy of frequency-distribution measurements and 

derived averages are equally dependent on sizing and number counting 

accuracy. 

Many discussions have emphasized 

The fundamental relations which constrain the design o f  SPC diag- 

nostics based on Mie scattering are well known. Of particular concern here 

are the theoretical results which lead to the variety of -- in situ SPC diag- 

nostics. First, a monotonic dependency of the scattered light amplitude on 

the particle size is required, with little dependence on the particle index 

of refraction or shape. Second, confining all measurements to the forward 

diffraction lobe for particles larger than about 0.1 urn is the most advanta- 

geous. Consistent with these considerations, Fig. 11.5-2 shows a schematic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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diagram of a typical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASPC instrument with symbols indicating the primary in- 
strument design variables. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA laser of wavelength X and beam f-number fb is 

focused through a window of thickness and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 11.5- 1. Ensemble and single particle optical particle - 
measurement te chnique s . 
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Fig. 11.5-2. Schematic diagram of a typical SPC device employing 
near  -forward Mie scattering. 



Y 
angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX t o  a beam waist  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW o .  

i s  col lected by a lens of open aperture (e i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- eo) o r  f-number Fc a t  a.n angle 

0 and focused onto a detector  s l i t  assembly of width W,. 

working space between the two lenses i s  denoted by L. 

from which scat tered l i g h t  i s  detected i s  determined by the  in tersect ion of 

the  beam focus and the image of the  s l i t .  

the  detector  a re  processed by a minicomputer t o  provide amplitude-frequency 

d i s t r i bu t i ons .  

Scattered l i g h t  from pa r t i c l es  of veloci ty U 

The avai lab le 

The sample volume 

The s ing le-par t ic le  s ignatures a t  

Given t h i s  general configuration, there a re  two basic methods of 

re la t ing  pa r t i c l e  s i ze  t o  a sca t te r ing  s ignal .  One approach15 i s  based on 

absolute sca t te r ing  and requires accurate knowledge of the d is t r i bu t i on  of 

l a s e r  i n tens i t y  i n  the sample volume. 

of two independent absolute sca t te r ing  s ignals  from the  same pa r t i c l e .  

though r a t i o  methods character ize pa r t i c l e  s i ze  independently of the  
i l lumination i n tens i t y ,  the  absolute magnitude of each r a t i o  signal s t i l l  

depends on the  local i l lumination in tens i ty  and the absolute response func- 

t ion .  In Fig .  11.5-3, a theoret ica l  comparison i s  shown o f  the  typical  ab- 

The second approachlg uses the  r a t i o  

Al- 

so lu te sca t te r ing  response functions f o r  the two c lasses of SPC methods. In 

the  t o p  half  of  the  f igure ,  the dashed curves re fe r  t o  the  angle-rat io meth- 

od w i t h  d i f f e ren t  sca t te r ing  angle pa i r s ,  and the so l id  curve character izes 

a typical  v i  si b i  1 i ty-response curve w i t h  f r inge  spacing . 
such response curves are  multivalued, which places undesirable l im i t s  on the 

dynamic range ( i n  pa r t i c l e  s ize)  o r  requires mult iple angle r a t i o s  t o  deter-  

mine the  cor rec t  pa r t i c l e  s ize .  The lower'half  of Fig. 11.5-3 shows typical  

absolute sca t te r ing  response curves f o r  both absolute and r a t i o  sca t te r ing  

methods. 

In our  or ig ina l  analyses of bo th  types of sca t te r ing  methods, we 

considered i n  de ta i l  the basic re la t ions  among the elements of the typical  

SPC opt ica l  system, the pa r t i c l es  being measured, and various instrument o r  

hardware aspects.  These include: ( i )  the dynamic range; ( i i )  the  sample 

volume s ize ;  ( i i i )  the p a r t i c l e  number densi ty;  ( i v )  resolut ion and accura- 

cy; (v)  l ase r  i n tens i t y  i n  the focal volume; ( v i )  windows; ( v i i )  beam steer-  

i n g ;  and ( v i i i )  e lec t ron ics .  ( i )  Enlarging 

the co l lect ion so l id  angle reduces the  dynamic range. The required dynamic 

( i i )  All SPC methods require knowledge of the absolute sca t te r ing  response 

In general ,  a1 1 

The key p o i n t s  a re  as  follows: 

range i n  the signal f o r  a fac to r  of 10 in pa r t i c l e  s i ze  approaches 10 4 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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function and the  d i s t r i bu t i on  of l ase r  i n tens i t y  i n  the  sample volume. 

t i c l e s  of the  same s i ze ,  w h i c h  pass t h r o u g h  d i f f e ren t  regions of the  focal 

volume, give r i s e  t o  d i f f e ren t  sca t te r ing  s ignatures.  ( i i i )  The maximum 

par t i c l e  number densi ty in the  flow t h a t  can be accommodated, w i t h o u t  having 

two or  more pa r t i c l es  i n  the sample volume simultaneously, is given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(N < 4P/V), where P i s  the probabi l i ty  of having two or  more simultaneous 

sca t te r ing  events i n  the sample volume V. The requirement f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa small vol- 

ume d i c t a t e s  a small beam waist  W o ,  which produces a non-uniform 

1 aser-i  ntensi t y  d i  str i  but i  on i n  the  sample vol ume. 

level i n  the  part ic le-count r a t e  requi res more than 1000 counts. A l l  SPC 

instruments require time t o  acquire su f f i c i en t  counts i n  each s i ze  bin t o  

meet the  accuracy requirement; the time required i s  a function of the par t i -  

c l e  loading densi ty and wi l l  range from a few seconds t o  minutes f o r  very 

l i gh t l y  loaded flows. T h u s ,  although data are being sensed i n  a s ing le  

pulse mode f o r  each pa r t i c l e ,  the  measurement of a s ize  d is t r ibu t ion  i s  in- 

herently time-averaged. ( v )  There are  simple in te r re la t ionsh ips  among the  

l ase r  wavelength, the foca'l length of the focusing lens,  the  beam waist 

s i ze ,  the depth of f i e l d ,  the  s i ze  of the l a rges t  sensible pa r t i c l e  and the  

maximum number densi ty of the  smal lest  pa r t i c l es  t h a t  can be sensed.' 

pract ice,  these fac to rs  d c t a t e  t h a t  a t  l e a s t  two l ase r  beams are  required 

t o  measure pa r t i c l es  from the submicron t o  100 urn range: 

cused t o  measure the smal , higher number densi ty pa r t i c l es  and 
the second w i t h  a larger  focus t o  measure the la rger  

pa r t i c l es .  ( v i )  Most PC combustion experiments require windows f o r  opt ica l  

access. Displacement o f  the  focal volume along the  incident l a s e r  d i rect ion 

i s  proportional t o  the  th ickness and index of re f ract ion of t he  window mate- 

r i a l ;  l a te ra l  displacement wi l l  occur i f  the beam i s  not perpendicular t o  

the  window. The incident beam m u s t  be monitored t o  account f o r  beam attenu- 

a t ion due t o  window foul ing.  

ents i n  the index of re f ract ion of the  combustion gases which are  t ransverse 

t o  the l ase r  and scat tered beams, can be appreciable and unsteady but may be 

compensated f o r  by enlarging the entrance s l i t  of  the  detector .  ( v i i i )  Be- 

cause of the la rge dynamic range required o f  the  detect ion and ampli f icat ion 

c i r c u i t ,  logarithmic c i r c u i t s  o r  staged ampl i f iers a re  required w i t h  a t  

l e a s t  a 10 MHx frequency response. 

Par- 

( i v )  A 95% confidence 

In 

one t i g h t l y  fo- 

( v i i )  Beam steer ing,  primari ly due t o  gradi- 
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Fig. 11.5-3. Comparison of response functions' for the rat io and 
absolute SPC scatter ing methods. 

11.5-1C. SPC Intensity Deconvolution Method 

The only SPC optical method that has been used reliably for mea- 

suring particles over the size range 0.1-100 urn, at number densities from 

102/cm 3 7 3  at the large sizes to 10 /cm at the small sizes, is a dual-beam 

absol Ute i ntensi ty deconvol uti on (SPC/ID) method. l7 

method is the use of dual beams to achieve the required small sample-volume 

size to accommodate the increased particle loadings at the small end of the 

particle-size distribution. 

A key feature of thi s 

The system uses near-forward scatter, as in 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11.5-2, with Oi<60 to mi imiz ref ra 

sensitivities. The choice of inner angle 

tive-index and particle-shape 

light collection, Bi ,  depends on 

the size range of interest. 

solih curves in Fig. 11.5-3. 

tensities i n  the sample volume, the scattered signal is particle-trajectory 

dependent. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA numerical inversion scheme and calibration procedure allows 

unfolding of the distribution of signal amplitudes and yields and indicated 

size distribution, which eliminates the dependence on. trajectory. The scat- 

tered light from particles passing through each of the two sample volumes is 

collected by a single lens and divided by a beam splitter and focused onto 

the large and small slits, respectively. 

ducted by Hol ve. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl5 

the evolution of particle-size distribution in a laminar flow-reactor study 

of the combustion of pulverized coal and coal-water slurries. 

The response functions for Bi = 0.6' are the 

Because of the variation of the laser beam in- 

Extensive calibration and validation experiments have been con- 

Figure 11.5-4 i 1 1  ustrates recent results obtained for 

18 

io' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 300K,3.6ms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1700K,1.8ms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 1700K.14rns 

' 1  
I 

I 

I I 'a, 

TOP S i t e  of I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.9 
Pulverized C o a l 4  

I 1 10'' ! I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI b 1 1 1 1  I I 1 1 1 1 1 1  I I 1 - 1  I l l  

mo-' 7 b o  73 13 
SIZE, MICRONS 

Fig. 11.5-4. Evolution of a bituminous coal-water slurry particle-size 
distribution as a function of residence time in a laminar 
flow reactor, obtained by using the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASPC/ID system. 18 
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11.5-2. Imaging Methods for Single-Particle Counting 

All imaging methods permit, in principle, some degree of particle 

size-distribution measurement capability With reference to Fig. 11.5-1, 

there are three basic types of systems: photographic, holographic, and 

image-plane coded-aperture methods. Unl ke scattering techniques, all are 

applicable only to particles larger than the diffraction limit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  in situ 

optical systems, typically 5 to 10 pm. The first two have been extensively 

reviewed and will not be discussed here. 

new. Among the three candidates, it is uniquely amenable to straightfor- 

ward, real-time, spatially-resolved measurements under certain coal c:ombus- 

tion conditions. Under the right conditions, however, it appears to be an 

extremely powerful method, e.g., for basic studies of the reactivity of pul- 

verized coals, with clear advantages over scattering methods. 

The third method is relatively 

11.5-2A. Image-Plane Coded-Aperture Single-Particle Methods 

Several image-plane coded-aperture systems for application to mea- 

These systems have been evaluated 

surements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  both luminous and nonluminous particles during PC combustion 

have recently been developed at Sandia.” 

in detail for application to flows where the particle loading density of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 3  particles larger than about 10 pm does not exceed 10 /cm . In contra.st to 

the light-scattering methods, the image plane methods permit direct and si- 

multaneous measurement of the size and velocity of particles. In addition, 

if the particles are sufficiently hot, their temperature can also be mea- 

sured. In contrast to light-scattering methods, the image plane technique 

permits more direct discrimination against background noise because of the 

presence of smaller (unsized) particles in the focal volume. In other 

words, if it is sufficient for a particular application to measure informa- 

tion only on particles larger than say 10 pm and if these occur at number 
4 3  densities no greater than about 10 /cm , then the usual higher number 

densities of smaller particles may not prove limiting since reflecting or 

emitted, not diffracted, light is employed. 

11.5-2B. The Multiple-Slit Method zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
378 



In this method," the signal that contains the particle-size 

information is generated by imaging the particle onto a physical mask con- 

taining a grid of three slits and detecting the transmitted light. Parti- 

cles may be illuminated or, in the case of hot or reacting particles, direct 

emission from the particles may be used to obtain size and velocity informa- 

tion. In general, deconvolution is required to extract information from any 

image-plane coded-aperture system. 

aperture zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the particle size can be retrieved by using only two values 

in the output waveform. 

composed of two slits for encoding the particle-size 

It is possible, however, to design the 

Such an aperture is shown in Fig. 11.5-5. It is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11.5-5.  Aperture mask used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the image-plane coded- 
aperture (SPC) method. l9 

information. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA third slit is used in the implementation of a laser trigger 

to eliminate edge-effect errors and to distinguish further and minimize the 

size of the focal volume. 
largest particle to be measured; the small aperture smaller than the small- 

est. 

signals from detectors behind the apertures is proportional to the diameter 

of the particle. In addition to size information, the velocity of the par- 

ticle can be obtained by measuring the transit time of the particle between 

the two apertures. 

simultaneously, velocity-size correlations are readily derived. The method 

The large aperture is made bigger than the 

As the image of the particle scans across the mask, the ratio of the 

Since size and velocity of a particle may be measured 
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is reasonable insensitive to partic 

dimension measured is approximately 

rection normal to the slits. While 

cle index of refraction, the partic 

be sized correctly. This condition 

e shape. For irregular particles, the 

equal to the particle length i n  the di- 

the system is insensitive to the parti- 

e must be a diffuse surface in order to 

is particularly important when coherent 

illumination is used. 

signals for non-ideal particles. 

cles by back lighting and operating the system i n  a schlieren mode. 

In general, white light illumination yields better 

It may be possible to size specular parti- 

11.5-2C. Particle-Sizing Pyrometry Based on the Multiple-Slit Method 

While none of the image-plane techniques can measure particles 

smaller than -10 pm, they do yield an important bonus capability in situa- 

tions where the particles are sufficiently hot such that their incandescence 

can be used to obtain size information. Under these conditions, by virtue 

of its simplicity and ease of implementation i n  bench scale zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPC combustion 

environments, the multiple-slit technique is particularly amenable to inte- 

gration with a multi-wave-length optical pyrometer system. The integrated 

system, shown in Fig. 11.5-6, has been developed for the simultaneous detec- 

tion of particle size, particle velocity, and particle temperature. In 
addition, by measuring the absolute magnitude of emitted radiation, once the 

particle size and temperature have been determined, its emissivity may be 

estimated. 

single particle signatures from the large and small slits. 

temperature follows from the ratio of the signals from the large slit at two 

discrete wavelengths (assuming that the particle emits as a gray body). By 
the use of reflecting optics and extension of the detection system into the 

near infrared, the lower limits in terms of particle size and temperature 

may be significantly extended. Particle velocity is determined by timing 

the signals from the two slits. 

The ability of the method to detect simultaneously the size, tem- 

perature and velocity of reacting particles is proving invaluable i n  recent 

studies of PC combustion. 

Mitchell" to measure these properties for a variety of coals, chars and 

other reactive solids (and thereby to determine directly global particle re- 

activities) i n  a laboratory flow reactor. 

Analysis of the particle size is done by using the ratio of the 

The particle 

The system is now being routinely applied by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEnsen e Met od s w Analys ; of Particulates 

Our discussion has emphasized single-particle counting methods be- 

cause: (i) these are generally applicable to Class I and Class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 flows; 

(ii) they yield a direct measure of the particle size and number density; 

(iii) they provide a measure of the flux of particles through the focal vol- 

ume (by virtue of the fact that the transit time of each particle is 

sensed). Ensemble methods are inherently line-of-sight measurement, with 

the exception of diffusion-broadening spectroscopy for local measurement of 

the total volume of submicron particles in the focal volume of the incident 

laser beam. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs is shown in Fig. 11.5-1, ensemble methods fall into two 

classes: those that work in the Rayleigh limit of small particles (general- 

ly less than a few tenths of a urn) and those that work in the Mie Regime 

(generally 1 arger than 2 urn). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H IG 14 TEMPE R ATU R E 
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Fig. 11.5-6. An integrated single-particle imaging system for simultaneous 
particle sizing and temperature and velocity measurement. l9 
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11.5-3A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEnsemble Methods for Large Particles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To measure the mean size of particles larger than 1 pm, two com- 

mercial instruments are avai 1 ab1 e , the Mal vern instrument" and the Leeds 

and Northrup instrument." 

detecting Mie scattering from an ensemble of particles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  droplets in a rel- 

atively large sample volume defined by the width of the duct and the cross 

section of an incident expanded laser beam. 
and their inherent limitations with regard to determining particle-size dis- 

tributions have been discussed el sewhere.' In general, the ensemble methods 

inherently yield less information than single-particle methods. In addition 

to the lack of spatial resolution in the ensemble methods, they provide no 

measure of velocity or of particle flux. However, if the phenomenon being 

observed is inherently unsteady, an ensemble device must be used since all 

SPC instruments average over relatively long times. 

Both devices operate on the principle of 

The use of these instruments 

11.5-3B. Ensemble Methods for Measuring Particles < 0.1 pm in Size 

High number densities of fine mineral matter particles, less than 

0.1 pm in size, are common in most PC combustion environments (Fig. 11.2-2). 

These arise both from the !iberation of solid mineral matter during combus- 

tion and as a result of condensation of vaporized inorganic species in the 

combustion and post-flame zones. 

soot particles can be expected in regions where temperatures are high and 

fuel-rich conditions predominate. 

taining information on particles less than 0.1 pm in size, only 

laser-Doppler-broadening spectroscopy (also called diffusion-broadening 

spectroscopy, DBS) permits the kind of spatial resolution required in 
Class I1 flows. 

vel oci ty 1 ami nar f 1 ows , where parti cl e di f f usi on vel oci ti es due to Browni an 

motion dominate particle transport through the laser focal volume. The 

method is extremely useful i n  bench-scale measurements i n  laminar flames and 

flow  reactor^.'^ It would appear, however, that there are no near-term 

candidate methods for obtaining spatially resolved sub-0.1 pm particle size 

measurements in highly structured Class I1 flows. 

In addition, high number densities of fine 

Of the various possible methods for ob- 

THe DBS technique is unfortunately applicable only to low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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For Class I flows, where a flat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) profile of local particle 

loading density is ensured, the conventional line-of-sight absorption method 

may be combined with a scattering technique to infer the total particle 

volume loading. The method relies on the classical assumptions and results 

of Rayleigh and Mie scattering and light extinction. 

the method applies for particles which are small compared to the wavelength 

of light (for visible light, strictly for particles smaller than about 
0.05 ym). In this regime, it can be shown that the ratio of the intensities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o f  light scattered at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' with respect to the incident beam direction to the 

transmitted light is a strong function of the volume fraction of particles. 

For larger particles, i n  the size range of the 0.05 to 0.1 ym, Mie scatter- 

ing can be used to advantage. 

In the Rayleigh limit, 

11.6. Velocity Measurements i n  Particl e-Laden F1 ows 

As described earlier, in all single-particle counting diagnostic 

methods, the velocity of particles passing through the sample volume is mea- 

sured. The measurement is essentially one of transit-timing. More precise- 

ly, only the magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the component of the particle velocity projected 
into the plane perpendicular to the axis of the collection optics is sensed. 

A true velocity is measured only for well-ordered flows for which the axis 

of the collection optics can be arranged to be perpendicular to the flow di- 

rection. 

used to measure transit times directly; two laser beams are focused in close 

proximity within the combustion zone and the time for a particle to transit 

the intervening distance is measured. 

Clearly, transit-timing methods are, i n  principle, applicable to 

Class I flows. 

turbulent-intensity information is sought, the method of choice for direct 

velocity measurement is laser-Doppler velocimetry (LDV). 

new; fundamental descriptions of the technique are numerous. In most cases, 

however, the emphasis in previous work has been on the measurement of gas 

velocity and turbulent fluctuations associated with the gases. Small parti- 

cles of uniform size and sphericity in the 1 ym size range are typically 

used to minimize slip between the gas and the particles. 

briefly on some of the special considerations which pertain to velocity mea- 

The inversion of the image-plane aperture method has also been 

For more complex flows and in most cases where 

The method is not 

Here, we comment 
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surements us ing  LDV i n  coal-derived flows. In t h i s  discussion, basic: famil- 

i a r i t y  w i t h  t he  conventional LDV method i s  assumed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.6-1. Appl i cat ion of Laser Doppler Vel ocimetry t o  Coal -Derived Fl ows 

Despite the ready a v a i l a b i l i t y  of commercial LDV systems, in te r -  

pretat ion of LDV data from part ic le- laden, coal-derived flows i s  anything 

but a simple matter. 

which have the grea tes t  impact on straightforward in te rpre ta t ion  of LDV sig- 

natures are :  ( i )  the need t o  operate w i t h  long focal- length op t ics  in large 

coal-combustion geometries and ( i i )  the  presence of high number-densities of 

i r regu la r  pa r t i c l es  over ( t yp i ca l l y )  a very wide s i ze  range. 

bench-scale experiments, the l a t t e r  e f f e c t  will dominate. 

Care i s  required. The two fea tures  of such flows 

For most 

11.6-1A. The Effect  of Long Focal-Length Optics 

Large combustion-zone dimensions produce long opt ica l  path 

lengths,  which require long  focal- length opt ics .  

incident lens(es)  increases, the  length of the sample o r  probe volume i n -  

creases i n  the d i rect ion of the  i n p u t  l ase r  beams. Consequently, of f -axis 

(as  opposed t o  backscatter)  co l lect ion i s  desi rab le.  For example, f o r  a 

50-mm beam spacing w i t h  a 120-mm (4.7-inch) focal- length lens ,  the probe 

volume length i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.35 m m ;  w i t h  a 600 mm ( 2  f ee t )  focal length lens,  the  

probe volume enlarges t o  8 mm. 

sidered. 

of mult ip le pa r t i c l es  i n  the  probe volume poses problems. 

e f f e c t  i s  the decrease i n  ef f ic iency of backscatter due t o  the  decreased 

so l id  co l lect ion angle. 

l oc i t y  have the e f fec t  of degrading S/N. 

nature occurs due t o  the increased scat tered l i g h t  i n tens i t y ,  but l e s s  

modulation occurs s ince the  scat tered l i g h t  from d i f f e ren t  pa r t i c l es  wi l l  be 

somewhat o u t  of phase. 

es)  a re  present simultaneously, the  veloci ty d i f ferences wi l l  appear a s  ran- 

dom modulation of the Doppler s ignal .  

As the  focal length of the 

T h i s  l oss  of spa t ia l  resolut ion m u s t  be con- 

While t h i s  degree of resolut ion may be acceptable, the probabi l i ty  

Another immediate 

Multiple pa r t i c l es  of the  same s i ze  and presumably a t  the  same ve- 

A higher pedestal i n  the LDV s i g -  

I f  mult iple pa r t i c l es  of d i f f e rqn t  ve loc i t i es  (s iz-  

The presence of pa r t i c l es  i n  the  l i n e  of s i g h t  between the  detec- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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tor and the probe volume can introduce problems w i t h  both signal level and 

noise. 

L i g h t  scat tered from a large p a r t i c l e  and crossing one of the  two l a s e r  

beams or w h i c h  passes t h rough  the  probe volume may undergo secondary 
sca t te r ing  by pa r t i c l es  along the  ( increased) l i n e  of s i g h t .  

poss ib i l i t y  of beam re f rac t ion  or steer ing i s  increased w i t h  t he  longer le-  

ver arms involved. Uncrossing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  the  incident beams causes signal dropout, 

and re la t i ve  motion between the  two beams introduction a b ias e r ro r  . i n  both 

t he  mean veloci ty and the turbulence in tens i ty .  

The problems are accentuated w i t h  longer focal- length systems. 

Final ly,  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11.6-18. The Effect  of Di f ferent Pa r t i c l e  Sizes 

There a re  several addi t ional  adverse consequences of increasing 

p a r t i c l e  number dens i t i es  and of an increasing range of p a r t i c l e  s i zes  i n  

the  flow. F i r s t ,  the  dynamic range of the photodetector i s  l imi ted.  When 

the  detect ion threshold i s  set t o  follow the weak signal from a small par t i -  

c l e ,  the detector  may be saturated by the  signal from a large pa r t i c l e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

solut ion may be t o  use two detec tors ,  which are  s e t  a t  d i f f e ren t  leve ls  t o  

monitor ve loc i t ies  of small and large pa r t i c l es  independently. Secondly, 

the qua l i t y  of the  Doppler signal i n  terms of the modulation depth wi l l  most 

l i ke l y  vary great ly .  There i s ,  i n  pr inc ip le ,  an opt imum r a t i o  of pa r t i c l e  

s i ze  t o  f r inge spacing; t he  r e s u l t  i s  t h a t  pa r t i c l es  a t  the  small and large 

ends of t he  s ize  spectrum may be d i f f i c u l t  t o  detec t  above the  increased 

noise leve l .  Final ly,  t he  s ing le  l a rges t  cause of low S/N i n  an LDV system 

i s  g lare ,  usually from surfaces and windows. For example, la rge  p a r t i c l e s  

w h i c h  cross the incident l a s e r  beams create g la re  d i r e c t l y  o r  a s  the  r e s u l t  

of sca t te r ing  of f  surfaces o r  o ther  par t i c les .  

In summary, the necessi ty f o r  careful analys is  cannot be 

over-emphasized. 

home-grown, wi l l  invar iably produce Doppler s ignals .  Whether these mean a 

grea t  dea l ,  especia l ly  from a PC combustion flow, i s  another matter. 

Laser-Doppler velocimeter systems, whether packaged o r  

I 

f 

3 

i 

11.7. Par t i cu la te  Composit ion Measurement by Laser-Spark Spectroscopy 

(LASS) 

One of the  most challenging areas for  coal-combustion diagnost ics 
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is that of determining the composition of entrained coal, char, and mineral 

matter particles in the combustion zone. 

complishing this measurement is to extract a sample by insertion of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

generally bulky, water-cooled quench probe and to subject the sample to a 

battery of off-line analytical techniques. In a new diagnostic research ef- 
fort, OttesenZ4 is extending earlier work in our laboratoryz5 on a technique 

called laser-spark spectroscopy (also referred to as laser-induced bi-eakdown 

spectroscopy 

of particles i n  PC combustion environments. 

about 6 years old, Ottesen's results are sufficiently encouraging to warrant 

an extended comment in this review. 

At present, the only means for ac- 

26 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) to obtain i n  situ measurements of the elemental composition -- 
Although the techniques is 

A schematic diagram of the experimental apparatus24 is shown i n  

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11.7-1. 

sers to provide particle-size measurements and to trigger the 

laser-breakdown process. 

The measurement sequence for single particle uses two cw la- 

A He-Ne laser beam is focused to a 50 pm waist 

He-Ne 
Laser 

Expander 

iD:yorl-] Controller 1- 
Spectrometer 

Interface 

Computer 

Gen. Gen. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 11.7 -1. Schematic diagram of Sandia laser-spark spectroscopy diagnostic sy13tem. 24 
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s i z e ,  and 

t h i s  f o c a  

beam w i t h  

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90° Mie s c a t t e r i n g  by i n d i v i d u a l  p a r t i c l e s  pass ing  t h r o u g h  

volume i s  used as a t r i g g e r  pu lse .  A c o - l i n e a r ,  Ar - ion  l a s e r  

a w a i s t  s i z e  o f  250 vm i s  a l s o  s c a t t e r e d  by p a r t i c l e s  pass ing  

through t h e  f o c a l  volume, and t h e  i n t e n s i t y  o f  t h e  near- forward s c a t t e r e d  

l i g h t  i s  used as a measure o f  mean p a r t i c l e  s ize .  These measurements a r e  

c a l q b r a t e d  by u s i n g  p r e c i s i o n  p i n h o l e s  and u n i f o r m  l i q u i d  d r o p l e t s ;  t h e  

i s d i  scussed e l  sewhere. 27 

on i n t o  t h e  p r e s e n t  emiss ion measurements w i l l  h e l p  

I n c o r p o r a t i  ng 

caused by d i f f e r e n c e s  i n  p a r t i c l e  s i z e .  It w i l l  a l s o  <. 

p a r t i c l  e - s i z i n g  method 

p a r t i c l e - s i z e  i n f o r m a t  

t o  remove d a t a  s c a t t e r  

be u s e f u l  i n  observ ing  sys temat ic  t r e n d s  i n  m i n e r a l  compos i t ion  d u r i n g  com- 

b u s t i o n  as a f u n c t i o n  o f  p a r t i c l e  s i z e  and may p e r m i t  an a b s o l u t e  e lementa l  

mass measurement f o r  each p a r t i c l e .  

Immediate ly  f o l l o w i n g  t h e  measurements o f  p a r t i c l e  s i z e ,  t h e  He-Ne 

l a s e r  t r i g g e r  p u l s e  i s  used t o  i n i t i a t e  t h e  l a s e r  spark  sequence. A 

Q-switched Nd:YAG l a s e r ,  w i t h  a maximum p u l s e  energy o f  170 mJ and a p u l s e  

w i d t h  o f  7 nsec a t  t h e  f requency-doubled wavelength o f  5320 A, i s  used t o  

v a p o r i z e  p a r t  o r  a l l  o f  t h e  coa l  p a r t i c l e .  T h i s  r a p i d  d e p o s i t i o n  o f  energy 

breaks down t h e  molecu la r  s t r u c t u r e s  i n  t h e  coa l  p a r t i c l e  and i o n i z e s  t h e  

r e s u l t i n g  atomic species fo rming  a h i g h  temperature plasma.26 The i n t e n s e  

emiss ions l i n e s  f r o m  t h e  plasma a r e  viewed w i t h  a 0.5-m Spex monochromator, 
equipped w i t h  an o p t i c a l  mu l t i channe l  ana lyzer  capable o f  t i m e  r e s o l u t i o n  t o  

0 .1  l.m f o l l o w i n g  t h e  l a s e r  pu lse .  Ot tesen 's  r e s u l t s  c o n f i r m  t h e  e x p e c t a t i o n  

t h a t  t h e  emiss ion spectrum i s  ex t remely  complex immediate ly  f o l l o w i n g  t h e  

f o r m a t i o n  o f  t h e  plasma.25 T h i s  problem i s  due t o  t h e  presence o f  h i g h l y  

i o n i z e d  species and r e s u l t s  i n  a p o o r l y  charac ter ize-d  spectrum. By d e l a y i n g  

t h e  s t a r t i n g  t i m e  o f  t h e  observa t ion ,  we f i n d  t h a t  a w e l l - d e f i n e d  l i n e  spec- 

trum, dominated by n e u t r a l  and s i n g l y - i o n i z e d  atoms, occurs approx imate ly  

2 vsec a f t e r  t h e  pu lse .  The r e s u l t s  d iscussed here were o b t a i n e d  d u r i n g  a 2 

t o  4 psec window f o l l o w i n g  t h i s  i n i t i a l  de lay .  

A c e n t r a l  concern d u r i n g  t h e  development o f  any new d i a g n o s t i c  

techn ique i s  t h e  i s s u e  of  c a l i b r a t i o n .  

genera tor  has been used t o  produce u n i f o r m  d iameter  l i q u i d  d r o p l e t s ,  which 

c o n t a i n  a known c o n c e n t r a t i o n  o f  m a t e r i a l .  For  example, breakdown s p e c t r a  

were o b t a i n e d  o f  u n i f o r m  d r o p l e t s  generated f rom d i l u t e  aqueous s o l u t i o n s  o f  

NaCl. E x c e l l e n t  s t r a i g h t  l i n e  p l o t s  o f  t h e  sodium 5890 A emiss ion l i n e  vs 

s a l t  c o n c e n t r a t i o n  were obta ined.  The r e p r o d u c i b i l i t y  o f  t h e  observed emis- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To date,  a p i e z o - e l e c t r i c  d r o p l e t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

387 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 



sion i n t e n s i t i e s  i s  of the  order of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 10-20% f o r  s a l t  so lu t ions of 0.05 t o  

0.5wt% and droplet  s i zes  on the  order of 70 urn; t h i s  f a c t  i s  i l l u s t r a t e d  i n  

Fig .  11.7-2. The dependence o f  emission i n tens i t y  on l a s e r  energy i s  not 

straightforward. Although the  Na emission increases monotonically w i t h  la -  

se r  energy, no c lea r  functional dependence i s  observed. I t  i s  speculated 

t h a t  t h i s  r e s u l t  i s  mainly caused by a complex increase of plasma tempera- 

t u r e  w i t h  incresing l ase r  energy and the  incomplete vaporization of the  70 

um drop le ts ,  even a t  the maximum l a s e r  energy.26 T h i s  view has not been 

ver i  f i ed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
In addit ion t o  such ca l ib ra t ion  s tud ies ,  preliminary invest iga- 

t i ons  of LASS applied t o  raw coal p a r t i c l e s  have been completed. Samples of 

a h igh-vo la t i l i t y  b i tuminous  coa l ,  Kentucky No. 11, w i t h  an ASTM ash content 

of lo%, were used i n  the par t i c le -s ize  range of +30/-50 pm. 

spectrochemical analysi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs of a bul k sampl e y ie lded the fol  1 owi ng observed 

mineral species;  >lo00 ppm, Al, Fe, Ca, S i ;  100-1000 ppm, K ,  Mg, Na, Ti; 

<lo0 ppm, Mn, Cr. To date ,  emission l i n e s  u s i n g  LASS have been recorded f o r  

a l l  o f  these species except Mn and Cr. Representative spectra f o r  four sin- 

g le  p a r t i c l e s  a re  shown i n  F i g .  11.7-3. Additional species i den t i f i ed  i n  

the spectra include C ,  N ,  0 and C N .  CN is  observed as  a recombination 
product of carbon atoms from the  organic matrix w i t h  nitrogen ( the  entrain- 

ment gas).  Nitrogen and oxygen emissions a re  a lso  observed, although quan- 

t i t a t i v e  analys is  i s  n o t  possible f o r  these species s ince they or ig ina te  

pr imari ly from the  entrainment gas and the ambient laboratory atmosphere.' 

l i n e s  near 5890 A. 

emission spect ra.  

s e t  and were taken sequent ia l ly  i n  approximately 8 sec real  t ime. The small 

var ia t ion  i n  l i n e  i n t e n s i t y - i n  F i g .  11.7-4a i s  typ ica l  of the  80 pa r t i c l es  

which were measured. I f  these d i f ferences i n  observed in tens i t y  a re  caused 

pr imari ly by var ia t ions  i n  p a r t i c l e  s i ze ,  then one inference from these pre- 

l iminary data m i g h t  be t h a t  the  sodium content i s  ra the r  evenly d is t r ibu ted  

i n  these unreacted coal pa r t i c l es .  A s imi lar  study f o r  potassium content 

y ie lded much la rge r  d i f ferences i n  emission-line i n t e n s i t i e s  (Fig. 11.7-4a). 

emission-line i n t e n s i t i e s  i n  a given spectroscopic region f o r  a s e t  o f  sin- 

g le  p a r t i c l e  spect ra.  

A 

Detection of Na i s  best  done by u s i n g  the  well known emission 

Figure 11.7-4a shows four successive s ing le-par t ic le  

These spect ra a re  representat ive of a much la rger  data 

Also of g rea t  i n t e r e s t  i s  the  corre la t ion of d i f f e r e n t  

T h i s  experiment has been done f o r  two i r o n  l i n e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
388 
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11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I , - ,  1 -  ~ I , I (  ', zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ' 1 1  i j ,( I , L I ~ I I \ ~  I < I I ~ . ' ~ I , ' ;  ~ ~ , c ' " I I , I  
counted f o r  by 'vari 'at ions i n  pl'asma temperature (,caused by d i f ferences i n  

, , !  < < ' ( . I  I !  ( ! < \  ' I ' <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI > .<_ 1, ' , I  , ' I  I , , \ ' <  , 
' pa r t i c l e  s i ze  and shape, the absorption of l a s e r  energy, and self-ab-sorption 

of emission l i nes ) .  Since these transi ' t ions do n o t  or ig ina te  from the  same 

energy 1 eve1 s, changes i n  plasma temperature wi 1'1 a f f e c t  t h i i r  'obse"rved ' i n -  

t e n s i t y  ra t i os .  The in tens i ty  of the  'stronger i r o n  t r ans i t i on  (2601 A )  i s  

corre la ted w i t h  the  i n tens i t y  of a carbon t rans i t i on  a t  2475 A (as  i s  shown 
i n  F i g .  11.7-3a) f o r  the same s e t  of 80 par t i c l es .  These r e s u l t s  a re  shown 

i n  Fig. 11.7-5b. The large sca t te r  i n  the  data p o i n t s  i l l u s t r a t e s r t h e  gyleat 

v a r i a b i l i t y  i n  Fe d is t r ibu t ion  i n  the  raw coal pa r t i c l es ,  possibly caused by 

various iron-containing mineral inclusions. A much more consis tent  s e t  of 

p o i n t s  i s  observed, however, f o r  p a r t i c l e s  w i t h  Fe t rans i t i ons  of l e s s  than 

, , ,  I /  

' 1 ,  1 1 , ' '  I ,  \ I < . <  

, I (  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 11.7-4. Spark emission spectra obtained after laser  breakdown of 
four single coal part icles; (a) sodium; (b) potassium. 24 
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Fig. 11.7-5, Correlation of spark-emission intensities on a particle-by- 
part icle basis in a ser ies of 80 single particles; (a) for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo 
Fe emission lines; (b) for  a single Fe and a single C emission 
line . 24 
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200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcounts intensity. 

and may be due to iron bound in the organic matrix of the coal, which would 

be much more homogeneously distributed than the mineral inclusions. 

and exciting qualitative results, much work remains to be done i n  developing 

LASS as a diagnostic technique and in quantifying the limits 
o f  its accuracy under a variety conditions. 

tory are being directed to the quantification of these emission spectra in 

the areas of particle size and plasma temperature measurement and 

emission-intensity calibration. 

These points lie near the baseline of Fig. 11.7-5b 

Although these early studies have shown several very interesting 

Current efforts at our labora- 

Laser-spark spectroscopy may also be used to sample the gas phase 

in a combustion environment, including very small particles which may not 

produce a measurable Mie-scattering trigger-signal. 

in laser energy may be required to compensate for the reduced breakdown 

threshold of the gas or fine aerosol,26 in principle, one needs merely to 

sample the spark-emission spectra conditionally and to distinguish among 

those obtained with and without a sensible Mie signal in the particle detec- 

tion channel. 

mining the composition of soot, mineral matter fumes, and condensing i n  
combustion environments. 

While some adjustment 

These complementary data are potentially valuable in deter- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHAPTER 12: 

FUNDAMENTALS OF COAL CONVERSION AND RELATION 

TO COAL PROPERTIES* 

12.1. Introduction 

In order to develop reliable coal-conversion technology, it is 

important to understand the conversion behavior of coal and the relationship 

between conversion behavior and measurable sets of coal properties. For 

example, what is the effect on gasifier performance of normal variations in 

the organic and mineral properties of a coal from a single mine, of 

variations in coal particle size, or of switching coals? Unscheduled 

shutdowns of coal plants are often caused by unexpected and uncontrolled 

behavior of the coal. 

pollution-control strategies such as the injection of sorbents? Can 

slagging and fouling behavior be predicted from the mineral distribution in 
the coal and the process conditions? 

fines exiting the gasifier be predicted and controlled? 

gasifier operating conditions be predicted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfo r  new coals? 

The design of new processes or scaling-up of a process should be 

improved by the availability of a good predictive capability. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATo design a 

process for producing condensable products by mild gasification , knowledge 

of the initial product slate from devolatilization (condensables, char and 

gas species) and the secondary reactions of the condensables is needed. 

What will be the effect of instituting 

Can the concentration of tars and 

Can optimum 

* This chapter has been written by P.R. Solomon (Secs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12.1-12.3 and 

12.5) and J.M. Be& (Sec. 12.4); the brief Appendix is by J.P. 

Longwell (M.I.T.). 



The objective of the work on fundamentals of coal-conversion 

behavior should be the development of accurate predictive capabilities. 

steps toward achieving this goal are: (i) development of chemical and 

physical understanding of coal-conversion phenomena and their relationship 

to coal properties; (ii) reduction of data and mechanisms to engineering 

correlations and submodels; (iii) development of comprehensive computer- 

simulation codes for gasification processes incorporating the submodels; 

and (iv) testing of the models by comparison with well-instrumented 

laboratory and pilot-scale experiments. 

Coal characterization is discussed in Sec. 12.2. Gasification steps are 

divided into processes relating to coal organic structure (discussed in 
Sec. 12.3) and those relating to inorganic mineral matter (Sec. 12.4). Each 

topic is briefly discussed and the status of research and development in 

each area is assessed with regard to qualitative or quantitative level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

The 

Important steps in coal conversion are summarized i n  Table 12.1-1. 

Table 12.1-1. Requirements relating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto better understanding of coal- 
gasification steps. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 
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Parameters 

Coal characteristics 

Heat transfer 

Pyrolysis rates 

Formation of gases, 
condensables and char 

Gasification of char 

Secondary reactions of 
condensables and gases 

Mineral matter trans- 
formation in 
gasification 

Behavior of minerals 
in conversion devices 

Organic structure and minerals. 

Heat capacity, emissivity, evolving volatiles, and heats of reaction. 

Variations in literature values, particle temperature measure- 
ments. 

Relationship to coal structure, crosslinking, sulfur, nitrogen, 
mass transport, vaporization. viscosity, melting, agglomeration, 
swelling, pore formation, surface area, and mineral matter 
distributions. 

Reactivity, active sites, surface area, mineral matter, catalysis, 
fragmentation, fines production, reactivity vs extent of conversion. 

Cracking, coking, gasification, soot formation, gas phase 
reactions 

Minerals-to-ash transformation, ash properties (optical, thermal, 
size), catalytic activity. 

Slagging 



understanding and c o n t r o v e r s i a l  o r  accepted model a v a i l a b i l i t y .  

and needs o f  computer model ing o f  g a s i f i e r s  a r e  d iscussed b r i e f l y  i n  

Sec. 12.5 Recommendations a r e  made i n  Sec. 12.6 f o r  research  i n  i m p o r t a n t  

areas where q u a n t i t a t i v e  unders tand ing  i s  l a c k i n g .  , 

The s t a t u s  

12.2. Coal C h a r a c t e r i z a t i o n  

Whi le t h e r e  a r e  a number o f  s tandard  c h a r a c t e r i z a t i o n  procedures 

f o r  coal, ' these o f t e n  do n o t  p r o v i d e  i n f o r m a t i o n  a p p r o p r i a t e  t o  advanced 

processes. 
v o l a t i l e  y i e l d  f o r  coke making, it may be as much as 80% t o o  low f o r  

b i tuminous  c o a l s  i n  pu l ve r i zed -coa l  combustion o r  e n t r a i n e d  g a s i f i c a t i o n .  

T h i s  inc rease i n  v o l a t i l e  y i e l d  was d iscussed by Badzioch and Hawksley. 

S i m i l a r l y ,  t h e  f r e e - s w e l l i n g  index  cannot be e a s i l y  c o r r e l a t e d  w i t h  s w e l l i n g  

behav io r ,  which var i .es w i t h  h e a t i n g  r a t e  and f i n a l  temperature.  3 J 4  The ASME 

has r e c e n t l y  no ted  t h e  need f o r  improvements i n  t h e  ash- fus ion  temperature 
t e s t  as an i n d i c a t i o n  of s l a g g i n g  and f o u l i n c ~ . ~  On the o t h e r  hand, Neavel 

e t  a1 

u l t i m a t e  a n a l y s i s  f o r  a s e t  o f  low m ine ra l  m a t t e r  v i t r i n i t e s .  

p r e d i c t i o n  o f  t h e  p r o p e r t i e s  i m p o r t a n t  t o  g a s i f i c a t i o n ,  as l i s t e d  i n  

Table 12.1-1. 

measurement techniques which have been cons idered t o  improve p r e d i c t a b i l i t y .  

Se lec ted  techn iques  which p r o v i d e  d a t a  r e l a t e d  t o  p rocess ing  behav io r  a r e  

a l s o  cons idered.  

For example, w h i l e  t h e  prox imate  a n a l y s i s  may p r e d i c t  t h e  

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

have succeeded i n  c o r r e l a t i n g  many process v a r i a b l e s  w i t h  t h e  

I d e a l l y ,  t h e  measured c h a r a c t e r i s t i c s  o f  t h e  coa l  shou ld  a l l o w  

I n  t h i s  sec t i on ,  we cons ide r  some r e c e n t l y  a p p l i e d  

Three symposia p r o v i d e  a good c o l l e c t i o n  o f  t h e  r e c e n t  l i t e r a t u r e .  7-9 

12.2-1. Organic S t r u c t u r e  (Func t i ona l  Groups) 

The advantage o f  a coa l  f u n c t i o n a l  d e s c r i p t i o n  has been d iscussed 

by Gavalasl '  and Solomon and H a ~ n b l e n . ~  By p r o v i d i n g  a d e s c r i p t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  t h e  

convers ion  behav io r  o f  t h e  f u n c t i o n a l  groups as components o f  t h e  c o a l ,  it 

i s  p o s s i b l e  t o  develop a general  model f o r  coa l  behav io r .  

New NMR techn iques  a r e  s t a r t i n g  t o  p r o v i d e  da ta  on t h e  chemical 

forms o f  carbon and hydrogen i n  c o a l .  A d e s c r i p t i o n  o f  the techn iques  and 

re fe rences  may be found i n  a r e c e n t  rev iew  by Davidson." Among t h e  most 

r e c e n t  advances a r e  t h e  techn iques  of d i p o l a r  dephasingl '  and 2-D and 
z e r o - f i e l d  methods. 13 
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Quantitative FTIR methods for determining mineral matter and 

functional group compositions have been developed. 4y14-22 Typical KBr 
pellet spectra for two bituminous coals and a lignite are illustrated in 

Fig. 12.2-1. Peaks due to their functional groups and mineral components 

are identified in this figure. In general, all coals have these absorption 

bands and the major variation with rank is reflected in their relative 

magnitudes. 

been related to the functional group composition of the coal. 

The gaseous and condensable products produced in pyrolysis have 
4,10,19,23-29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

12.2-2. Vi scosi ty 

Recent work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30,31 has provided data on viscosity at high 

temperatures and heating-rates appropriate to gasification conditions. 

viscosity can be correlated with the depolymerization and crosslinking 

reactions in the coal, and kinetics for these processes are being determined. 

Knowledge of the viscosity is essential to understand and predict swelling 

and agglomeration. These properties, in turn, affect char reactivity. 

The 

12.2-3. Pyrolysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of pyrolysis techniques have been used as a characteri- 

zation procedure for coal properties and process b e h a v i ~ r . ~ ’ ~ ~ - ~ ~  These are 

useful in providing information on product distributions in 

devolatilization. 

12.2-4. Reactivitv 

Gasification of char is the slowest process i n  gasification and, 

therefore, determines the throughput or size of the reactor. Most work has 

been performed on oxidation reactivity, which has been shown to correlate 

with COP and H20 r e a ~ t i v i t i e s . ~ ~  Reviews of the char-reactivity 1 iterziture 

have been published by Smith,36 E ~ s e n h i g h , ~ ~  L a ~ r e n d e a u , ~ ~  and van Heek and 

Muhl en3’ Pub1 i shed studies 35’40-47 have shown that a wide variation i n  char 
reactivi t 

devol ati 1 

character 

es is related to coal rank, char-formation conditions, extent of 

zation and gasification, mineral matter, and reactor conditions. 

It is necessary to define a standard laboratory method to 

ze char-reactivity parameters for typical reaction cpnditions. 
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12.2-5. M i n e r a l  M a t t e r  

The o b j e c t i v e  i n  c h a r a c t e r i z i n g  t h e  m i n e r a l  m a t t e r  i n  c o a l  i s  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI '  

p r e d i c t i o n  of i t s  convers ion  t o  ash, t h e  p r o p e r t i e s  o f  t h e  ash ( s i z e ,  

composi t ion,  o p t i c a l  p r o p e r t i e s ,  f l u i d i t y ) ,  and t h e  d i s p o s i t i o n  o f  ash i n  

t h e  r e a c t o r  o r  i n  down-stream components. 

i n  coa l  have been pub l ished.  

m i n e r a l  c o n s t i t u e n t s  i n  coa l ,  i n f o r m a t i o n  i s  r e q u i r e d  on t h e  s p a t i a l  

d i s t r i b u t i o n  o f  m i n e r a l s  i n  c o a l  and how these evo lve  i n t o  ash p a r t i c l e s  and 

subsequent ly i n t o  w a l l  d e p o s i t s .  

d i s t r i b u t i o n  a r e  o b t a i n e d  w i t h  a scanning e l e c t r o n  microscope (SEM) equipped 

w i t h  an X-ray ana lyzer .  
50-52 emp 1 oyed . 

Recent rev iews o f  research  on ash 
48 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA49 

I n  o r d e r  t o  s tudy  t h e  r e l a t i o n  between p r o p e r t i e s  o f  t h e  ash and 

M i n e r a l  composi t ion and s p a t i a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

Automated a n a l y t i c a l  procedures have been 
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An example of the sulfur and iron distribution i n  coal is presented in 

Fig 12.2-2. The concentration of each element is proportional to the 

density of dots. 

with pyrite and a more even distribution of organic sulfur. 

This figure shows clusters of iron and sulfur assoc:iated 

12.3. Fundamental Processes i n  Gasification and Partial Gasificat,ion 

Gasification steps are illustrated in Fig. 12.3-1 with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEM 

photographs of chars at different stages of gasification. Steps include 

particle heating and gas, condensables and char formation during priniary 

devolatilization, as well as the subsequent char reaction with 02, C02, or 

H20. Figure 12.3-1 illustrates important differences i n  char formation for 

thermosetting and swelling coals. This difference affects the size of the 

char particles, heat-transfer characteristics, aerodynamics, morphology, 

density, reactivity, and mineral-matter distribution. Coals show a 

continuum of behavior, depending on rank and gasification conditions. 

Among the important properties which must be predicted are: 

of coal heating; rates and amounts of volatile evolution; secondary 

reactions of the condensables (cracking, coking, soot formation); properties 

of char during devolatilization (viscosity, agglomeration tendency, 

repolymerization); resulting physical properties of the char (size, 

porosity, etc.); intrinsic char reactivity; dependence of reactivity on 

reaction conditions and extent of reaction; and char fragmentation during 

reaction. These must be predicted from measurable coal Characteristics. 

rate 

12.3-1. Heat Transfer 

To predict heat transfer to particles, a number of processes and 

properties need to be described, including particle heat capacity, 

emissivity and heats of reaction, as well as the effects of particle 

trajectories and volatile evolution on the convective heat transfer. 

The room-temperature value of the heat capacity has typically been 

Predictions from Merrick's 

used. 

however, that the heat capacity is not constant. 

model54 are illustrated in Fig. 12.3-2. 

about a factor of 2.5 in going from temperature to 773K. 

Data of Lee53 and a model and data reported by M e r r i ~ k ~ ~  indicate, 

The heat capacity increases by 



Fig. 12.2-2. X-ray maps for (a) sulfur and (b) iron on a sample of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPSOC 
330 coal. The grid outlines the subsamples used. Each 
subsample was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 6  mm in dimension. 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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To ca lcu la te  the absorption of rad iat ion by coal pa r t i c l es ,  coal 

has t yp i ca l l y  been assumed t o  be a gray body w i t h  emissiv i ty between 0.8 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.0. 

char p a r t i c l e s ,  small coal p a r t i c l e s  typ ica l  of pulverized combustion are  

not gray and have spect ra l  emittances wh ich  depend on p a r t i c l e  s ize,  coal 

rank and the  extent  of pyrolysis.  

the emitted rad iat ion from char and coal p a r t i c l e s  and t h a t  emitted by a 

black o r  gray body. The char i s  a gray body w i t h  an emissiv i ty near 0.7. 

As may be seen i n  F i g .  12.3-3(b), coal pa r t i c l es  emit (and absorb) much l e s s  

rad iat ion than a black body. The average emittance a t  a typ ica l  furnace 

temperature f o r  the -200, +325 mesh f rac t ion  of l i g n i t e  shown i n  

Fig. 12.3-3b i s  about 0.4. I t  should be noted t h a t  these d i r e c t  

measurements of p a r t i c l e  emiss iv i ty  a re  i n  con f l i c t  w i t h  ca lcu lated 

emiss iv i t ies  based on previously measured opt ica l  constants.58 

i s  discussed Ref. 56. 

Recent measurements 55-57 have shown t h a t ,  while these values apply t o  

Figure 12.3-3 shows a comparison between 

T h i s  problem 

A s e n s i t i v i t y  ana lys is  was done t o  examine the importance of 
59-61 Five var ious assumptions i n  the predict ion of p a r t i c l e  temperatures. 

cases were examined f o r  two temperature leve ls  (800 and 160OOC): (1) cp = 

0.3  cal/g-K, emissiv i ty = 1.0 ,  zero heat of pyrolysis,  constant mass; (2 )  

a s  i n  (1) but w i t h  the p a r t i c l e  mass (k inet ic)  submodel included; (3) the  

heat-capacity submodel i s  added t o  (2 ) ;  (4 )  the  emissiv i ty zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( E )  submodel 

i s  added t o  (3);  and (5) a single p a r t i c l e  i s  used i n  an i n f i n i t e  gas volume 

i n  (4 ) .  

F i g .  12.3-4 f o r  experiments a t  800 and 16OOOC i n  an entrained-flow reactor .  

A t  8 O O 0 C ,  the  part icle-temperature predic t ions a re  most sens i t i ve  

t o  var ia t ions  i n  t he  heat capaci ty w i t h  temperature and, t o  a l e s s e r  extent ,  

t o  emissivity assumptions. 

maximum computed temperature. A t  16OOOC ( F i g .  12.3-4), the predic t ions are  

very sens i t i ve  t o  the  emiss iv i ty  and the  heat-capacity models. For th is  

case,  the  predicted p a r t i c l e  temperature during pyrolysis i s  8 O O O C  lower 

f o r  case (4)  than f o r  case (1). 

Results are  presented f o r  200x325 mesh North Dakota l i g n i t e  i n  

These make a d i f ference of 50-1OO0C i n  the  

404 



THERMOSETTING CHARS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Radiation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i I i I i  

Minerals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
tm 

Convection 

Gas bubbles , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAsh _ - -  * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J .\ \ -  

Gas escape and condensables 

Secondary reactions of gas 
and condensables such as 
cracking or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsoot formation 

. >.-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I .  

I 1 *.?. -'\ 

Escape of condensables and gas 

SWELLING CHARS 

Heat transfer Formation of gas Char formation Char reaction 
and condensable s 

Fig. 12.3-1.  Illustration of gasification steps for thermosetting and swelling chars. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The net pyrolysis heat of reaction was estimated to be between 60 

and 80 cal/g (endothermic) for the experiments at 800 and 16OO0C, 

respectively. 6oy61  

on the calculated particle temperature. This value is, however, 

controversial and needs to be determined accurately for a wide range of 

conditions and coals. 

In both cases, the reaction heat had a negligible effect 

F0.r both temperature levels, the heating rate for a single 

particle introduced without any cold gas (case 5) is significantly different 

from the more typical conditions applying to finite amounts of coal and 

applicable carrier-gas rates. This result illustrates the sensitivity of 

particle-temperature models to assumptions concerning mixing and particle 

loading. Volatiles evolution and its effect on convective heat transfer, 

particle trajectories and temperature gradients within the particle also 

need to be assessed. 
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12.3-2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPyrolysis Rates 

The development of accurate predic t ive models f o r  coal 

gas i f i ca t ion  requires knowledge of the  r a t e s  and amounts of vo la t i l es  

released as a function of the  pa r t i c l e  temperature. 

account fo r  u p  t o  70% of the  coal weight loss  and control the  i g n i t i o n ,  

temperature a n d ' s t a b i l i t y  of the  flame, which, in t u r n ,  a f f e c t  the 

subsequent reac t i v i t y  of the  char. 

controversy concerning the r a t e  of coal pyrolysis.  

temperatures estimated t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8OO0C,  ra tes  reported i n  the l i t e r a t u r e  f o r  

rapid heating condit ions (derived by u s i n g  a s ing le f i rs t -o rder  process t o  
def ine weight loss o r  t a r  evolut ion) vary from l e s s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA62-65 than 1 sec-l t o  

more 2y4y66-70 than 100 sec-' with values i n  between. 

The vo la t i l es  can 

Unfortunately, there i s  s t i l l  

For example, a t  pa r t i c l e  

24,71,72 

Useful gasi f i c a t i  on model s cannot be devel oped w i t h  t h i  s wide 

range of values, as  has been emphasized i n  recent discussions on coal 

pyrolysis and combustion modeling. 

and weight-loss f o r  the assumed ra tes .  Several authors 73-75 reported 

reasonably accurate modeling of resu l t s  using very d i f f e ren t  pyrolysis 

k inet ics ;  however, individual resu l t s  were sens i t i ve  t o  which ra tes  were 

assumed. 

Hawksley 

lower ra tes  of Kobayashi e t  a163 and of Anthony e t  a16' (s ing le  ra te )  were 

These models y ie ld  pa r t i c l e  temperatures 

For example, Lockwood e t  a173 found the r a t e s  of Badzioch and 

and of Anthony e t  a16' (d is t r ibu ted  ra te )  acceptable, while the 2 

2 no t .  

while Jost e t  a175 employed the lower ra tes  determined by Witte and Gat. 

Truelove74 successful ly used the high ra tes  of Badzioch and Hawksley, 
76 

Also reported was a r a t e  by Niksa e t  a1 ,64 which was c lose t o  t h a t  of 

Anthony (s ing le- rate 

was close t o  t h a t  of Badzioch and Hawsley. 

and another by Maloney and JenkinsY7' which 
2 

An important object ive of research on fundamentals of coal 

conversion i s  t o  i den t i f y  the source of var ia t ions i n  these reported ra tes  

and provide an accurate separation of the chemical-kinetic, heat- t ransfer,  

and mass-transfer r a t e s  which combine t o  produce the observed resu l t s .  

An overview of measurements i s  given i n  Table 12.3-1 and a summary 
of pyrolysis ra tes  f o r  a number of h i g h  heating-rate experiments i s  

presented i n  F ig .  12.3-5 and i n  Table 12.3-1. In Fig. 12.3-5, the ra tes  ( i n  

sec ), which descr ibe f o r  various models the weight o r  t a r  loss ,  a re  
p lo t ted as  a function of reciprocal pa r t i c l e  temperature. The act ivat ion 

energies Eo and frequency fac to rs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAko, which descr ibe ra tes  in Arrhenius 

-1 
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Fig. 12.3-2. Var iat ion in specific heat with temperature for  coal  and 
coke according zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the model  of Merr ick ,  55 at a heating 
rate of 3 K/min,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADAF Coal, 25 wt% volati le matter. 

expressions, a re  summarized i n  Table 12.3-1. In some cases, a Gaussian 

d is t r ibu t ion  of act ivat ion energies6' has been used t o  descr ibe mult iple 

para l le l  processes; this model requires the addi t ional  parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACI f o r  a 

descr ipt ion of the  width of the d is t r ibu t ion .  

i n  Fig. 12.3-5 i s  the mean of the  d is t r ibu t ion .  Data have been included 

In t h i s  case, the  r a t e  shown 

from f i ve  d i f f e ren t  types of experiments: heated gr id ,  entrained-flow 

reactor ,  laser-heat ing,  heated-tube reactor ,  and a thermo-gra,vimetric and 

evolved-gas analys is .  
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Possible causes for these variations were reviewed in a recent 

p~blication,~’ which dealt with the following factors: (i) variations of 

rates with coal rank, (ii) variations in rates because of inaccuracies in 

determinations of weight-loss or residence time, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 
limitations, (iv) influence of heat-transfer model 

(v) inaccuracies i n  measuring particle temperature 
model assumptions on the reported rates. The conc 

that differences i n  the determinations of -particle 

a major source of the variations i n  rates reported 

ii) mass-transfer 

assumptions, 

and (vi) influence o f  

usion o f  this review is 

temperatures appear to be 

from entrained-flow 

reactor experiments and direct particle-temperature measurements are 

essential to provide accurate rates. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l s o ,  model assumptions (i.e., single 

first order kinetics, a Gaussian distribution of activation energies, etc.) 

account for differences (especially activation energies) in the reported 

rates. These conclusions are, however, controversial. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12.3-3. Devolatilization: Formation of Gases, Condensables and Char 

Coal devolatilization is important since it is the initial step in 
most coal-conversion processes and is the step which is most dependent on 

coal properties. In addition to the question of devolatilization rates, 

there are problems concerning the amount, composition and physical form of 

the devolatilization products. Devolatilization controls the initial yield 

di stri buti on, and the 

the physical form and 

of condensable products, their molecular weight 

competitive yields of gas species. Furthermore 

reactivity of the 

non-volatile char are controlled by the pyrolys 

the importance of pyrolysis in coal processing, 

s reactions. In addition to 

analysis of pyrolysi s 

products can supply important clues to the structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the parent c:oal, 

especially since many o f  its structural elements are preserved i n  the 

condensable products (tar). 
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Fig. 12.3-3. Normalized emiss ion spect ra compared with theoret ical  g ray-  
body curves for (a) North Dakota char formed at 1573 K and 
(b) North Dakota lignite; 200 X 325 mesh  coal  was used. 
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Fig. 12.3-4. Effect of various model assumptions on predicted temperatures in 
the entrained-flow reactor for North Dakota lignite (200 X 325 mesh), 
injected 56 c m  above the optical port. Case (1): c = 0.3 cal/g-K; 
6 = 1.0; zero heat of pyrolysis, constant mass; case (2): the particle 
mass (kinetic) submodel is included in (1); case (3): the heat capci ty 
submodel is included in (2); case (4): the emissivity sulxnodel is 
included in (3); case (5): a single particle in an infinite gas volarne 
is added to  (4). 
experiments in nitrogen. 

P 

Figure (a) refers to 600°C and (b) to 1600°C EF.R 
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Ref. 

62 
62 
62 
62 
62 

63 

64 

65 
65 

2 
2 

66 
66 

4 
4 

69 
69 
69 

71  

24 
24 

7 2  

76 
76  

61 
61 
61 

77,7a 
77,7a 
7 ~ 7 a  

79  

Table 12.3-1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA summary of r a t e  expressions for coal pyrolysis. 

Model Ra te  

weight loss f rom lignite at 10,000 K/sec  (1 a h ,  excluding cooling) 
weight loss f r o m  lignite at 10,000 K/sec  (1 atm, including cooling) 
weight loss f rom bituminous coal  at 650 K / s e c  (1 atm) 
weight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss f r o m  lignite (all pressures) 
weight loss f r o m  bituminous coal  (69 a h )  

weight loss f rom lignite and bituminous coals 

weight loss f r o m  bituminous coal 

tar evolution 
aliphatic gas evolution 

weight loss for coal B 
weight loss for  coal F 

t a r  evolution f rom bituminous coal  
aliphatic gas evolution f r o m  bituminous coal 

tar evolution f rom lignite, subbituminous, and bituminous coals 
aliphatic gas f rom lignite, subbituminous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, and bituminous coals 

ta r  f r o m  lignite and subbituminous coals 
aliphatic gases f rom lignite , subbituminous, and bituminous coals 
weight loss f r o m  lignite, subbituminous, and bituminous coals 

weight-loss r a t e  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50% react ion completion, subbituminous coal  

tar f r om lignite, subbituminous, and bituminous coals 
aliphatic gas  f r o m  lignite, subbituminous, and bituminous coals 

average for ini t ial  weight loss 

weight loss for subbituminous coal 
weight loss for bituminous coal 

tar f r om lignite, subbituminous, and bituminous coals 
aliphatic gases  f rom lignite, subbituminous, and bituminous coals 
weight loss f rom lignite, subbituminous , and bituminous coals 

tar f r o m  ethylene-bridged anthracene polymer 
tar f r om ethylene-bridged naphthalene polymer 
ta r  f rom ethylene-bridged benzene polymer 

bib enzyl de com po sit ion i n  te tr al in  



Table 12.3-2. A summary of rate expressions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor coal pyrolysis, continued. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. abbreviations apply: EFR, entrained-flow reactor: HTR, heated-tube reactor: 

Grid, heated grid reactor; Laser, laser-heating experimenk EGA, evolved gas 
analysis at 0.5 K/sec; S, single rate model: G, a model using a Gaussian dis- 
tribution of activation energies; 2P, a model with two parallel rates. 

The following 

Experiment and 
Reference 

Grid, 62 
Grid, 62 
Grid, 62 
Grid, 62 
Grid, 62 

EFR, 63 

Grid, 64 

Grid, 65 
Grid, 65 

EFR, 2 
EFR, 2 

Grid, 66 
Grid, 66 

Grid, E F R &  EGA, 4 
Grid, E F T &  EGA, 4 

HTR, 69 
HTR, 69 
HTR, 69 

Drop tube, 7 1 

Grid& EFR, 24 
Grid& EFR, 24 

EFR, 72  

Laser, 76 
Laser, 76 

TGA/EGA, HTR& EFR, 61 
TGA/EGA, HTR& EFR, 61 
TGA/EGA, HTR& EFR, 61 

TGA/EGA, 77.78 

TGA/EGA. 77,78 
TGA/EGA, 77.78 

Tubing bomb, 79  

Frequency Factor 
ko (sec-l) 

5 2.9X 10 
28 3 

1800 13 
1.67 X l o l 3  1.67 X 10 

4 
6 . 6 ~  10 

70.5X 10' 

7 .5x  10' 
4 . 2 ~  103 

5 
1 . 1 4 X  l o 5  
3.12 X 10 

8.7 X 10' 
2.3 x 

1.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 

8.57 x 
8.35X 1 0 1 ~  
4.28 x 1 0 1 ~  

L O X  lo3 

13 4.5x 10 

12 4 .5x  10 
1.7 x 1 0 1 ~  

4 
1.9X 10 

2.25 x lo4 
2.85 x l o 5  

8.4X 1 0 1 ~  
4 . 3 ~  1 0 1 ~  

8.6 X 

15 

15 

1.ox 10 

1.ox l o l 5  
1.ox 10 

7.9x 10 
15 

Activation 
Energy, Eo 
(Kcal/mole) 

20.0 
11.1 
13. 3 
56.3 
5p. 7 

25.0 

17. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

15.8 
17.7 

17.5 
17. 5 

13. 2 
68.9 

52. 0 
59.1 

54.6 
59.1 
54.6 

7.6 

52.0 
59.1 

15.0 

28.0 
33.4 

54.6 
59.1 
54.6 

49.5 

56.2 
61.0 

65. 0 

Width of 
Activation Energy 

Distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o (Kcal/mole) 

0.0 
0.0 
0. 0 

10.9 
7.0 

0. 0 

0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
11.4 

3.0 
3.0 

3.0 
3.0 
0. 0 

0.0 

3.0 
3.0 

0.0 

0. 0 
0.0 

3.0 
3.0 
0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0. 0 

0.0 
0.0 

0.0 

-- 

Model 

s 
s 
s 
G 
G 

s 

s 

S 
s 

S 
s 

s 
G 

G 
G 

G 
G 
G 

s 

G 
G 

s 

2P 
2P 

G 
G 
s 

s 

S 
s 

s 
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10 
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Fig. 12.3-5. Comparison of kinetic ra tes  for  weight loss (or tar  loss) f rom 

many investigators. 
the reference and case in Table 12.3-1. 

The numbers next to each line indicate 



P y r o l y s i s  has been d e s c r i b e d  by t h e  f o l l o w i n g  sequence: 

I (coa l /metap las t )  I1 (p r imary  p y r o l y s i s )  III( secondary p y r o l y s i s )  

raw c o a l  - ,soot 

D u r i n g  s tage I, t h e  coa l  may undergo some bond-breaking r e a c t i o n s  and 

r e d u c t i o n  o f  hydrogen bonding, which may l e a d  t o  m e l t i n g .  Some l i g h t  

species,  wh ich  e x i s t  as gues t  molecules o r  a r e  formed by t h e  break ing  o f  

v e r y  weak bonds, a r e  re leased.  Dur ing  s tage 11, f u r t h e r  bond b r e a k i n g  

occurs,  l e a d i n g  t o  e v o l u t i o n  of t a r  and gases and t h e  f o r m a t i o n  o f  char .  

Dur ing  s tage 111, t h e  produc ts  may c o n t i n u e  t o  r e a c t .  The char  may evo lve  

secondary gases, m a i n l y  CO and H2, w h i l e  undergoing r i n g  condensat ion.  

condensat ion a f f e c t s  t h e  a c t i v e - s i t e  d e n s i t y .  The t a r s  can r e a c t  t o  form 

soot ,  coke, and gases, and t h e  gases may r e a c t  t o  fo rm l i g h t e r  gases and 

soot .  

Ring zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A mechan is t i c  d e s c r i p t i o n  o f  these stages i s  shown i n  F i g .  12.3-6 

by a h y p o t h e t i c a l  p i c t u r e  o f  t h e  coa l  o r g a n i c  s t r u c t u r e  a t  success ive stages 

o f  p y r o l y s i s .  F i g u r e  12.3-6 represents :  (a)  t h e  raw c o a l ,  (b) f o r m a t i o n  o f  

t a r  and l i g h t  HCs d u r i n g  p r i m a r y  p y r o l y s i s ,  and (c)  char  condensat ion and 

c r o s s - l i n k i n g  d u r i n g  secondary p y r o l y s i s .  The h y p o t h e t i c a l  s t r u c t u r e  i n  

F ig .  12.3-6(a) r e p r e s e n t s  t h e  chemical  and f u n c t i o n a l  group composi t ions f o r  

a P i t t s b u r g h  seam b i tuminous  coal .80 which c o n s i s t s  o f  a romat ic  and 

hydroaromat ic  c l u s t e r s  l i n k e d  by a l i p h a t i c  b r i d g e s .  D u r i n g  p y r o l y s i s ,  t h e  

weakest b r i d g e s  [ l a b e l e d  1 and 2 i n  F ig .  12.3-6(a)] may break, p roduc ing  

molecu la r  f ragments (depo lymer iza t ions) .  

f rom t h e  hydroaromat ics o r  a l i p h a t i c s ,  t h u s  i n c r e a s i n g  t h e  aromat ic  hydrogen 

c o n c e n t r a t i o n .  These fragments w i l l  be r e l e a s e d  as t a r  i f  t h e y  reach a 

s u r f a c e  and vapor ize .  

The fragments a b s t r a c t  hydrogen 

The two fragments l a b e l e d  t a r  a r e  smal l  enough t o  

vapor 

n o t .  

f u n c t  

H20. 

subst  

ze under t y p i c a l  p y r o l y s i s  c o n d i t i o n s ,  b u t  t h e  o t h e r  two fragments a r e  

The o t h e r  event  d u r i n g  p r i m a r y  p y r o l y s i s  i s  t h e  decomposi t ion o f  

onal  groups t o  r e l e a s e  COZY l i g h t  a l i p h a t i c  gases, and some CHq and 

The r e l e a s e  o f  CH4, C02 and H20 may produce r e p o l y m e r i z a t i o n ,  CH4 by a 

t u t i o n  r e a c t i o n  i n  which t h e  at tachment  o f  a l a r g e r  molecule r e l e a s e s  
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the methyl group, C02 by radical stabilization after the C02 evolution 

creates a radical, and H20 by the condensation of two OH-groups to produce 

an ether-link [labeled 3 in Fig. 12.3-6(b)]. 

to determine the tar release and the visco-elastic properties of the char. 

It may also be important i n  the rate of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlclss of active sites. 

completion of primary pyrolysis occurs when the available hydrogen from 

hydroaromatics or aliphatics is depleted. 

correlated with the amount of aliphatic and hydroarmatic hydrogen i n  the 

coal. 

The cross-linking is important 

The 

The yield of tar can be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
24 

During secondary pyrolysis [Fig. 12.3-6(c)], there is additional 

evolution of CH4 (from methyl groups), HCN from ring nitrogen compounds, CO 

from ether links, and H2 from ring condensation. 

reduces the carbon available for oxygen attack and is therefore related to 

the intrinsic reactivity. 

The ring condensation 

12.3-3A. Modeling 

In view of the importance of coal pyrolysis in coal processing and 

in understanding coal structure, an accurate model of this phenomenon is 

highly desirable. There have been several recent reviews of the pyrolysis 

1 i terature. 10y81-84 Coals have wide variability of volatile content, tar 

and soot production, swelling and sticking behavior, char reactivity, and 

pollutant formation. 

and physical properties of the coal but also on the conditions under which 

pyrolysis occurs. Most models of coal devolatilization have been developed 

to describe weight loss. While weight loss provides the split between c:har 

and volatiles, it does not involve questions about the chemical composition 

and heating value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the volatiles, release of polluting species, properties 

of the char (melting, swelling, agglomeration, reactivity), and dependence 

of these properties on bed geometry, pressure, and heating rate. 

A number of more detailed models have recently been developed to 

address these issues. These range i n  complexity and include multiple 

reaction models, which describe the evolution of major 

species , 4y24-26s65y66y85 models incorporating the competition between 

depolymerization, mass transport and crosslinking to describe tar formation 

The behavior of coal depends not only on the chemical 
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(Refs.  62, 66, 27-29, 77, 78 and 86-93) and complete models w i t h  a d e t a i l e d  

chemical  d e s c r i p t i o n  o f  coa l  decomposi t ion.  27-29. 

12.3-3B. Format ion o f  Gas 

Recent rev iews o f  t h e  p y r o l y s i s  l i t e r a t u r e  have been presented by 

a number o f  au thors .  81-84J10 A few models have been developed t o  d e s c r i b e  

t h e  e v o l u t i o n  o f  i n d i v i d u a l  gas species.  I n d i v i d u a l  p r o d u c t  f o r m a t i o n s  have 

been d e s c r i b e d  by independent,  f i r s t - o r d e r  r e a c t i o n s ,  one f o r  each produc t ,  

have been employed. 85y82y25J66J93  

b r e a k i n g  two o r  more t y p e s  o f  bonds, f o l l o w e d  by a corresponding number o f  

r e a c t i o n s .  The number o f  r e a c t i o n s  r e q u i r e d  f o r  each p r o d u c t  i s  judged f rom 

t h e  shape of t h e  exper imenta l  y ie ld - tempera ture  curves. 

comparing t h e  model o f  Suuberg e t  a l g 3  w i t h  heated-gr id  d a t a  i s  p resented  i n  

Some o f  t h e  produc ts  a r e  formed by 

An example 

F ig .  12.3-7. 

Solomon and coworkers 24-26 65 69 have d e s c r i b e d  t h e  para  

e v o l u t i o n  o f  i n d i v i d u a l  gas species i n  c o m p e t i t i o n  w i t h  t a r  fo rmat ion .  

can escape w i t h  some o f  t h e  sources f o r  t h e  gas species.  These sources 

been r e l a t e d  t o  t h e  f u n c t i o n a l  groups p r e s e n t  i n  t h e  c o a l  by i d e n t i f y i n  

1 e l  

Tars  

have 

corresponding changes i n  t h e  f u n c t i o n a l  group compos i t ion  i n  t h e  char  as t h e  

gases evolve.  A s i m p l i f i c a t i o n  i n t r o d u c e d  i n  t h i s  model i s  t h e  assumption 

t h a t  t h e  k i n e t i c s  d e s c r i b i n g  t h e  e v o l u t i o n  o f  i n d i v i d u a l  spec ies a r e  

i n s e n s i t i v e  t o  c o a l  rank.  T h i s  i n s e n s i t i v i t y  t o  r a n k  i s  rev iewed i n  

Ref. 94. An example f rom Ref. 60 o f  t h e  a p p l i c a t i o n  o f  t h i s  model t o  

p r e d i c t  gas e v o l u t i o n  f rom t h r e e  d i f f e r e n t  c o a l s  under d i f f e r e n t  -~ p y r o l y s i s  

c o n d i t i o n s  i s  p resented  i n  F ig .  12.3-8. The same k i n e t i c  r a t e s  were used 

f o r  o t h e r  c o a l s  and temperature h i s t o r i e s  a r e  v a r i e d .  60,61 

Most a t t e n t i o n  has been g i v e n  t o  t h e  major  species ( t a r ,  CO, C02, 

H20, CH4, e t c . ) .  There i s  some work on n i t r o g e n  e v o l u t i o n .  2 3 J 2 4 J 9 5  D a t a  

96 models f o r  s u l f u r  r e l e a s e  a r e  scarce. 

12.3-3C. Format ion o f  Condensables 

The mechanisms of t h e  f o r m a t i o n  o f  condensables ( t a r )  have been 
62,66,27-29,86-93 A review of cons idered by a number o f  i n v e s t i g a t o r s .  

c u r r e n t  work was r e c e n t l y  p resented  by S ~ u b e r g . ’ ~  It i s  g e n e r a l l y  agreed 



t h a t  t h e  process i n c l u d e s  t h e  f o l l o w i n g  s teps:  (i) f o rma t ion  o f  t a r  

molecules,  (ii) evapora t i on  and t r a n s p o r t ,  (iii) p o s s i b l e  r e p o l y m e r i z a t i o n  

t o  fo rm char ,  and ( i v )  condensat ion t o  fo rm soot .  There i s ,  however, l i t t l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50 
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Fig. 12-3-7. Pyrolysis-product distributions f r o m  lignite heated to different 
peak temperatures [ (8).tar; (A) tar and other hydrocarbons (HC); 
(*) tar, HC, and CO; (0) ta r ,  HC, CO, and COz;'(T) total, i .e., 
tar, HC, CO, COz, and HzO]. Pressure = 1 atm (He); heating 
rates: basic,  lOOO"C/s; points inside 0, 7100 to lO,OOO"C/s; 
points inside A , 270 to 470"C/s; points inside 0 , Z-step heating. 
These curves are f r om Ref. 93 and a r e  repr in ted with permission. 
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agreement on the  r e l a t i v e  importance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  these s teps  o r  how they are  l inked 

in a model which provides quant i ta t i ve  predic t ions.  

the mechanisms are  l i k e l y  t o  change w i t h  coal rank. 

One problem i s  t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u n - 
v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I 

C liar 
Gas 
T a r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

0 

12 

8 

Es 

P 

TJ y 4  

z 

.e, 

0 

0 

- 
0 Paraff in 

X Olefin 

- 

8 -  

4 -  

1 
100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 0 

0 

I %HZ ,'ZH4 

r co2 

l e t -  - ' - . ' 

81-  0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 0 100 200 

Reaction distance, cm 

Fig. 12.3-8. Pyrolysis resu l t s  for  I l l inois No. 6 coal, 200 X325 mesh,  in  the 
heated tube reac tor  at a n  equil ibr ium tube temperature of 800°C. 
The solid l ines are predictions f rom the functional group model. 
The gas and coal flows were  4.4 g/min  (He) and 0.8 g/min,  
respectively. 



Considering the available evidence reviewed in Ref. 88, tar 

formation in softening coals may be viewed as a combined depolymerization 

and evaporation process in which the pyrolytic depolymerization continually 

reduces the weight of the coal molecular fragments through bond breaking and 

stabilization of free radicals until the fragments are small enough zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  be 

evaporated. Crosslinking resolidifies the material. 

Tar molecular weights for softening coals appear to be dominated 

by thei r vaporization characteri sti cs. For non-softeni ng coal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs ,  the average 

tar molecular weight, measured under slow heating conditions, is 

substantially less than predicted from vaporization.88 It also appears to 

be much less than for tar measured under rapid heating conditions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  the 

same coal .89 The explanations, which must be tested, are repolymerization 

caused by crosslinking and/or transport limitations caused by the rigidity 

of the pore structure. Both effects will reduce the size of the oligomers 

that are released. 

undergo substantial crosslinking prior to tar formation. 

Results of Suuberg et alg8 indicate that low-rank coals 

12.3-3D. Formation of Char 

A methodology is needed to describe 

development of char. This model is most diff 

coal for which the physical structure changes 

medium with gas bubbles and cenospheres (for 

the physical and chemical 

cult to obtain for a softening 

from a pore system to a fluid 

red welling coals). The rcqu 

descriptions include an intra-particle transport model such as that of 

Simons, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"-'02 which yields the pressure within the pores. The deforinat 

of the pore walls is determined from this pressure and the viscosity of 

melt. This model has been discussed by 

on 

the 

Melia and Bowman. lo3 

et al. 

by Solomon et a1 .4 

Descriptions of bubble transport have been given by Oh 

A description of bubble swelling and rupture has been presented 

Bubble rupture may be the reason for the 
high-temperature disappearance of swelling at high heating rate. 3,4 

Repolymerization and crosslinking effects are described by a number of 

authors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA62,98,66,30,31,27-29,86-93 and w i l l  a l  SO be important. 

A technique which has been employed to control the swellinsg 

properties of char is oxidation. 

understanding and quantitative description of the effects of oxidation on 

swelling and the subsequent reactivity of the char. 

It is important to develop an 
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12.3-3E. Gasification of Char 

Understanding char reactivity is important since the consumption 

of char is the slowest and, therefore, the controlling process in 

gasification. Reviews of the char-oxidation literature have been 

published. 36,37 A comprehensive review of char gasification has been 

written by LaurendeauYS8 who discusses qualitative observations and 

quantitative models for reactions of char with C02, H20, 02, and H2. In a 

more recent review, van Heek and Muhlen3' discuss the main factors 

influencing the reactivity of char i n  different gasifying agents. 

reviews demonstrate that there is a wide variation in observed reactivities. 

Work described by S m ~ o t ~ ~  highlights the very large variations (1.5 orders 

of magnitude) in char reactivity depending on method of formation. 

Similarly, Ashu et allo5 found enhanced char reactivity caused by rapid 

heating of the precursor coal. 

measured very rapid burnout times for small coal particles i n  a vertical 

tunnel furnace. 

gave heating rates in the 10 K/sec regime, compared with the more usual 

value of 10 

These 

More recently, Es.senhigh and Farzar 106 

They ascribed their results to the firing condition, which 
6 

K/sec i n  slower burning flames. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Both the formation conditions and reactivity vary with coal rank. 

Variations with coal type and pyrolysis conditions may be understood in 
terms of variations in active-site density, accessible surface area, and the 

catalytic effects of minerals. The active-site density is determined by the 

concentration of carbon edge sites and defects and by the concentration of 

hydrogen and oxygen (to some extent, also by sulfur and nitrogen) in the 

chap. These chemical factors, combined with the mineral content and the 

pore structure, account for differences in char reactivity. 

significant positive effect on reactivity for low-rank coals. 

high-rank coals, minerals do not contribute greatly to the reactivity and 

may even have a negative impact because of pore blockage. 
39 

react with added catalysts and render them ineffective. 

described as falling into three rate-controlling regimes for which the 
reaction is limited by (i) intrinsic reactivity of the char itself, 

(ii) diffusion of reactants within the char pores, and (iii) diffusion of 
reactants between the char surface and the ambient atmosphere. 

regimes are traversed successively as the temperature increases.. At high 

Minerals have a 

For most 

Some minerals 

The gasification or combustion reactions of char are generally 

These zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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temperatures,  t h e  r a t e  o f  chemical r e a c t i o n  may exceed t h e  r a t e  o f  t r a n s p o r t  

o f  r e a c t a n t s  t o  t h e  sur face,  which i s  e s p e c i a l l y  t r u e  f o r  o x i d a t i o n  

r e a c t i o n s .  The mass- t ranspor t  r a t e  w i l l  be c o n t r o l l e d  by t h e  char  

p r o p e r t i e s  ( p o r o s i t y ,  pore-s ize  d i s t r i b u t i o n ,  and p a r t i c l e  s i z e )  , as we1 1 as 

t h e  r e a c t i o n  c o n d i t i o n s  (pressure,  temperature,  and tu rbu lence) .  

Research i n  t h i s  area should be d i r e c t e d  a t  (i) d e f i n i n g  

a p p r o p r i a t e  c h a r a c t e r i z a t i o n  procedures f o r  t h e  char  s t r u c t u r e  t h r o u g h  

r e a c t i v . i t y  measurements a t  temperature a p p r o p r i a t e  t o  g a s i f i e r  c o n d i t i o n s ,  

(ii) deve lop ing  a d e s c r i p t i o n  o f  t h e  v a r y i n g  r e a c t i v i t y  d u r i n g  char  

g a s i f i c a t i o n  and (iii) deve lop ing  a b e t t e r  understanding o f  t h e  r o l e  o f  

m i n e r a l  m a t t e r  and added c a t a l y s t s .  

12.3-3F. Secondary React ions o f  Condensables 

Secondary r e a c t i o n s  o f  t a r s  may be o f  t h e  c r a c k i n g  type,  which 

forms l i g h t e r  t a r s ,  l i g h t  o i l s  (<Cl0) and/or l i g h t  gases (<C5), o r  o f  t h e  

po lymer iza t ion-condensat ion  type ,  which l e a d s  t o  h e a v i e r  t a r s ,  o r ,  

u l t i m a t e l y ,  coke and soot  (a l though smal l  amounts o f  l i g h t  gases a r e  

e l i m i n a t e d ) .  

i n f l u e n c e d  by coa l  type,  temperature,  ambient gas composi t ion,  mass t r a n s f e r  

o f  t h e  p r i m a r y  t a r s  away f rom t h e i r  source, and t h e  c h a r a c t e r i s t i c s  o f  any 

sur faces  t h a t  may be encountered. Depending on t h e  process, o p e r a t i n g  

c o n d i t i o n s ,  and coa l  type ,  secondary t a r  r e a c t i o n s  w i l l  have a minor  o r  

ma jor  impact i n  t h e  f o l l o w i n g  areas: (i) p.roduct d i s t r i b u t i o n  (between 

s o l i d ,  l i q u i d ,  and/or gas); (ii) p r o d u c t  h e a t i n g  va lue;  (iii) c h a r  

r e a c t i v i t y  (by o b s t r u c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof pores o r  a c t i v e  s i t e s ) ;  ( i v )  d i s p o s i t i o n  o f  

s u l f u r ,  n i t r o g e n ,  and oxygen among t h e  produc ts  o f  coa l  p y r o l y s i s ;  

(v )  fo rmat ion  o f  soot  and p o l y c y c l i c  a romat ic  hydrocarbons zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(PAH); 

( v i )  p a r t i c l e  i g n i t i o n  and f lame s t a b i l i t y ;  ( v i i )  coa l  p l a s t i c i t y  and coke 

p r o p e r t i e s ;  and ( v i i i )  e v o l u t i o n  o f  unreacted t a r s  f rom t h e  g a s i f i e r .  

e x t e n t  t h a t  t h e y  improve t h e  q u a l i t y  o f  t h e  l i q u i d s  produced, a l t h o u g h  t h e y  

a l s o  reduce t h e  o v e r a l l  y i e l d  o f  t h e  l i q u i d s .  

fundamental n a t u r e  o f  t h e  secondary r e a c t i o n s  i s  r e q u i r e d  i n  o r d e r  t o  

o p t i m i z e  t h e  y i e l d s  o f  these processes. 

The n a t u r e  and e x t e n t  o f  t h e  secondary t a r  r e a c t i o n s  a r e  

For mi ld  g a s i f i c a t i o n ,  secondary r e a c t i o n s  a r e  d e s i r a b l e  t o  t h e  

B e t t e r  knowledge of  t h e  

Some i n f o r m a t i o n  on homogeneous 
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tar-cracking reactions is available from previous wor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 107-110 
currently only qualitative information on heterogeneous reactions 107,108,111 

and on the transformation of tar to soot. 

There is 

112 

12.4. The Behavior of Coal Mineral Matter in Gasification 

Inorganic constituents of coal consist of both discrete mineral 

particles (inclusions) and elements that are bonded to organic molecules. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s  the organic matter i n  the coal is gasified, the inorganic constituents 

form increasingly the bulk of the residual material of the gasification 

process. 

removed as a dry, powdery fly ash, sintered ash, or molten slag. 

physico-chemical transformations of the coal mineral matter depend on its 

chemical and mineralogical composition and its temperature-concentration 

history in the gasification process. Most of the information about coal 

mineral-matter transformation comes from coal-combustion studies, mainly 

because of the troublesome slagging and fouling of heat exchangers i n  

coal-fired boilers. While heat-exchanger fouling is a lesser problem in 

coal gasification, removal of the ash from the gasifier and cleaning of the 

gas require knowledge of the state, chemical, and mineralogical composition 

of the ash and the particle size of the fly ash carried over from the 

gasifier with the product gas. 

Depending on the type of process, this inorganic residue is 

The 

12.4-1. The Nature of Mineral Matter in Coal and Its Characteristics 

Coal is a sedimentary deposit, which explains its widely variable 

overall composition. As mined, most coals contain shales, sandstones from 

adjoining strata, and also inorganic matter such as alkali- and alkaline-- 

earth metals and sulfur, which were part of the coalified vegetation, are 

associated with the organic material, and are dispered on an atomic scale 

i n  the coal. These may be chemically combined with the carbonaceous 

material or as ions absorbed from groundwaters. Other minerals, such as 

sulfides and carbonates, form inclusions i n  voids in the coal seam between 

fracture surfaces of hard coals by deposition from percolating water. 

Table 12.4-1 lists some o f  the mineral compounds found in coals, along 

with their usual manner or mode of occurrence. 114 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Traditionally, ash chemistry was used for coal mineral-matter 

characterization. In recent years, new analytical methods have become 

available, which are capable of much more detailed and useful 

characterizations. Computer-controlled scanning electron microscopy 

(CCSEM), scanning transmission electron microscopy (STEM), and x-ray 

diffraction (XRD) have been used to determine the types, amounts, and size 

distributions of mineral matter in coal. Types of iron-bearing minerals can 

be distinguished quatitatively by Mossbauer spectroscopy. 

bonding structure and local atomic environment of inorganic species that are 

organically bonded within the coal macerals, such as sulfur, calcium and 

alkalies, may be identified by x-ray absorption fine-structure spectroscopy 

(EXAFS) and energy-loss spec$roscopy (EELS). 
been used successfully, include Fourier-transform infrared (FTIR) 
spectroscopy, use of an electron microprobe, electron spectroscopy for 

chemical analysis (ESCA), proton-induced x-ray emmission (PIXE), etc. While 

i n  recent years significant progress has been made i n  the development of 

these new analytical techniques, their further development is essential for 

detailed characterization of the types, amounts, size distributions, and 

structures of inorganic matter i n  coal. 

The electronic 

Other techniques, which have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12.4-2. Behavior During Heating 

In the initial stages of heating, the mineral matter undergoes a 

number of changes, some of which are shown i n  Fig. 12.4-1. First, at 

temperatures below 500 K, the water absorbed on the coal substance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  

combined with the mineral matter is dried off. At temperatures ranging from 

500 to 1000 K, carbonates and sulfates decompose with significant associated 

weight loss in the ash as C O Z Y  SO2, and SOg are evolved. 

decomposition, yielding hydrocarbon vapors. 

cally adsorbed or are organically combined i n  the coal such as chlorine and 

sulfur, evolve as volatiles; the organic sulfur may pyrolyze to give a elemen- 

tal sulfur and its hydrites and the chlorine are probably released as HC1. 
Because of the weight loss associated with thermal decomposition 

The organic material in the coal substance also undergoes thermal 

Some elements, which are physi- 

116 

of the ash, the weight of the ash determined by the ASTM test is usually 

lower than that of the original mineral content of the coal. The weight of 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the original mineral matter is better approximated by the low-temperature 

ash determination117 and is of the order of 20% greater than that of the 

ASTM ash. 

A summary of minerals identified in coals is given in Table 12.4-1. 

12.4-3. Mineralogical Transformations at High Temperatures 

As the temperature exceeds 1300 K, alkalies in the form of salts 

(NaC1 and KC1) are volatilized. Those bound in complex aluminum silicates 

are less likely to vaporize and, in these mineralogical forms, alkalies are 

less active i n  a slagging-fouling processes. 

temperatures as low as 1000 K. 

constituents and the formation of low melting-point eutectics, the melting 

point of the ash is usually lower than that of the pure mineral compounds. 

For example, at temperatures between 1150 and 1500K, illite (2K20 3Mg0 A1203 
24Si02 12 H20) undergoes dehydration leading to the formation of spinel 

(crystal 1 i ne magnesi um-i ron-a1 umi nates) whi 1 e the a1 kal i , the si 1 ica, and 

the remainder of the alumina produce a glassy mass. 

dissolves in this glassy mass. 

1400 K, mullite (3AL203 2Si02) begins to form. 

the glassy melt and forms a liquid phase in the presence of alkalies. 

Because of the eutectics formed during the reactions in the slag, 

slag-melting temperatures may sometimes be reduced by high melting-point 

compounds, as for .example CaO and MgO in acidic slags i n  Si02 in 

ljme-containing basic slags. 

Because of the complexities of the physico-chemical processes in 
slags, efforts to predict softening -melting behavior from the chemical 

composition of the ash have not met with much success. 

challenging problems to determine the softening-sintering-melting behavior 

under the conditions found in the gasification process from the chemical and 

mineralogical composition of the mineral matter in the coal. 

Sintering i n  the mineral matter begins to take place at 

Because of interaction of the ash 

The spinel then 

Parallel with these reactions and at about 

Mullite also dissolves in 

It is one of the 

12.4-4. Ash Agglomeration 

At elevated temperatures as in slagging gasifiers, the mineral 

inclusions in coal decompose, melt and form small spherical particles that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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attach themselves to the receding carbonaceous particles. 

molten ash does not appreciably wet carbon surfaces,119 only slight melting 

is needed to provide ash adherence since its surface tension is high 

Even though zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(- 320dyne/cm). Because the ash is not separated from the carbon matrix 

during combustion, the ashed mineral particles will be drawn together and 

coalesce as the carbon surface recedes. 118,120,121 

The ash particle-size distribution depends on the processes of ash 

agglomeration, but it is also strongly influenced by the fragmentation of 

the char as it undergoes gasification. Recent research on heterogeneous 

reactions involving coal char indicate that the solid particle undergoes 

percolative fragmentation during its reaction. 

reaction, the particle is penetrated by the gaseous reactant and becomes 

increasingly porous. At a critical porosity of about 0.7-0.8, the layer of 

the particle loses its structural integrity and breaks off as a fragment. 

In the regime controlled by chemical kinetics, the whole particle may be 

uniformly penetrated by the gaseous reactant and may disintegrate into 

fragments when the critical porosity is reached. 

In the course of the 

12.5. Mathematical Modeling 

In order to understand and obtain quantitative predictions of how 

the individual chemical and physical steps described in Sec. 12.3 and 12.4 

affect the overall gasification process, it is necessary to develop 

computational procedures which incorporate these steps i n  a comprehensive 

gasifier model. 

are being developed, and an extensive review of their status was presented 

by Smoot, 122y123 who noted that modeling of coal-reaction processes has not 

reached the point where significant use is made of it i n  process development 

for coal utilization. 

Models which are common to both gasification and combustion 

12.5-1. Status of Model Development 

We refer to Smoot 122y123 for review of this problem. Modeling of 

turbulent reaction processes is still in a state of development. At least 

6 fixed-bed, 10 fluidized-bed and 14 pulverized-coal conversion models have 

been developed since 1970. 

combustion models is sound. However, unresolved fundamental issues remain. 

In general, the approach used in advanced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
426 



Table 12.4-1. Minerals identified in coals (after G l u ~ k o t e r ~ ~ ~ ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ 

Mineral 

Clay minerals 

Montmorillonite 

Illite-sericite 

Kaclini te 

Halloysite 

Chlorite (prochlor ite, 

Mixed-layer clay 

penninite) 

minerals 

Sulfide minerals 

Pyrite 

Marcasite 

Sphalerite 

Galena 

Chalcopyrite 

Pyrrhotite 

Arsenopyrite 

Millerite 

Carbonate minerals 

Calcite 

Dolomite 

Siderite 

Ankerite (ferroan 
dolomite) 

Witherite 

Sulfate minerals 

Barite 

Gypsum 

Anhydrite 

Bassanite 

Jarosite 

Szomolnokite 

Rozenite 

Melanterite 

Coquimbite 

Roemer ite 

Mirabilite 

Kieserite 

Sideronatrite 

Chloride minerals 

Halite 

Sylvite 

Bischofite 

Chemical Formula 

,1 Si 0 (OH)2 xH20 

;A12(A1Si 0 ) (OH)2 
3 10 

51 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2Si zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4O (OWg 

2 4 10 

~14Si4010(0H)8 

dg5A1(A1Si30 o) 

TeSZ 

res2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnS 

?bS 

:uFeS2 

?e S 
1 -x 

7eA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsS 

\lis 

B aSO 

CaS04 2H20 

CaS04 

CaS04 $HzO 

(Na s K)Fe 3(so4) 2(OH)6 

FeS04 H20 

FeS04 4H20 

FeS04 7H20 

FeZ(S0l3 9H20 

FeS04 Fe2(S04)3 1 2H20 

Na2SG4 10H20 

MgS04 H2C 

2Na20 Fe203 4S03 7H20 

NaCl 

KC1 

MgC12 6H20 
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Association with Coal 

lis material is finely-dispersed 
coal substance. It is the prin- 
pal constituent of shales. 
rystals are < 1 Um. Impregna- 
3n occurs in joints in  brown 
)al. 

he minerals occur in  modules 
?d crystals ( I O  cm to 1 pm) 
L coal substance and in joints 
nd cleats. Pyrite and marcasite 
:e the principal sulphides. This 
i the principal formof iron in 
lost hard coals. 

he minerals occur in hard coals 
iat are present mainly in joints 
nd cleats. They constitute the 
rincipal form of calcium and 
lagnesium and the secondary 
mm of iron. 

linerals are deposited from 
round-water s. 

These are principally 
formed as a result of weath- 
ering (aqueous oxidation of 
sulphide s ) .  

Chese are occasionally present as 
iiscrete crystals, often as ions 
rdsorbed on coal substance (vi tr i-  
Cte). They can be recrystallized 
iom solution after wetting. 



Mineral 

Silicate minerals 

Cuartz 

Biotite 

Zircon 

Tourmaline 

Garnet 

Kyanite 

Staurolite 

Epidote 

Albite 

Sanidine 

Orthoclase 

Augite 

Hornblends 

Topaz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~~ 

Chemical Formula 

Oxide and hydroxide minerals 

Hematite 

Magnetite 

Rutile 

Limonite 

Goethite 

Le pidocr ocite 

Diaspore 

Phosphate mineral 

Apatite (fluorapatite) 

Combined with or 
adsorbed on organic 
matter 

Calcium 

Mag ne sium 

Sodium 

Sulphur 

Vanadium 

Nickel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t numerous other 

"trace" elements 

Table 12.4- 1. Continued 

-e203 
'e 0 

3 4  
'io 
'e0 OH nH20 

'e0 OH 

'e0 OH 

110 OH 

- 

Association with Coal 

jor silicates occur with clay 
ierals. Biotite is the prin- 
31 compound of potai;sium. 
trta is present as sediment 
:ound to angular grains of 
mm to <1 um. Impregna- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I of joints occurs i n  brown 
.1. 

These are  accessory min- 
erals and are usually 
present i n  minor and vari- 
able proportions. 

me of these elements are 
rticularly associated with 
mecific coal minerals. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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These minerals are 
products of weathering. 



Reactions with FeS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 
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De hydra- 
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mineral of FkS2 

forms 
f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa . 
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Fig. 12.4-1. Temperature ranges over which ash undergoes various chemical and 
physical transformations. 115 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Important among these are the progress of gasification reactions in porous 

char particles, fluid and particles dynamics, interactions of turbulence and 

chemical reactions, and the spatial dispersion of reacting particles in hot 

gas flows. 

For the evaluation of computer codes, laboratory and pilot plant 

experiments are necessary, in which the effects of fluid dynamics, heat 

transfer and chemical kinetics on the progress of carbon conversion in the 

reactor may be studied independently. 

experimental facilities and measurements at levels of sophistication and 

detail that are not practicable i n  full-size plants. Such rigorous testing 

of models proved to be most useful for the introduction of computer codes of 

radiative heat-flux distribution into utility-boiler design-practice i n  the 

1970s 

This approach requires special 

12.6. Research Recommendations 

We now present brief comments on the research recommendations for 

the 'gasification prbbl em areas 1 i sted in Tab1 e 12.1-1 that have been 

discussed in this chapter. 

12.6-1. Coal Characterization 

While there are a number of standard characterization procedures 

for coal, they often do not provide information appropriate for advanced 
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processes. Methods are needed to provide organic structure, viscosity and 

reactivity parameters from which coal behavior in gasification can be 

accurately predicted. 

methodology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  relate the test results to ash behavior under gasifier 

operating conditions. 

Work is required to define mineral-characterization procedures and 

12.6-2.. Fundamental Processes in Gasification and Partial Gasification 

The objective is to gasify coals of different rank reliably i n  the 

shortest time under the lowest severity conditions and with small amounts of 

tars or fines exiting from the reactor. 

objective is a high yield of quality products. 

controlled by heat transfer, pyrolysis rates, devolatilization, char 

gasification, and secondary reactions of condensables and gases. 

For mild gasification, the 

These processes are 

12.6-2A. Heat Transfer 

There is a lack of data on the fundamental parameters involved in 

heat transfer (heat capacity, emissivity, heats zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof reaction, effects of 

volatile evolution on convective heat transfer, coal thermal conduc- 

tivity, etc.). While some data have been obtained and models have been 

developed for determination of heat capacity and emissivity, experiments 

should be performed to determine these properties for a variety of coals and 

conditions. Work relating to heats of reaction and parameters affecting 

convective heat transfer needs to be initiated. Heat-transfer calculations 

employing measured parameters should be validated under gasification 

conditions by employing well-instrumented laboratory-scale experiments which 

allow coal-particle temperature measurements. 

12.6-2B. Pyrolysi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs Rates 

Accurate determinations of the important chemical kinetic rate( s)  

i n  pyrolysis must be performed i n  experiments where coal-particle 

temperatures are directly measured or can be accurately determined. 

heating rates above 10,OOO°C/sec, attention must be given to temperature 

gradients within the particle. 

At 

Experiments should be compared by using an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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agreed-upon standard model. 

expressions, which are independent of heating rate or experimental geometry. 

The use of a small set of standard coal samples by several investigators 

should be encouraged. 

This model may include one or more rate 

12.6-2C. Devolatization, Formation of Gases, Condensables and Char 

Work should proceed towards finding an acceptable standard model 

to describe the devolatilization process. Experimental and theoretical work 

is particularly needed on sulfur evolution, on tar formation and char 

viscosity (including depolymerization, mass transport, and crosslinking 

processes), and on the formation of char (swelling, pore structure and 

reactivity) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

12.6-2D. Gasification of Char 

There is a need to develop a better understanding of the chemical 

factors (i.e., functional group composition, minerals) which influence 

intrinsic reactivity and how the observed reactivity is affected by physical 

factors (pore structure). For catalytic gasification, the dispersion of 

catalyst in the char is an important issue, along with interactions of added 

catalysts with minerals already present in the char. The elutriation of 

highly unreactive carbon in the form of fines from gasifiers is a problem, 

the solution of which would benefit from a-more fundamental understanding of 

gasification reactions. 

Studies should include work on model chars made from pure 

compounds. Better measurements of surface area, active area, pore size, 

pore-size distribution, and density must be developed. The application of 

analytical techniques used in surface science and catalysis research would 

be beneficial, along with development of better mathematical representations 

of pore structures. Of importance is the extension of measuremen.ts of the 

fundamental phenomena to higher temperature ranges, which requires -- in situ 

measurements of particles by using probes for the purpose of surface 

characterization. 



12.6-2E. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASecondary Reaction of Condensables 

There is a need for kinetic data and models for product evolution 

from the gas-phase cracking of tars for a wide range of coals. 

also need for information on the kinetics of soot formation from tar. 

Information is required on mechanisms and kinetics of secondary 

repolymerization reactions of tars, which occur on surfaces inside and 

outside of the parent coal particle. 

understanding the yields and quality of co-products generated in mild 

gasification. 

There is 

This work is important in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12.6-2F. Mineral-Matter Transformation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A quantitative understanding is needed of residual ash-particle 

formation. Theoretical developments, such as the recent application of 

percolation theory to the problem of char fragmentation, may be useful. 

Detailed characterizations of mineral distribution in coal and char at 

progressive stages of gasification are necessary for the development of a 

predictive model of mineral-matter transformation. Well-characterized coals 

and synthetic coal or char-like materials are essential i n  the critical 

evaluation of fundamental models of ash dynamics. 

measurement of particle properties in the hot gasification environment 

require further work. The development of techniques to measure phys.ical 

properties, such as viscosity and degree of sintering, at gasifier 

temperatures is important since the cooling which occurs on sampling may 

seriously alter these properties. Measurement methods for vapor-species 

concentrations are needed., as are also methods for correcting measurements 

of ash-chemical compositions during the condensation of vapor-phase 

compounds occurring i n  the sampling process. Particle temperature-time 

history measurements in practical gasifiers are needed as inputs to the 

ash-evolution model-development efforts. 

Methods for the 

12.6-3. Mathematical Modeling of Gasification Processes 

We refer to Refs. 122 and 123 for elaboration of coal-combustion 

models relating to direct coal use. The requirements for gasification 

modeling are generally similar. We recommend studies on fixed-bed models 
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because of the i r  importance i n  gas i f i ca t ion  and pa r t i a l  gas i f i ca t ion .  

Support should a lso  be provided f o r  well-instrumented and f l ex ib le  

laboratory-scale experiments, w h i c h  can be employed t o  va l ida te  se lected 

aspects  of the comprehensive codes. 59,124 
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APPENDIX: EFFECT OF CaO COMBINED FLUIDIZED-BED GASIFICATION AND PYROLYSIS* 

If coal is pyrolyzed to produce gas and liquid products prior to 

This 

combustion and gasification, higher thermal efficiency and decreased cost 

can be achieved as compared to gasification of the whole fresh coal. 

observation applies when pyrolysis gas and liquids are of equal or higher 

value than heat or gas from whole coal. 

fluidized bed process with heat supplied by combustion. 

value gas is produced by steam gasification of char and the coal is 

pyrolyzed in a third reactor, where heat is supplied by hot solids from the 

combusion reactor. In such a system, it is advantageous to use limestone to 

capture sulfur i n  all three reactors and to improve the heating value of gas 

produced by C02 capture and also the tar properties. 

reactions involving CaO: 

reduce tar molecular weight, improve compatibility, reduce mutagenicity; 

CaO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ phenols - char + gas to reduce owygen content and toxicity; 

CaO + H2S - Cas + H20 to produce low-sulfur gas; CaO + C02 

Figure 12A-1 illustrates a 

Medium heating 

The following are 

CaO + multi-ring aromatics - char + gas to 

- CaC03 to increase the gas-heating value and hydrogen content; 

CaO + SO2 + (4)02 

The sulfur compound and C02 reactions have been studied in a 

number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof applications; however, selective reactions with multi-ring 

aromatics have been discovered relatively recently and their potential for 

improvement of tar properties and reduction of the amount of tar has 

received only limited laboratory study. Table 12A-1 shows results of 

studies on pyrolysis of pure HCs over CaO compared with pyrolysis over an 

inert material (quartz). For the aromatic compounds, the temperature for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

given conversion to char and gas is reduced, while there is relatively 

little change in heptane conversion. 

aromatic removal is also observed for pyrolysis of coal tar, as is shown by 

the data in Table 12A-2. 

- CaS04 to form non-polluting flue gas. 

This selectivity for multi-ring 

* Prepared by J.P. Longwell, Department of Chemical Engineering, 

Massachusetts Institute of Technology, Cambridge, MA 02139. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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-T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12A-1. Schematic of a coal-gasification process following 
pyrolysis and combustion to obtain higher thermal 
efficiencies, 
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Table 12A-1. Results on pyrolysis of aromatic compounds 
over CaO and quartz. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

40% conversion Activation energy, 
temperature,"C kcal/mole 

Compound CaO Quartz CaO Quartz 

Toluene 710 850 4 6 . 2  7 9 . 5  
1-Methylnaphthalene 600 775 2 5 . 4  4 3 . 4  
1-Methylanthracene 490 7 3 0  1 2 . 0  4 6 . 0  
n- Hep tane 600 640 4 0 . 6  48 .7  

Table 12A-2. Effect of CaO on tar conversion. 

Parameter 

Tar Properties 

Untreated Thermal CaO 
tar conversion conversion 

Temperature, "C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - -  800 550 
Tar yield, % 100 60 60  
Fraction of aromatic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 0 . 6 7  0 .78  0 .67  
Weighted average molecular 

weight 600 540 530 
Phenolic 0 ,  wt% 5 3 . 0  3 . 5  
Relative mutagenicity 1 10 0 . 9  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13: 

.GAS SUPPLIES AND SEPARATION: ASH DISPOSAL; MATERIALS FOR GASIFIERS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

13.1. Gas Supplies and Separation 

13.1-1. Introduction 

Future efficient gasification systems are expected to utilize 

02-blown gasification rather than air-blown gasification. 

having O2 as the oxidation agent include a cleaner, higher-quality 

gasifier-product gas, smaller system sizes and less demanding gas clean-up 

requirements. However, these advantages must be constantly balanced against 

the cost associated with building and operating an air-separation plant to 

separate oxygen from air, which may become a significant part of the overall 

plant cost and usually requires large amounts of electricity. 

careful evaluation of dominant parameters imposed on the air-separation 

plant and their relation to output-gas quality must be performed in order to 

optimize total system economics. Factors affecting the air-separation plant 

are 02-purity, 0 -pressure, H20 and C02 levels of the input air, turndown 

The advantages of 

Thus, a 

2 

percentage, number of trains and, of course, plant size.' 

these variables on 02-cost is shown in Table 13.1-1. 

air-separation techniques that are applicable to coal gasifiers. A listing 

of these is given in Table 13.1-2, along with their present development and 

availability status. At prese.nt, cryogenic separation is the only 

commercially available technique for the large requirements of coal 

The impact of 

There are several 

* Unless otherwise indicated, information in this section has been 

abstracted by S.S. Penner and D.F. Wiesenhan from viewgraphs and 

references supplied to COGARN on July 11, 1986 by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. Smith 

of Air Products and Chemicals, Inc., P.O. Box 538, Allentown, 

PA 18105. 



gasi f iers. 

coal-gasification systems by the mid-1990s. A brief overview of these 

technologies follows. 

The MOLTOX* system wi 11 probably see appl i cati on of 1 arge-scal e 

13.1-2. Cryogenic Ai r Separation 

Cryogenic air separation is the most widely used procedure for 

large-scale zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(>lo0 tons of O2 per day) applications. 

relatively low specific energy consumption and may be readily used to 

achieve high gas purity while zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 2  and Ar by-products are easily recovered. 

Cryogenic air separation is a mature technology but improvements leading to 

lower costs may be possible. For 02-plants producing more than -200 TPD of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
02, power requirements account for more than 50% of the oxygen cost.:' As 

the size of the plant is increased, the fraction of oxygen cost attributable 

to energy consumption also increases (see Fig. 13.1-1). The energy 

requirements for cryogenic air-separation plants may become a significant 

fraction of the total energy output of a coal-gasification plant, up to 15% 

in some cases. 

This procedure has 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A schematic diagram of a dual-distillation column, low-pressure 

cryogenic air-separation cycle, as commonly used to provide purities better 

than 99.5%, is shown in Fig. 13.1-2. 

are removed by using either a reversing heat exchanger (which combines 

impurity removal with primary heat exchange) or a molecular sieve adsorption 

system. 

higher than normal ambient COP concentrations (-2000 ppm vs -350 ppm). 

excess COP prevents the use of adsorption clean-up and results i n  higher 

equ pment and energy costs. 

The specific power requirements remain constant for purities 595%. 

Typ cal energy-use rates for delivering zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 at 615 psia are 500 kWh/ton of O2 

for existing plants and -360 kWh/ton of O2 for newer cryogenic plants. 

Water and C02 enter with the a-ir and 

A problem endemic to 02-plants located near coal gasifiers is 

This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

* MOLTOX is a trademark of Air Products and Chemicals, Inc. 
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Fig. 13.1-1. Components of the oxygen cost for cryogenic air-separation; 
reproduced from Ref. 1. 

Tal11.e 1.3.1-1. E f f e c t s  of oxygen p l a n t / g a s i f i e r  i n t e r f a c e  
v a r i a b l e s  on oxygen c o s t ;  rep roduced  f rom 
d a t a  p r e s e n t e d  by A i r  P r o d u c t s  and C h e m i c a l s ,  
I n c .  

V a r i a b l e  Change i n  v a r i a b l e  02- c o s t  impac t 

P u r i t y  99 .5  v s  90% 5 - 1 5 %  

P r e s  sur e 1200 17s 100 p s i g  1 5  - 20% 

P l a n t  s ize 1000 TPD v s  6000 TPD 18% 

Turn clown 65% vs 85% 3 - 5% 

No. of t r a i n s  S i n g l e  v s  2 t o  6 3 - 8% 



13.1-3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe MOLTOX System zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A promising new air-separation method being developed is the 

MOLTOX system. 

of exi sting cryogenic pl ants. 

molten mixture of alkali nitrates and nitrites which react chemically with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O2 i n  the compressed air. 

reaction i n  the required heating and/or depressurization step. 

from the waste N2-exhaust recovers a major portion of the energy used to 

compress or heat the input air. 

construction of a 0.25 TPD-02 plant, which has been operating since March 

1986. 

A MOLTOX plant will use electricity at about half the rate 

Thi s improvement i s accompl i shed with a 

About 99.8% purity is reached after a reversible 

Heat removal 

Recent funding by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADOE has culminated in the 

Two operating modes are possible: pressure-swi ng absorption (PSA) 

or thermal-swing absorption (TSA). 
with pressurized gases of gas-turbine power plants. 

by using the heat recovery and steam generation section of industrial and 

utility steam boilers. A combination of these two modes is 

The former is best suited to integration 

The TSA mode is applied zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tab l e  13.1-2. A i r  s e p a r a t i o n  t e c h n o l o g i e s  and t h e i r  deve:Lop- 

ment  s t a t u s ;  rep roduced  from d a t a  p r e s e n t e d  by 
Air P r o d u c t s  and Chemical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs ,  I n c .  

I Technology S t a t u s  
I 

Cryogen ics  Mature 

Absorp t i on  hIa1;ure 

Membrane s Deve lop ing  ( s m a l l  
u n i t s  are a v a i l a b l e )  

Developjmg ( p i l o t -  'r M ) Chemica l  (MOLTOX 
p l a n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t  a g e  1 

O t h e r s  : Deve lop ing  (R&D 
s t a g e )  

s o l i d  membrane 

e l e c t r o c h e m i c a l  

bench scale s t u d i e s  
I 



GOX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Waste zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Air 
From Molecular 

Sieve 

Main *--- 

Exchangers --- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c -  

L A  

- 

1 LP 
Column 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 13.1-2.  Schematic diagram of a dua l -d is t i l l a t ion  column, low-pressure 

cryogenic air-separation system; reproduced from Re€. 1. 

pract ica l  when b o t h  heat and pressure head a re  avai lab le f o r  recovery. 

Schematic diagrams showing PSA and TSA are  found i n  F ig .  13.1-3. 

Prior t o  enter ing the  MOLTOX u n i t ,  the  a i r  i s  dr ied and the  C02 i s  

removed. The i n l e t  temperatures and pressures are  e i t h e r  510 o r  65OOC and 

0.41 o r  1.2MPa, respectivel-y, depending on the operating mode. In th-e 

absorber, the a i r  contacts the  molten s a l t  (a  mixture based on Na and K) and 

reac ts  according t o  the process MN02 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1/2)02 + MN03 . 
removed w i t h  the s a l t  from the  bottom of the  absorber. The molten s a l t  then 

- - 
The oxygen i s  t h u s  

- - 
flows t o  the desorber where the  reverse react ion MN03 +. MN02 + (1/2)02 

occurs, t h u s  l i bera t ing  gaseous oxygen. T h i s  l a s t  s tep requi res e i t h e r  a 

pressure reduction (PSA) o r  a temperature increase (TSA). Nitrogen, i n e r t  

gases, and unreacted oxygen leave the absorber a t  essen t ia l l y  the  same 

temperature and pressure a t  which they entered. 

u n i t ,  energy requirements wi l l  be l e s s  than f o r  a new cryogenic plant.  A t  

Depending on the  amount of heat i n p u t  avai lab le t o  the MOLTOX 
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2 zero ava i lab le  heat i n p u t ,  energy requirements a re  -300kWh/ton of 02. 

W i t h  8x10 Btu/ton of O2 ava i lab le ,  t h i s  value i s  reduced t o  s l i g h t l y  

more than 200 kWh/ton of 02.' These savings a r e  important, especia l ly  

since t he  MOLTOX system has higher cap i ta l  cos ts  and higher operation and 

maintenance cos ts  (see Table 13.1-3) than a cryogenic p lant .  

producing 600 psig of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 a t  99.5% pur i ty  and operat ing a t  100% capaci ty f o r  

340 days per year  over 15 years  i s  economically advantageous f o r  e l e c t r i c i t y  

cos ts  g rea ter  than 4$/kWh.' 

of 7.5$/kWh, present MOLTOX units o f f e r  a 12% cos t  reduction over new 

cryogenic systems. These savings a re  expected t o  increase t o  23% f o r  fu tu re  

MOLTOX units.' 

est imate of $33/ton of 02. 

i n  January 1985. 

following areas: TSA/PSA and TSA-only operational modes; s a l t  losses  

through vapor o r  corrosion; s a l t  s t a b i l i t y ;  absorption/desorption k ine t ics ;  

sal t - loop equipment designs and adequacy of construct ion mater ia ls ;  

long-term operab i l i t y ;  and gas pur i t ies ,  impurit ies, and by-products. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

simp1 i f  i ed experimental system capable of addressing these i ssues was 

implemented. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 

Compared w i t h  cryogenic systems, a 1000 TPD-02 MOLTOX Plant 

For the  projected mid 1990s e l e c t r i c i t y  price 

A t  7.5$/kWh, the MOLTOX Process wil l  y ie ld  a lower-bound 

Approval f o r  construct ion of a small (0.25 TPD-02) plant  was given 

T h i s  plant  was b u i l t  t o  assess  and r e c t i f y  problems i n  the  

A par t i cu la r  d i f f i c u l t y  i s  the high corrosiveness of the  s a l t .  

Extensive monitoring equipment was i n s t a l l e d  and d i f f e r e n t  a l loys  and 

ceramic mater ia ls  have been o r  will be tes ted  t o  f i nd  optimal mater ia ls  f o r  

s a l t  exposure. 

The plant  began operation i n  March 1986. A t  a production r a t e  of 

0.12 TPD-02, 99.9% pure 0 was obtained, which was w i t h i n  92% of theore t ica l  

equi l ibr ium recovery f o r  the operat ing condi t ions employed. After four days 

of good operat ion,  a centr i fugal  pump constructed out  of 316 SS f a i l ed .  

T h i s  f a i l u r e  was a t t r i bu ted  t o  corrosion, cav i ta t ion ,  o r  a combination of 

these two e f fec ts .  

and has been incorporated. 

users o r  by other  oxygen suppl iers .  Especial ly sought a f t e r  i s  

metal lurgical  exper t i se  t o  solve the corrosion problems. Other fac to rs  t o  

2 

A redesigned pump was constructed out of new mater ia ls  

F u t u r e  plans c a l l  f o r  a 50 TPD-02 p lan t ,  pa r t l y  f inanced by oxygen 
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be studied i n  th is  plant  a re  the  heat- integrat ion systems and p lant  scale- 

u p .  Another aspect t o  be examined t h a t  may lead t o  lower cos ts  i s  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 reduction of required i n p u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH20 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC02 from the  present l eve ls  o f  1 ppm. 

Plants  capable of producing 500 TPD of O2 are  expected t o  be ava i lab le  i n  

the  ear ly  1990s. 

Hot 
P r e s s u r i z e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

N2 

(650"C, 0.41 MPa)  

(-65OoC, 1 .2  MPa) 
Hot 

Compr e s sed 

A ir 

S t e a m  . 
-538°C * 

(b) 0 2  * Produc t  
Sa l t  Heater  

Hot Gas 
> 677 "C (650°C) 

Sa l t  Cooler I 
I fT Desorber  

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- c  - - - -  
&p Not 

N2 ----- 

Hot 
Air 

Absorber 

Fig. 13.1-3. The two operating modes of the MOLTOX air-separation system 
are shown: (a) pressure-swing absorption (PSA), (b) tempera- 
ture-swing absorption (TSA); reproduced from Ref. 2. 
indicates integration with an external process. 



T a b l e  13.1-3. C o s t  compar ison between a new c r y o g e n i c  p lan t ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarid 
a MOLTOX p l a n t ,  b o t h  p r o d u c i n g  99.5X-pure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02 a t  
600 p s i g ,  1000 TPD, a n d  o p e r a t i n g  f o r  340 d a y s  
p e r  y e a r ;  t h e  c r y o g e n i c  d a t a  r e f e r  t o  t h e  r e f e r -  
e n c e  t a s k  1 r e p o r t ,  May 1985, DoE/CE140544-T1. 

C a p i t a l  i n v e s t m e n t  

Cost component 

C a p i t a l  re la ted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O & M  

E 1 ec t 1- i c  it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37 at  
7 .5 I 10.0 C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ kWh 

% s a v i n g s  f o r  

t o t a l  o2 cost 

Cryogen ic  p l a n t  

$18.6MM 

Oxygen cost 
( $ I T )  

$12.03  

4 .74  

27.58136. '77 

44.35153.54 

MOLTOX p l a n t  

+ 10% t o  35% 

C o s t  d i f  Perent ia l  
f rom c r y o g e n i c  

p l a n t  
($/rr) 

~ 

+ $1.00 t o  4.50  

+ 1.00 t o  2.50  

-12.00 to -16.00 

-5 .00 t o  -14.00 

13.1-4. Other Air-Separation Systems 

Systems u s i n g  membranes, adsorption, o r  other  techniques e x i s t  and 

may be useful as  oxygen generators f o r  coal g a s i f i e r s .  However, many 

fac to rs  prevent t h e i r  appl icat ion.  Because of t h e i r  low s t a t e  of maturi ty, 

these techniques are  n o t  y e t  su i tab le  f o r  large-scale appl icat ions.  

wi l l  probably a lso  require more e l e c t r i c a l  energy per u n i t  product than the 

two techniques previously discussed. 

They 

13.1-5. Research Needs 

Cryogenic air-separation uni ts  are  the  only 02-supply systems 

presently ava i lab le  f o r  coal g a s i f i e r s .  Associated cos ts  f o r  these systems 

may be reduced by u s i n g  improved compressor design, improved a i r  

pretreatment techniques, o r  reduction of the  s e n s i t i v i t y  of the  cos t  t o  



0 2 - q u a l i t y .  

t o  be achieved. 

S ince t h i s  i s  a mature technology,  l a r g e  g a i n s  a r e  n o t  l i k e l y  

S ince t h e  p r i m a r y  c o s t  a s s o c i a t e d  w i t h  a i r - s e p a r a t i o n  systems i s  

energy consumption, e f f i c i e n t  processes u s i n g  l e s s  e l e c t r i c ' i t y  a r e  

d e s i r a b l e .  

s i g n i f i c a n t  ga ins  a r e  r e a l i z e d  if t h e  waste heat  f rom another  process i s  

used as an energy source, as i s  done i n  t h e  MOLTOX process. 

system w i l l  soon become a p p l i c a b l e  i n  c o a l - g a s i f i c a t i o n  p l a n t s ,  where 

s u f f i c i e n t  amounts o f  waste h e a t  a r e  a v a i l a b l e .  

(i) M a t e r i a l  s e l e c t i o n  l e a d i n g  t o  c o r r o s i o n  r e d u c t i o n .  (ii) E f f i c i e n t  

i n t e g r a t i o n  o f  t h e  h e a t - t r a n s f e r  systems o f  t h e  MOLTOX p l a n t  w i t h  t h e  

heat -expor t  systems o f  t h e  h o s t  p l a n t .  (iii) I n c r e a s i n g  t h e  l e v e l  o f  i n p u t  

Cog t h a t  can be e f f e c t i v e l y  handled, e s p e c i a l l y  when t h e  MOLTOX p l a n t  i s  

l o c a t e d  near  a c o a l  g a s i f i e r .  ( i v )  General problems i n v o l v e d  i n  s c a l i n g  up 

t o  t h e  l a r g e  requi rements o f  a c o a l - g a s i f i c a t i o n  p l a n t  must be i d e n t i f i e d  

and assessed. (v )  Research l e a d i n g  t o  inc reased understanding o f  t h e  

mol t e n  s a l t  i s necessary, e. g. , s a l t  losses,  k i n e t i c s ,  and s a l  t - l o o p  

equipment des ign.  

f r e q u e n t l y  d i f f i c u l t  t o  o p t i m i z e  t h e  p l a n t  and meet changing requi rements 

such as p u r i t y ,  amount, turndown t ime,  e t c .  D i f f e r e n t  . g a s i f i c a t i o n  systems 

(SNG, I G C C ,  e t c . )  w i l l  have d i f f e r e n t  demands. Proper o p t i m i z a t i o n  r o u t e s  

a r e  n o t  c l e a r  a t  t h i s  t i m e  and should be pursued. 

Gains can be made by o p t i m i z i n g  mechanical systems, but  

The MOLTOX 

The f o l l o w i n g  problems need t o  be assessed i n  t h e  MOLTOX system: 

When an oxygen p l a n t  i s  i n t e g r a t e d  w i t h  a c o a l  g a s i f i e r ,  i t  i s  

The s tudy of a l t e r n a t i v e  a i r - s e p a r a t i o n  techn iques  should be 

cont inued.  

a p p l i c a t i o n s  w i l l  probab ly  be a process based on membrane technology.  

The most p romis ing  new procedure f o r  c o a l - g a s i f i c a t i o n  
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13 .2 .  Ut i l i za t ion  and Disposal of Ash From Gasi f iers* 

A considerable amount of t e s t i n g  has been performed on ash 

products from coal-gasi f icat ion processes a t  p i l o t -  and commercial-size 

p lan ts .  

Federal and s t a t e  standards and allow f o r  the quant i t ies  of  ions i n  the  

water t h a t  may be leached from the ash. In a l l  instances, EPA standards 

have been eas i l y  achieved f o r  ash samples from the Texaco, She l l ,  KRW, 

Lurgi, and British Gas/Lurgi gas i f i ca t ion  processes. 

t h a t  more severe standards f o r  metal ions i n  water may be s e t  by s t a t e  than 

by Federal regulat ions.  The ash product from the Cool Water, Texaco-based 

p lant  was declared t o  be non-hazardous by the  Cal i fornia S ta te  Department of 

Health when i t  was tes ted  according t o  the severe standards of Cal i fornia.  

During coal gas i f i ca t ion ,  the ash i n  the  coal i s  melted i n  the g a s i f i e r s  

(She l l ,  Texaco, L u r g i ,  Dow, etc . )  

hard so l id .  T h i s  material has been heated t o  re la t i ve l y  h i g h  surface 

temperatures and i s  re la t i ve l y  impervious t o  leaching by ground water 

percolat ing through deposi ts  i n  l a n d f i l l s .  

estab l ished local markets f o r  a number of special appl icat ions.  Table 

13.2-1 shows the  amount of ash from pulverized coal p lants  t h a t  i s  produced. 

Coal ash from pulverized fuel  p lan ts  i s  produced i n  the form of ( i )  l i g h t ,  

f l u f f y  f l y  ash t h a t  i s  ca r r i ed  out  of the  furnace by 

and ( i i )  bottom ash t h a t  represents  ash t h a t  has been melted i n  the  furnace. 

In the  US, markets f o r  low-density f l y  ash absorbs on y about 15% of the 

avai lab le ash, whereas a l a rge r  port ion of the denser bottom ash i s  used 

commercially f o r  a wide number of appl icat ions (Table 13.2-2).  

ash from coal a re  s i te -spec i f i c  s ince the  se l l i ng  pr ice  i s  re la t i ve l y  low 

($2-8/ton). For a l l  uses, s h i p p i n g  cos ts  a f f e c t  the  d is tance t h a t  the ash 

Regulations regarding permissible leachates i n to  water a re  s e t  by 

I t  should be noted 

The resu l tan t  ash product i s  a glassy,  

In the  US, coal ash from pulverized fuel  combustion has 

he combustion gases 

Markets f o r  

* T h i s  sect idn has been wr i t ten by S.B. Alpert .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1979 

can be t r a n s p o r t e d  b e f o r e  i t s  use becomes eonomica l l y  u n a t t r a c t i v e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
13.2-2 a l s o  shows r e p r e s e n t a t i v e  markets f o r  US coa l  ash. 

operated on a sca le  a t  which r e p r e s e n t a t i v e  ash i s  b e i n g  produced. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA major  

i n c e n t i v e  i n  deve lop ing  markets  f o r  t h i s  by-product i s  t o  a v o i d  t h e  expense 

o f  l a n d - f i l l  d i s p o s a l  a t  c o s t s  o f  $5-20/ton, depending on l o c a t i o n  and o t h e r  

s i t e - s p e c i f i c  f a c t o r s .  

Table 

I n  t h e  US, c o a l - g a s i f i c a t i o n  p l a n t s  have o n l y  r e c e n t l y  been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L 

1983 1995 (estimated) 

'Table 13.2-1 

68.3 

. 

70.3 110 

Coal ash from conventional US combustion p l a n t s  
i n  106 mt/yr). 

T o t a l  u t i l i z e d  

Tota l  disposal 

Tota l  produced 

7.5 2.8 

44.8 11.2 

52.4 14.0 

Fly ash 

Bottom ash and b o i l e r  s l a g  

52.2 52.4 

16 .1  1 17.9 1 82 

28 

Table 13.2-2. Ash u t i l i z a t i o n  i n  the US during 1983, i n  lo6 mt/yr. 

Application zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI Fly Ash 1 Bottom Ash 

Cement 

S t ruc tu ra l  f i l l  

Road base 

Asphalt mix 

Snow and ice cont ro l  

G r i t ,  roof ing,  gravels 

Grouting 

Coal mining 

Miscellaneous 

1 3.5 

1 .4  

0.5 

0.1 

0 . 1  

- -  
0.2 

0.2 

1.5 

0.4 

1.1 

0.3 

0.1 

0.4 

- -  
0 

0 .1  

0.4 
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1 0.3 

0.2 

0 .1  

0.1  

0.2 

1.5  

0 

- -  
0.1 

2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.4 

? 



Table 13.2-3.  Representative app l ica t ions  f o r  coa l -gas i f i ca t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAash. 

Market Applications 

Agr icu l tu ra l  use S o i l  s t a b i l i z a t i o n ,  s o i l  cond i t ioner ,  s o i l  
neu t ra l i za t i on ,  ac id  water treatment 

I n d u s t r i a l  use Sandblasting, roof ing granules,  i n d u s t r i a l  
f i l lers,  mineral wool, sludge s t a b i l i z a t i o n  

Cement, concrete Concrete aggregate and concrete extender 

Road cons t ruc t ion  Road b a l l a s t ,  base, aspha l t ,  cons t ruc t ion  
mater.ia1 

S o i l  s t a b i l i z a t i o n  Landf i l l  

Resource recovery Concentrate and recover minerals ( t h i s  is  a 
long-term po ten t i a l )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

New generic applications may be developed by comparing the 
properties of ash products from coal gasification with required 

specifications for mineral products. Considerable screening work is 

generally required. Representative markets are summarized i n  Table 13.2-3.  
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADOE program to evaluate ash utilization from a number of 

representative gasifiers and using a variety of US coals is recommended. 

Test work on applications should be performed cooperatively with producers, 

using ash products from operating plants. 

13.2-1. Environmental-Impact Studies 

Technology exists for acceptable disposal of coal-ash wastes. 

Environmental issues in handling and disposal of ash are: (i) air-related 

issues involving fugitive dust emissions from ash piles and handling; (ii) 

groundwater contamination and contamination 

percolation; (iii) land-use related considerations, including ash stability, 

pile erosion, and structural stability; and (iv) ecological and biological 

impacts. All of these issues are site-specific. Acceptable environmental 

controls should be achievable because of the relatively benign character of 

the ash produced from coal-gasification plants. 

resulting from run-off and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Long-term testing and evaluation of sites where ash is stored are 

being performed. 

environmental program may not be appropriate because of the site-specific 

nature of environmental controls. 

DOE should review these programs but a generic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

13.3. Construction Materials for Coal Gasification 

13.3-1. Introduction 

The materials used for construction i n  coal-gasification plants 

are subjected to highly aggressive environments at elevated temperatures 
under conditions o f  severe erosion, corrosion, and mechanical and thermal 

stresses. During the past decade, progress has been made in studies of the 

candidate materials, in both laboratory experiments and under operating 

conditions in coal-gasification plants. 

materials problems that must be addressed: (i) gaseous corrosion of metals 

and refractories; (ii) slag corrosion of refractories; (i i i) erosive wear; 

(iv) the material s/design interface and economic considerations including 

life-cycle costs; and (v) nondestructive examination. Several excellent 

reviews have been published in recent years. 

on information presented in Refs. 1-7. 

The following are the major 

The following summary is based 

13.3-2. High-Temperature Corrosion 

Degradation of materials at elevated temperatures results from 

both corrosion wastage and loss of structural integrity. Chemical .reactions 

with the ambient environment may cause rapid wastage or intense localized 

attack, which limits component life. 

in plant performance and availability, as well as to increased costs. 

Gaseous corrosion of metallic materials leads to oxidation, 

sulfidation, carburization, and nitridation. These reactions are complex 

because of interactions between the multiple reactive species present in the 

This process leads to serious losses 

* This section has been written by M.T. Simnad, Center for Energy and 

Combustion Research and Dept. of Applied Mechanics and Engineering 

Science, University of California, San Diego, La Jolla, CA 92038. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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environment and t h e  a l l o y i n g  elements i n  a l l o y  components. 

a l l o y  performance a r e  based on thermochemist ry  and k i n e t i c  f a c t o r s ,  which 

i n c l u d e  time-dependent c o n s i d e r a t i o n s  of t h e  n a t u r e  o f  t h e  r e a c t i o n  

produc ts .  

g a s i f i c a t i o n  agent  ( a i r ,  oxygen, o r  steam), t y p e  o f  r e a c t o r ,  and o p e r a t i n g  

temperature and pressure  (Tab le  13.3-1). 

g e n e r a l i z e d  approach f o r  t h e  e v a l u a t i o n  o f  r e a c t i o n  p o t e n t i a l s  i n  complex 

gas m i x t u r e s  and concluded t h a t ,  i n  c o a l - g a s i f i c a t i o n  atmospheres i n v o l v i n g  

r e a c t i v e  species such as oxygen, s u l f u r ,  and carbon, s u l f i d a t i o n  o f  t h e  

a l l o y  i s  t h e  major  mode o f  m a t e r i a l  degradat ion .  

p r o t e c t i v e  ox ide  sca les  a r e  needed t o  l i m i t  c o r r o s i o n  r a t e s  t o  acceptab le  

l e v e l s .  H igh  chromium and aluminum con ten ts  i n  t h e  i r o n - ,  n i c k e l - ,  arid 

cobal t -base a l l o y s  l e a d  t o  t h e  f o r m a t i o n  o f  r e l a t i v e l y  s t a b l e  ox ide  f i l m s .  

H igh -n i cke l  a l l o y s  form low-mel t ing  N i - s u l f i d e  e u t e c t i c s  i n  t h e  sca le  o r  

i n t e r i o r  o f  t h e  base a l l o y  even i n  gas environments w i t h  l ow t o  moderate 

s u l f u r  p a r t i a l  p ressures .  For  t h i s  reason, a l l o y s  w i t h  h i g h  chromium and 

f a i r l y  l ow  n i c k e l  con ten ts  a r e  s e l e c t e d  f o r  use i n  c o a l - g a s i f i c a t i o n  systems 

(Tab le  13.3-2). 

pressures  i n  t h e  gas phase, t h e  a l l o y  composi t ion,  and t h e  t e s t  temperature 

and pressure  have been determined.  . These da ta  have p rov ided  i n f o r m a t i o n  

needed t o  e s t a b l i s h  t h e  c r i t i c a l  oxygen pressures  t h a t  a l l o w  t h e  fo rma t ion  

o f  s t a b l e  p r o t e c t i v e  ox ide  sca les  on a l l o y  sur faces  (see F igs .  13.3-1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
13.3-2, Tab le  13.3-3). 

P r e d i c t i o n s  o f  

The composi t ion of t h e  gas phase depends on coa l  feedstock,  

Natesan’” has presented  a 

A l l o y s  t h a t  develop 

The i n t e r - r e l a t i o n s h i p s  among oxygen and s u l f u r  p a r t - i a l  

2 

There i s  a need f o r  more d e t a i l e d  s t u d i e s  o f  n u c l e a t i o n  and 

l a t e r a l  growth o f  chromium-rich ox ides  f o r  high-chromium a l l o y s  on exposure 

t o  environments w i t h  low p a r t i a l  p ressures  o f  oxygen and i n  t h e  presence o f  

s u l f i d a t i o n .  

been examined i n  d i f f e r e n t  mechan is t i c  regimes d e f i n e d  by t h e  temperature 

and o x i d a n t  (oxygen and s u l f u r )  p o t e n t i a l s . ’  A number o f  r e a c t i o n  sequences 

have been p o s t u l a t e d  as a r e s u l t  o f  these s t u d i e s  and a r e  d e p i c t e d  i n  F ig .  

13.3-3. 

overgrowth above t h e  ox ide  and s u l f i d e  n u c l e i .  

th rough t h e  sca le  leads  t o  t h e  fo rma t ion  o f  v o i d s  i n  t h e  subscale. 

presence o f  h i g h  A1 and T i  i n  t h e  a l l o y  s t a b i l i z e s  t h e  ox ide  n u c l e i  r e l a t i v e  

t o  t h e  s u l f i d e  by p r e f e r e n t i a l  ox ide  fo rma t ion .  

The o x i d a t i o n - s u l f i d a t i o n  behav io r  o f  cand ida te  a l l o y s  has 

The h i g h e r  g rowth  r a t e  o f  t h e  s u l f i d e  g i v e s  r i s e  t o  s u l f i d e  

Outward c a t i o n  d i f f u s i o n  

The 
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The ref ractory  mater ia ls used f o r  l in ings  and components of 

coal-gasi f icat ion p lants  a re  a lso  subject  t o  corrosion a t  elevated 

temperatures (Table 13.3-4). 

grains bonded with s in tered cement o r  fused matrices (Tables 13.3-5 and 

13.3-6). For condit ions of severe erosion, high alumina-type re f rac to r ies  

a re  used. When high thermal conductivi ty i s  required, s i l i con  carbide 

ref ractory  shapes are  employed. 

hydrogen or water vapor i n  the gas phase. 

from the  ref ractory  br icks containing s i l i c a t e s  (such as  f i r eb r i ck )  and 

de ter io ra t ion  of the  br icks by erosion and mechanical weakening. 

Low-silica re f rac to r ies  a re  used i n  the  working l i n ings  of non-slagging 

regions i n  order t o  mit igate losses of s i l i c a  by react ions w i t h  hydrogen 

and/or steam. 

dense f i r ec lay  aggregates, bonded with high-purity alumina cements o r  dense 

high-alumina f i r ec lay  br ick.  

The re f rac to r ies  a re  aggregates of ceramic 

Gaseous Si0 wi l l  form i n  the  presence of 

The process causes loss of s i l i c a  

The preferred re f rac to r ies  a re  dense castables of high-f ired, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 13 .3 -1 .  Gompai-ison of operating conditions in coal gasifiers and other industrial 

processes; reproduced from Ref. 1 .  Unless indicated otherwise, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc o m -  
positions are given in volo/~. 

Compound or 
Parameter 

Low-Btu 
Lurgi 

13.3 

13.3 

19.6 

10.1 

5.5 

0.6 

37.5 N2 

621-760 

2.41 -3.1 a 

Low-Btu 
Winkler 

19.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 . 2  

11.7 

11.5. 

0.5 

1300 

51.1 N2 

815-1 01 0 

0.101 

High-Etu 
Synthane 

10.5 

18.5 

17.5 

37.1 

15.1 

0.5 

0.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

98 2 

6. u9 

High-B tu 
Hygas 

(steam-iron) 

7.4 

7.1 

22.5 

32.9 

26.2 

1.0 

1.5 

Abovc 500 

6.89 

Fluid- 
catalyst 

:r acking-unit 
regenerator 

7 

9 

17 

Trace 

61 N2 

AIJOVC 700 

0.28 

Ammonia- 
plant 

secondary- 
reformer 

6.4 

3.9 

28.0 

50.8 

0.1 

- 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10.8 N2 

7 87 

1.38-2.07 

Slagging 
Texaco 

35.6 

12.8 

24.8 

26 .2  

0.07 

- 
0.11 

0.28 N2 

1550 

3 

;lagging 
Bi-Gas 

12.0 

13. 0 

15. 0 

52.0 

7.0 

0.5 

1650 

7 



~. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13.3-2. Candidate metallic materials for application in  coal-gasification 

plants; f r o m  the National Mater ia ls Board (1977). The  data a.re 
f r om A. M. Hall, Battelle Columbus Laborator ies,  Columbus, 
Ohio, and are reproduced f rom Ref. 1. 

Designation 

15Cr -3Mo 

Stellitc 12 (tracle- 
mark of the 
Stcllite Division 
of Cabot Corp.) 

A-387 (Grade D) 

A-516 

A-533 

310 

5ONi-5OCr 

Alloy 400 

Classification 

Alloy whitc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
iron 

Hard facing 
alloy 

Cr-Mo pkte 
stcol 

C-Si platc 
steel 

Mn-Mo-Ni 
plate steel 

25/20 stain- 
less steel 

Wrought heat- 
rcsistant 
alloy 

Formerly 
moncl 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.00 

- 

1.80 

0.15 

0. 27 

0.25 

0.20 

- 

0.12 

- 
Mn 

0.85 
- 

- 

0.40 

0.70 

1. 25 

1.00 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. 90 

Nominal composition, % - 
Si - 

0.50 

0.40 

0. 25 

0. 25 

1.00 

- 

0.15 

- 

- 
Cr - 

15.00 

29.00 

2.25 

- 

25.00. 

5 0  

- 
- 

Ni 

0.85 

20.00 

Bal 

Bal 

- 
Mo 

2.75 
- 

1.00 

0 .50  

- 

- 

Others 

59.0 c o  
9.0w 

31.5 Cu 

Applfcation 

Wear parts for 
pumps. valvca. 
fccdcrs 

Shells, heads, 
ducts 

Exposed internals, 
and penetrations, 
high- temperature 
cyclone6 

Slicll liner 

From the National Materials Advisory Board (1977). 
Laboratories, Columbus, Ohio, and a rc  reproduced Irom Ref. 1. 

The data a r e  from A. M. Hall. Battelle Columbus 

- 
E - 
0 - 
N 

v) 

a. 

0 - 

fCr3S4 f FeS f Ni& 
-5 I 1  

/' - -HIGH- 
-6- 

-7 - 

e 

. .  

r"n /. 

I I I1 / 
-101 

-23 -22 -21 -20 -19 -18 -17 -16 -15 

log p02(olm) 

Fig. 13.3-1. Thermochemical diagram for Type 310 stainless steel 
a t  87 1 "C, showing an experimentally-determined 
kinetic boundary (dashed line). 
represent low- ancl medium-Rtu gasifier conditions, 
respectively; black dots a re  experimental gas 
potentials (reproduced from Ref. 2). 

Open and solid symbols 
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TEMPERATURE I"Cl 

- 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 
u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$ -5 
0 
0 - 

-7 

-9 

-1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 

700 902 I 100 1301 

Ty I< 

Fig. 13.3-2. Isocorrosion rate curves for types 304 and 316 stain- 
less steel as a function of sulfur potential; reproduced 
fromRef. 1.  

Table 13. 3-3. Stability of alloy elements in medium (27% Hz, 2870 H20, 
31% CO, 13% CO2, 1% H2S) and low (12% 132, 8% HzO. 

gasification atmospheres; reproduced from Ref. 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20% GO, 8% Cozy 4% CH4, 47% N2, 1"h HzS) BTU Cod- 

-~ 

Alloy bases 

Desulpliur izer 

Deoxidizer 

Reactive additions 

Solute strengthenerr 

Phase stability (phase can be formed in the gas between 300 and 1200°C 

Element 

Fe 
N i  

co 

Mn 

Si 

Cr 
A1 
Ti 

Mo 

Oxide 
(Mol 

X 

X 

Equilibrium phase 
in stable 

equilibrium 
with gas 

Ms 
M S  
MS 

MS 

MO 

MO 
MO 
MO 

MS 
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I Competition; U. Overgrowth: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIII Cr S Formation; 
IV Dissociation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Internal Sulfida$i& 

Fig. 13.3-3. Reaction model for oxidation- sulfidation i n  mixed oxidant environments; 
reproduced f rom Ref. 1. 
sulfide is molten at the test  temperature,  islands of Cr S oxides and 
Cr-depleted alloy exist  in  the outer scale after cooling due to gra in 
boundary at tack by the liquid. 

An as te r i sk  p) indicates that, if the base meta l  

X Y  

Table 13.3-4. F o r m s  of gaseous corrosion of ceramic  mater ia ls ;  
reproduced f rom Ref. 1. 

React ion 

Reaction with s team 

Reaction with hydrogen 

Reaction with carbon 

Reaction with alkal i  vapor (Na, K) 

Resu l t  

Leaching of Si02, A1P04, Ca 

Reduction of solid S O 2 ,  and Fe203  

to gaseous Si0 and Fe /FeO 

Disintegration by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO attack through 

deposite of C near Fe in  re f rac to ry  

causing highly local  stresses 

Change in  re f rac to ry  / cer  amic 

composition through d i rect  

react ion with Na, K - 
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Table 13.3-5. Candidate s t ructura l  ceramic mater ia ls  and their propert ies; reproduced f rom 
Ref. 1 and based on data of M. G. Coombs and D. M. Kotchick (1979). 

Linear thermal 
expansion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 106 

Thermal 
conductivity 

at 982°C (1800°F) 
Maximum use 
temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

"C( OF) 

982 (1800) 
16 

1648 (3000+) 

1648 (3000+) 

1537 (2800) 

1537 (2800) 

1371 (2500) 

1537 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2800) 

1537 (2800) 

1343 (2540) 

Candidate 
materials Strength Fabr icability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cm/cm- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"K [Btufhr-"F-ft) Watts/ %-in 

Low 
3.46 

10.38 

4.3 

15.6 

8.7 

17.3 

39.8 

19.0 

19.0-34.6 

u s ,  MAS 
and AS 

"'2'3 

Mullite 

Si N4 
ho?-pressed 

Si3N4 
reaction- 
bonded 

Si3N4 
sintered 

sic 
hot- pressed 

Sic  
sintered 

sic 
siliconized 

Moderate 

Moderate 
to good 

Moderate 

High 

Moderate 

High 

High 

Moderate 
to high 

Moderate 

0.4 to 
5.4 

8.1 

4.5 

3.2 

3.2 

3.6 

4.3 

4.5 

5.0 

Low 
(2 .0 )  

Low 
(6.0) 

(2.5) 

(9) 

(5 1 

Low 

Moderate 

Low 

Moderate 
(10) 

Good 
(23) 

(1 1) 

Good 

(11-20) 

Moderate 

Good 

Good 

Good 

Poor 

Good 

Good 

Poor 

Good 

Good 

LOW to 
moderate 
( 0 . 2  to 3.0) 

High 
(4.5) 

(2.5) 

Moderate 
((1.8) 

(1.8) 

Moderate 

Moderate 

Moderate 
( 2 . 0 )  

(2.4) 

(2.5) 

(2.8) 

Moderate 

Moderate 

Moderate 

Table 13.3-6. Chemical composition (in wt%) of severa l  re f ractor ies;  reproduced f rom Ref. 1 
and based on data of R. E. Dial-(1975). Castables are i tems 1 to 5 and shapes 
are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 to 13. 

Bubble A1203 Fused cas t  AlZ03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI sic 
Refractory 

I 2  8 

* h 0 3  
so2  

Fe 2' 3 
CaO 

Alkalis 

Other 

94.6 

0 .5  

0 .2  

4 .2  

0.4 

94.1 

0.5  

0 . 2  

4.7 

0.4 

99.3 

0 .1  

0.1 

0.1 

0 .4  

82.7 (Sic) 
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Refractor ies containing f r e e  i ron o r  iron-oxide-bearing compounds 

a re  sub jec t  t o  d is in tegra t ion  by carbon deposi t ion (v ia  decomposition of CO 

t o  C and C02), w h i c h  leads t o  high local  stresses t h a t  spal l  the re f ractory .  

T h i s  phenomenon occurs i n  the temperature range 400-650OC. Another cause of 
des t ruc t ion  of alumina-si l ica re f rac to r ies  i s  react ion w i t h  alka l ies,  which 

r e s u l t s  i n  a 30% volume expansion t h a t  causes the ref ractory  t o  spa l l .  

Western l i g n i t e  coa ls  contain sodium and have been reported t o  cause 

a lka l i -a t tack  fa i lure i n  a slagging-type g a s i f i e r ,  where a mull i te 

re f rac to ry  f a i l e d  a f t e r  125 hours of exposure a t  about 1000°C. 

In slagging coal-gasi f icat ion systems, corrosion of re f rac to r ies  

by molten s lag  occurs by a complex physiochemical process. The r a t e  of 

corrosion i s  governed by mass t ranspor t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  material across the  bounda.ry 

layer ,  w h i c h  t h u s  involves f l u i d  flow and d i f fus ion.  Both thermodynamic and 

kinet ic processes m u s t  be considered, as well as the pore structure a.nd 

grain boundaries of the  re f rac to ry  and the nature of the react ion products. 

The phys ica l ,  chemical and thermal proper t ies of the l iqu id  s lag ,  

re f rac to ry ,  and react ion products determine the  corrosion of the  

re f rac to r ies  by l iqu id  s lags.  

molten s lag  i s  an important parameter, especia l ly  the  so lub i l i t y  of the 

grain boundary o r  bonding phases. 

and l ime-si l ica re f rac to r ies  a re  su i tab le  f o r  use only u p  t o  about 15OOOC 

and t h a t ,  w i t h  h i g h  s i l i c a ' s l a g s ,  the z i rconia and chromium oxide 

re f rac to r ies  a re  more su i tab le. '  

chrome-magnesite and pure magnesia re f rac to r ies  a re  preferred. 

composition gradients.  The so lub i l i t y  of the re f rac to ry  i n  the s lag 

decreases w i t h  decreasing temperature, while the  s lag  v iscos i ty  increases 

and d i f fus ion decreases. These changes cause the  corrosion, material 

t ranspor t ,  and penetrat ion r a t e s  t o  decrease and eventual ly stop. '  

r e s u l t ,  an equil ibr ium thickness of water-cooled re f rac to ry  l in ing  i s  

establ ished,  which depends on the  thermal conduct iv i ty of the  ref ractory  and 

the  m i n i m u m  temperature of the  chemical react ions.  High thermal 

conduct iv i ty and h i g h  m i n i m u m  react ion temperatures a re  des i rab le  under 

slagging condi t ions.  Also, good res is tance t o  abrasion, cracking, and 

spal l ing a re  important c r i t e r i a  i n  the  se lect ion of re f rac to r ies  f o r  

slagging gas i f i e rs .  Cooling p la tes  penetrat ing i n to  the  re f rac to ry  l in ing  

The so lub i l i t y  of the  re f rac to ry  i n  the 

I t  has been reported t h a t  alumina-si l ica 

For the more f l u i d  low-si l ica s lags ,  the 

The f a l l i n g  temperature gradients i n  the l i n e r  a f f e c t  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As a 
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are effective i n  forming a chilled slag layer or reducing solubility, 

material transport, and slag penetration, thereby greatly increasing 

operating life. Thin refractory linings on water-cooled walls are used in 

commercial slagging gasifiers, with the linings applied over studded metal 

tubes forming part of the metal wall. Candidate linings include fireclay, 

chrome ore, silicon carbide, alumina, and zircon sand (Zr silicate). 

bonding agents that are used in applying the liners include calcium aluminum 

cement, phosphate compounds, sodium silicates, clay, boric acid, sulfur 

cement, and organic compounds. The water-cooled thin linings last 1-2 

years; the longest lifetimes have been achieved with silicon-carbide 

containing vanadium additions, because of the high thermal conductivities 

and abrasion resistance. 

The 

The presence of particulate matter in the gas stream will enhance 

the degradation of alloy components by erosion-corrosion and sulfidation. 

Char-particle deposits act primarily by lowering the oxygen pressure in 

their vicinity and thereby promote sulfidation reactions. 

13.3-3. Low-Temperature Corrosion 

The aqueous solutions i n  coal-gasification systems are highly 

corrosive to the structural materials in components such as heat exchangers, 

fractionation columns, condensers, slurry pipelines, scrubbers and quench 

systems. 

salts, and organic acids, which may give rise to intense localized corrosion 

such as pitting, crevice corrosion, and stress-corrosion cracking. 

selection of alloys under these service conditions depends on the specific 

impurities that are present in the aqueous media. 

statistically designed, environmental tests, the concentrations of the 

different chemical species were varied systematically over a temperature 

range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 121 to 239OC.' The results indicate that the corrosion rates 

ranged from a low of less than 0.025 mm/yr for high-nickel alloys, 

austenitic stainless steels, and titanium, to rates exceeding 2.5 mm/yr for 

carbon steel, 410 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASS and 430 SS, and above 5mm/yr for copper- and 

aluminum-base alloys. 

(i) austenitic stainless steels that have been heat-treated in the 

sensitizing temperature range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  450 to 7OOOC and (ii) in weld areas. 

These solutions contain dissolved aggressive gases, alkalis, 

The 

In extensive, 

Stress-corrosion cracking is particulary severe in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The presence of hydrogen i n  coal-gasification product streams may 

lead to degradation of the pressure-vessel materials (generally low Cr-Mo 

steels such as Fe-2.25Cr-1Mo). 

of ductility and fracture toughness. The conventional approach in 

determining the operating limits for these vessels is to use Nelson curves. 

These curves are based on an empirical compilation of failure data from the 

petrochemical industries. However, recent studies of hydrogen attack in 

pressure-vessel steel have addresssed the influence of environmental and 

metallurgical parameters. The goal of these studies is to provide models 

that can be used to correlated engineering and laboratory data and also to 

predict eventually the behavior under operating conditions. 

reliable fracture analysis can only be carried out when additional data are 

generated on the effects of hydrogen on residual stresses, plasticity, 

fatigue crack-growth rate, creep, and creep-fatigue interactions. 

Hydrogen attack of the steel results in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss 

However, 

13.3-4 Erosive Wear 

Erosive wear by solid particles entrained in gas streams zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  

One model is applicable to usually explained in terms o f  two models. 

ductile materials and involves the mechanism o f  plastic flow. 

model explains wear for brittle materials i n  terms of micro-fracture. 

models include a number of parameters related to both the impacting 

particles and the impacted materials. 

The properties of the impacting particles include size, shape, 

hardness, velocity, angle of particle impingement, and the loading density 

of the particles i n  the flowing stream. 

materials that influence wear include microstructure and mechanical 

properties and hardness. For example, for stainless steels, the resistance 

to wear decreases with increasing temperature because the ductility 

decreases correspondingly. 

high-yield strength matrix show the least wear . 
erosion resistance is inversely proportional to the flow resistance o f  the 

materi a1 . 
In brittle materials, erosion is influenced by porosity, as well 

The second 

Both 

The properties of the impacted 

Alloys having a well-dispersed carbide i n  a 

In ductile materials, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

as by hardness and toughness. Hence, high-density material has superior zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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wear resistance (Figs. 13.3-4 and -5). The wear model for brittle materials 

is based on the suggestion that surface cracks formed by particle 

impingement nucleate larger cracks, which results in material being removed 

by localized fracture. There is a need for information on the variation of 

hardness, ductility, and toughness of the refractory materials as a function 

of temperature. The best correlation appears to be between erosion rate and 

compressive strength of refractories (Table 13.3-7). Erosion rates may also 

be improved by enhancing the properties of the bonding material. 

The mechanism of erosion is also influenced by the size of the 

impinging particles. Large particles tend to bridge the distance between 

the aggregate grains in refractories, whereas fine particles undercut the 

aggregate and cause much higher erosion rates. 

where the refractories have some ductility, their erosion behavior is 

similar to that of a metal rather than a brittle ceramic. Erosion rates are 

also influenced by flow conditions, fluid mechanics of the gas stream, 

temperatures, and corrosiveness of the ambient environment. 

At elevated temperatures 

13.3-5. Mechanical Properties 

The complex gas environment affects the mechanical properties of 

These corrosion rates are difficult to predict for long-term 

the materials, both by intergranular penetration of sulfur and by breakaway 

corrosion. 

service. Experimental studies on the mechanical properties of the materials 

in gas environments include measurements of uniaxial tensile strength, 

uniaxial and biaxial creep rupture, low-cycle fatigue, impact, and 

stress-corrosion cracking. 

Tensile tests of candidate alloys after exposures of 1000 hr at 
649'C to air and gas mixtures with 0.5% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2S at 68 atm have been reported. 1 

The results indicate that, with gas compositions which allow the formation 

of oxide films, there is a negligible effect on the tensile properties and 

impact strength of all of the selected alloys except for IN-657 

(48Cr-50Ni-1.5Nb), which had an elongation value of zero after exposure to 

the gas environment. 

(48Cr-51.5Ni-0.4Ti) showed no significant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o s s  of ductility after exposure 

to the mixed-gas environments. 

On the other hand, the similar alloy IN-671 

These results illustrate the striking 



difference caused by Ti and Nb additions. Other high-Cr alloys (Incoloy-800 

and type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA310 SS), when exposed for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 hr to gas mixtures with a wide range 

of oxygen and sulfur partial pressures between 750 and 98ZoC, show a 

decrease i n  strength with a decrease in oxygen partial pressure in the 

preexposure environment. 

partial pressure is below a threshold value, the creep-rupture life and 

rupture strain are significantly lowered. 

stress-corrosion cracking of several alloys was tested in 

oxidizing-sulfidizing and oxidizing-sulfidizing-carburizing atmospheres. 

The results are summarized in Fig. 13.3-6. 

The results of creep-rupture tests indicate that, if the oxygen 

Susceptibility to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 13. 3-4. Summary of ranges of properties pertinent to erosion resistance for different 
classes of materials; reproduced From Ref. 3. 
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Fig. 13.3-5. Temperature dependence of erosion of high-temperature 
alloys (flue gas, 1 2 u m  alumina part icles a t  nominally 30"): 
reproduced f rom Ref. 3 and based on EPRI data. 

Table 13.3-7. Propert ies and eros ion characterist ics of selected 
ceramics; reproduced from Ref. 3. 

Grade 

Float glass 

Hot- pres sed 

Hot-pressed 

Sintered 

Hot-pressed 

Hot- p r e s  sed 

Hot-pressed 

Hot-pressed 

Sintered 

5.2 

6.6 

10.9 

17.7 

26.1 

31.0 

22.7 

20.7 

15.9 

9.4 

~~ 

Frac ture  
toughness 

(MPaml 12) 

0.75 

2.4 

2.9 

2.7 

2.7 

-- 

4.0 

5.3 

4.2 

4.0 

Eros ion 
character is t ics 

Microcutting/ 
la te ra l  cracking 

Microcutting/ 
mic r  oflaking 
(trans gr  anular ) 

Microflaking 
(trans granular) 

Intergranular 
wear 

'Test conditions: velocity = 135 m l s e c ,  B = 90°, 8% si l ica o i l  slurry. 
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Pressure vessels in second-generation coal-gasification plants 

being developed in the US require higher temperatures and/or pressures than 

the early systems. 

pressure-vessel size and wall thickness. An example of the relation between 

design pressure and wall thickness for a pressure-vessel steel is shown in 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13.3-7.  Table 13.3-8 and Figs. 13.3-8 and 13.3-9 show allowable stress 

values for low alloy steels based on the ASME Boiler and Pressure Code, 

Section VIII, Division 1 and 2. In thick-section fabrication, quenching and 

tempering are required to meet code requirements. The problem of hydrogen 

attack on pressure-vessel steels must be addressed in operations at higher 

temperatures and pressures. Refractory linings have to be used in the 

vessels in order to limit the wall temperatures to less than about 325OC. 

Monolithic linings are preferred and are also said to be relatively 

cost-effective. 

Fabrication technology imposes limitations on 

Heat exchangers are used for the recovery of sensible heat from 

hot gases produced by gasifiers prior to such operations as scrubbing, in 

preheating gasification air or raw materials, or to generate steam. 

heat-exchanger materials function with oxidizing gases on one side arid 

complex reducing gases on the other. 

are listed in Table 13.3-9.  The use of structural ceramics for 

high-temperature heat-exchangers has been limited by the need for a 

statistical approach to the design and the lack of ASME codes for structural 

ceramics. Recent advances in the development of structural ceramics for 

heat exchangers may be of importance to future coal-gasification technology. 

The 

Boiler-tubing-alloy recommendations 

13.3-6.  Materials for Syngas Coolers of Slagging Gasifiers 

The development of entrained-flow, slagging coal-gasifiers is of 

interest for the production of electric power with gas turbines and 

steam-generating systems in integrated, combined-cycle power plants. The 

results of recent studies on materials for syngas coolers i n  slagging 

gasifiers have been descri bed.5 At temperatures above 65OoC, few material s 

resist rapid corrosion by the gases with higher sulphur and lower oxygen 

activities found in the medium- or low-BTU atmospheres (Table 13.3-10) 

because the Fe-Ni sulphides melt above this temperature. Thermodynaniic and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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kinetic factors favor the formation of sulfide-reaction products on many of 

the candidate metals and alloys. Guidance i n  the selection of materials is 

provided by thermodynamic and kinetic data, as well as by analyses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  gas 

equi-libria. 

exchanger metal walls are maintained at 250-500°C, with gas inlet 

temperatures of 1100-1200°C. 

chromium steels for good resistance to corrosion at 400-500°C (Fig. 

13.3-10). 

excellent protection on low alloy steels. 

to sulfidation at 400-500°C is exhibited by high-Cr austenitic stainless 

steels such as types 309 and 310 and also by the cast alloy HK40. 

and Ti-6A1-4V alloys are reported to have the best resistance to corrosion 

among all of the materials tested at 300-500°C. 

cost-effective in use on a life-cycle basis than coated low alloy steels for 

1 ong-term service at temperatures bel ow 4OO0C in syngas cool ers (Tab1 e 

13.3-11). 

In the combined-cycle coal gasification plant, the tubular heat 

A minimum of 23-25% Cr is required in ferritic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A clad or overlay of an alloy such as Fe-19Cr-GA1-0.8Hf provides 

Even better corrosion resistance 

Titanium 

They should be more 

METAL TEMPERATURE ( O F )  

600 800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 1200 1400 1600 1800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t l t l , , t , t l t  28 

26 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA315 4 2 6  537 648 760 871 985 

METAL TEMPERATURE PC) 

Fig. 13.3-6. Maximum allowable working stress for several candi- 
date tubing materials for fossil gas applications: 
reproduced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom Ref. 1 and based on data of D. E. 
Thomas et a1 (1976). 
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WALL THICKNESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[cml 
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Fig. 13.3-7. Relationship of design pressure to inside diameter and 
wall thickness of pressure vessels, based on limits of 
current technology; reproduced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom Ref. 1 and based 
on data of D. A. Canonico et a1 (1978). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

13.3-7. Nuclear Heat Steam-Gasification of Coal 

There has been much interest in several countries in coupling the 

steam-gasification process with a high-temperature nuclear reactor 

(HTGR).6y7 The fluidized bed is now contained in a pressure vessel made of 

boiler steel with inside insulation. The intermediate heat exchanger 

between the primary reactor-coolant helium and the coal gasifier is 

subjected to high temperatures and is also i n  direct contact with the 

coal/stearn fluidized bed. Special high-temperature alloys have been 

developed for this type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  application, with the heat exchanger subjected to 

aggressive conditions. The heat exchanger is immersed in the fluidized-gas 
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generator a t  temperatures ranging from 750 t o  950’C and a t  a pressure of 

about 40 bars.  

f lu id ized by steam. The commercial a l loy Incoloy-800 was selected i n  

Germany as  base composition f o r  70 experimental a l loys ,  w i t h  and w i t h o u t  the 

addit ion of minor al loying elements t o  improve i t s  corrosion res is tance t o  

an acceptable level under these condit ions. 

about 50 vol% of steam and the dry gas contains zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2, C02, CO, CH4, and t races  

of H2S. 

exposure, has a composition ( i n  wt%) of 25-27 Cr, 30-32 N i ,  0.06-0.12 Ce, 

w i t h  the  balance made up of Fe. 

oxide f i lm during thermal cycl ing by improving the  adherence of the scales.  

I t  a lso  improves the  res is tance t o  corrosion and in ternal  oxidation. 

The f lu id ized bed consis ts  of f i ne l y  ground coal which i s  

The wet crude gas contains 

The a l l oy ,  which was found t o  be acceptable a f t e r  10,000 h r  o f  

The Ce serves t o  mit igate spal l ing of the  

Table 13.3-8. Design s t r e s s  values for typical gasif ier plate steels;  
reproduced f romRef .  1 and based on data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof D. A. 
Ganoiiico et a1 (1978). 

Mater ia l  

A - 5 16 -7 0 

A-204-B 

A-204-C 

A-302-B 

A-387 - 22C 12 

CS 

1 
C - ~ M O  

1 
C - 2 M ~  

1 Mn- Mo 

Mn-Mo-Ni 

1 Z 4  Cr - 1Mo 

Minimum 
tensi le 

strength, 
MPa (ksi) 

482 (70) 

482 (70) 

517 (75) 

552 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8 0 )  

552 ( 8 0 )  

517 (75) 

Minimum 
yield 

strength, 
MPa (ski) 

262 (38j 

216 (40) 

296 (43) 

345 (50) 

345 (50) 

310 (45) 

Maximum 
allowable s t r e s s  
(Sect. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVILI Div. l), 

-29 to 3 4 3 ~  
MPa (ksi) 

121 (17.5) 

121 (17.5) 

129 (18.7) 

138 (20.0) 

138 (20.0) 

119 (17.2) 

T 
“C(  ‘F) 

260 (500) 
343 (650) 
37 1 (700) 

260 (500) 
343 (650) 
371 (700) 

260 (500) 
343 (650) 
371 (700) 

260 (500) 
343 (650) 
371 (700) 

260 (500) 
343 (650) 
371 (700) 

260 (500) 
343 (650) 
371 (900) 

Design s t ress  
intensity 

MPa (ksi) 
:Sect. VU1 Div. 2), 

141 (20.5) 
121 (18.4) 
126 (18.3) 

155 (22.5) 
148 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(21:4) 
145 (21.0) 

167 (24.2) 
158 (22.9) 
156 (22.6) 

184 (26.7) 
184 (26.7) 
184 (26.7) 

184 (26.7) 
184 (26.7) 
184 (26.7) 

159 (23.0) 
158 (22.9) 
117 (17.0) 



TEMPERATURE (OC)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 13.3-8. Comparison of the allowable stresses os Section VI& 
Division 1 and the allowable stress intensi t ies of 
Section VIII, Division 2 for  SA 516 grade 70  steel ;  
reproduced f r o m  Ref. 1 and based on data of 
D. A. Canonico et a1 (1978). 

TEMPERATURE ( O C )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 13.3-9. 
T, OF 

Comparison of the allowable stresses of Section VIII, 
Division 1 and the allowable stress intcnsities of 
Section VIII, Division 2, for  SA 387 grade 22 class 2 
steel ;  reproduced f rom Rcf. 1 and based on data of 
D. A. Canonico et a1 (1978). 
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Table 13. 3-9. Boi ler tubing alloy recommendations (based on stress and 
f i res ide /s team side corrosion); reproduced f rom zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARef. 1 
D. E. Thomas e t  a1 (1976). 

P ressu re ,  MPa (ps i )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-~ 

2.41 (350) 

3.10 (450) 

4.10 (600) 

4.31 (625) 

7.58 (1100) 

8.96 (1300) 

12.40 (1800) 

13.78 (2000) 

15.16 (2200) 

16.54 (2400) 

24.12 (3500) 

31.00 (4500) 

34.45 (5000) 

538 "C (1000 OF). 

1 
2;iCr - 1Mo 

- 
1 2 3  Cr - 1Mo 

1 

1 

2 ;I Cr - 1Mo 

2 q C r  - 1Mo 

- 

304 SS/Incoloy 800H 

304 SS/Incoloy 800H 

304 SS/Incoloy 800H 

304 SS/lncoloy 800H 

Tempera tures  

649 "C (1 200 OF) 

304 SS 
Incoloy 800H 
Incoloy 802 

304 SS 
Incoloy 800H 
Incoloy 802 

Incoloy 802 

Incoloy 802 

316 SS 
347 ss 
Incoloy 802 

Incoloy 802 

304 SS 
Incoloy 800H 
Incoloy 802 

304 SS 
Incoloy 800H 
Incoloy 802 

Incoloy 802 
Incoloy 617 

Incoloy 617 

.760"C (1400°F) 

347 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAss 
Inco Clad 671/800H 
Incoloy 802 

Incoloy 82 

Incoloy 802 

Inca Clad 671/800H 
Incoloy 802 
Inconel 617 

Incoloy 802 
Inconel 617 

Incoloy 802 
Inconel 617 
HA 188 

Inconel 617 
HA 188 
S 816 

S 816 

s a i 6  



Table 13. 3-10. Representat ive coal-gasification atmospheres;  
reproduced f rom Ref. 5. The product gas  
compositions are given in  ~ 1 % .  

Compounds MPCa 

24 

39 

18 

12 

5 

("3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) 

1 

1.62 

0.66 

51 

b 
Medium BTU 

30 

14  

44 

10 

- 
2 

0.6 

0.47 

0. 23 

24 

LOW B T U ~  

12  

8 

20 

8 

4 

47 

1 

0.67 

0.40 

16 

a 
MPC laboratory tes t  a tmosphere  modelled after the Hygas pilot-plant product 
gas. 

bOxygen-blown slagging gasi f ier .  
C 
Ah-b lown gasi f ier .  

Table 13.3-11. Based on the resu l t s  of 1500-3000 h r  tests .  
ma te r ia l s  and coatings a r e  considered to have good 
potential for fur ther test ing, evaluation, o r  development 
as syngas-cooler components; reproduced f r o m  Ref. 5. 

The l is ted 

Alloy coating 

T-11. 22 s tee ls  

16-18Cr steels 

23-25Cr steels 

Types 304, 347SS 

Types 309 and 310SS, HK40 

Titanium 

T-11 alonieed 

T-11 chromized 

T- 11 sprayed aluminum 

Maximum tempera ture ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C 
- 

< 300 

X 

300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x 

X 

40 0 

X 

500 

X 

X 

X 

X 

X 
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Materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor syngas coolers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof entrained slagging gasifiers 

1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL I 

8 7 1 O C  

(Ref.  3 ) 

Fe- 

Sulfide zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7' 
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Ni-46Cr  

Fe-25Cr 
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4" 
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/ ..e* 

0 .* 
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Med. ETUNO 
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Fig. 13.3-10 .  Oxide-sulphide transition boundaries (ordinate = log ps abscissa = 
log po ) #  pressures in atmospheres. Reproduced f rodRef .  5 and 
based on data of R. A. Perkins and S. J. Vonk (1 97 9). 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHAPTER 14: 

INTRODUCTION TO COSTING* 

Capacity-factored estimating and equipment-factored estimating 

represent the two primary techniques used in the conceptual-estimation of 

synfuels projects. These two techniques and their limitations will be 

discussed. We conclude with an overview of the assessment of risk 

associated with an estimate. 

conceptual estimating, cost definition must be established. Our objective 

in estimating is to establish the selling price or installed cost of a 

new facility. The selling price is composed of the following four major 

cost elements: (i) Direct field costs are those of the permanent physical 

plant facilities and include field material, subcontracts, and labor. 

(ii) Indirect field costs include all of the construction support of the 

permanent facility. (iii) Home-office costs include all labor and expenses 

associated with engineering of the facility. 

sales taxes, escalation, and contingency. 

the four major cost elements. 

cost. This is the primary element we focus on 'in defining the data base 

used for conceptual' estimation. 

elements causes us to treat these items only at the total project level, 

after the direct field costs have been established for all processes, 

utilities, and offsites. 

Capacity-factored estimates for new process units are derived from 

the battery-limit costs of similar units of the same or different capacities 

(i.e., coal gasification, gas cooling and scrubbing, steam generation, 

etc.). 

factored estimating technique can be used to scale the costs of similar 

Before describing these approaches to 

(iv) Other costs include 

Figure 14-1 shows a typical distribution of project costs between 

The largest cost element is the direct field 

The variable nature of the remaining costs 

Through the use of normalized historical data, the capacity- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* This chapter has been written by D. Pescarolo, Fluor Technology, Inc., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3333 Michelson Drive, Irvine, CA 92780. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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process p l a n t s  t o  a r r i v e  a t  t h e  d i r e c t  f i e l d  c o s t s  w i t h i n  t h e  b a t t e r y  l i m i t s  

o f  t h e  new process f a c i l i t y .  

c o n t a i n  normal ized man-hours and m a t e r i a l  d o l l a r s .  A f t e r  s c a l i n g  t o  t h e  new 

p l a n t  c a p a c i t y ,  l a b o r  e f f i c i e n c i e s ,  wage r a t e s ,  and m a t e r i a l  e s c a l a t i o n  can 

be a p p l i e d  t o  a d j u s t  f o r  new p l a n t  l o c a t i o n  and t i m i n g .  

D i r e c t  f i e l d  c o s t s  w i t h i n  t h e  d a t a  base 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcosts: 15-20% costs: 15-20% 

Home-offic e 
costs: 10-15% 
Home-offic e 
costs: 10-15% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 14-1. Relative costs of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfour major cost  elements in 
the total project cost. 

The accuracy a s s o c i a t e d  w i t h  t h e  c a p a c i t y - f a c t o r e d  e s t i m a t e  

depends on severa l  key f a c t o r s .  Most c r i t i c a l  i s  t h e  s i m i l a r i t y  o f  t h e  base 

o r  r e f e r e n c e  p l a n t  t o  t h e  new p l a n t .  S i g n i f i c a n t  d i f f e r e n c e s  i n  

c o n f i g u r a t i o n ,  o p e r a t i n g  c o n d i t i o n s ,  o r  feeds tock  w i l l  g r e a t l y  reduce t h e  

accuracy o f  t h e  es t imate .  Coal composi t ion and l e g i s l a t e d  environmental  

c o n s t r a i n t s  a r e  some o f  t h e  major  i tems d r i v i n g  t h e  des ign  c o n f i g u r a t i o n  

and t h e  c o s t s  assoc ia ted  wi th  e a r l y  s y n f u e l s  s t u d i e s .  

e s t i m a t e  i s  r e l a t e d  t o  our  conf idence i n  t h e  des ign b a s i s .  

The accuracy o f  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I n  t h e  absence o f  a c losely-matched process p l a n t  t h a t  may be used 

i n  c a p a c i t y - f a c t o r e d  e s t i m a t i n g ,  an equipmeht- factored e s t i m a t i n g  approach 

i s  used. Here, each p i e c e  o f  equipment r e p r e s e n t s  a module. The equipment 

modules become b u i l d i n g  b l o c k s  o f  a p r o c e s s w n i t .  

i n c l u d e s  a l l  c o s t s  r e q u i r e d  t o  i n s t a l l  t h a t  p i e c e  o f  equipment a t  t h e  

d i r e c t  f i e l d - c o s t  l e v e l .  

c a p a c i t y ,  m e t a l l u r g y ,  and des ign  pressure  and temperature.  

mandatory d a t a  elements needed t o  e s t a b l i s h  t h e  d i r e c t  f i e l d  c o s t s  

assoc ia ted  w i t h  equipment i tems.  The accuracy a s s o c i a t e d  w i t h  t h e  c o s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  a 

process u n i t  es t imated  th rough t h i s  approach i s  r e l a t e d  t o  o u r  a b i l i t y  t o  

recogn ize  a l l  equipment i tems r e q u i r e d  t o  opera te  t h e  process u n i t  a t  t h e  

r e q u i r e d  stream f a c t o r .  

EXPONE, an equ ipment - fac to r ing  e s t i m a t i n g  t o o l .  

S o f t  areas i n  process o r  des ign d e f i n i t i o n  must be c l e a r l y  segregated and 

analyzed f o r  cost -growth p o t e n t i a l .  

depends on t h e  i n f o r m a t i o n  known a t  t h e  t i m e  o f  t h e  es t imate .  

i s  n o r m a l l y  a p p l i e d  t o  m i t i g a t e  t h e  cost -growth p o t e n t i a l  a s s o c i a t e d  w i t h  

t h e  unknown. 

p r o j e c t  d e f i n i t i o n ,  l a b o r  e f f i c i e n c y ,  m a t e r i a l s  p r i c i n g ,  subcont rac tor  

performance, e s t i m a t e d  t o l e r a n c e s ,  minor  scope changes, minor  schedule 

de lays,  process u n c e r t a i n t i e s ,  wage r a t e s ,  and env i ronmenta l  i m p o s i t i o n s .  

conceptual  f a c i l i t i e s  i s  t h e  l e v e l  o f  process and p r o j e c t  d e f i n i t i o n  when 

t h e  e s t i m a t e  i s  made. U n c e r t a i n t y  and r i s k  i n  an e s t i m a t e  can be d e f i n e d  

and measured th rough t h e  use o f  p r o b a b i l i t y  models. 

t h i s  a n a l y s i s  r e s u l t s  i n  a v a l u a b l e  t o o l  f o r  management. 

has a v e h i c l e  t o  go f rom q u a l i t a t i v e  t o  q u a n t i t a t i v e  statements about  

u n c e r t a i n t y  i n  terms o f  p r o b a b i l i t y  o f  underrunning t h e  es t imated  c o s t .  

The p r o p e r  use o f  a r i s k  model enables us t o  i d e n t i f y  weak l i n k s ,  t h e r e b y  

q u a n t i f y i n g  cost -growth p o t e n t i a l .  Management may then concent ra te  on 

des ign i s s u e s  causing g r e a t e s t  u n c e r t a i n t y .  

For  a $300 m i l l i o n  p l a n t ,  F i g .  14-2 shows t h e  p r o b a b i l i t y  o f  

underrun curve  f o r  a c a p a c i t y - f a c t o r e d  est imate.  The f a c t o r e d  o r  conceptual  

e s t i m a t e  conf idence o f  underrun i s  l e s s  than 30%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA70 i n c r e a s e  t h i s  v a l u e  t o  

50%, 13% cont ingency would have t o  be added; 31% a d d i t i o n a l  con t ingency  

Each equipment module 

Each equipment i t e m  must be d e f i n e d  i n  terms o f  

These a r e  t h e  

Table 14.1 summarizes d a t a  r e q u i r e d - t o  suppor t  

The f i r m e r  t h e  design, t h e  g r e a t e r  t h e  conf idence i n  t h e  es t imate .  

The q u a l i t y  o f  an e s t i m a t e  then 

Cont ingency 

I tems t h a t  must be cons idered i n  e s t a b l i s h i n g  cont ingency a r e  

One o f  t h e  most i m p o r t a n t  f a c t o r s  causing e s t i m a t e  u n c e r t a i n t y  f o r  

I f  p r o p e r l y  performed, 

Management t h u s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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would yield a 75% confidence of underrun. 

50% probability of underrun is the norm. 

detailed estimate. 

plant is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40% complete; orders have been placed for 90% of the machinery and 

equipment. 

the 50% probability is achieved with 3% contingency. 

detailed-estimate probability of underrun curves. 

in underrun shown on the detailed estimate is a function of the maturity of 

design. 

confidence in the estimate. The absolute cost difference between the 

conceptual and detailed estimates is not great i n  this example. This type 

of result is obviously not always obtained, but if it is accepted that one 

of the major uses of conceptual estimates is to determine process 

configuration alternatives; then, the absolute cost is not critical. 

Instead, cost differences are important. Thus, the ability to use 

consistent data and estimating tools for each design case is of paramount 

importance i n  conceptual estimating. If properly done, costs are then 

driven by design configuration alone and not by differences i n  estimating 

techniques. 

Bringing conceptual studies to 

Figure 14-3 shows the probability of an underrun curve for a 

For this case, the engineering of the $300 million 

The resulting curve shows a greater probability of underrun, and 

Figure 14-4 shows both the capacity-factored-estimate and the 

The greater confidence 

Figure 14-4 clearly shows the influence of design development on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 14-1. Mandatory and desired input data for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEXPONE 
e qui pment - f actor e d estimate . 

~ 

Mandatory Data: equipment definition, capacity, metallurgy, design 

pressure, design temperature. 

Desired Data: mechanical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow diagrams, project specifications, 

piping t rans positions, equipment - data she et  s , 
equipment-price quotations, major electr ical 

equipment pricing, electr ical oue -line diagrams, 

plot plans, building and structure sketches. 
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Fig. 14-2. Cumulative probability fox a capacity-factored estimate 
of a $300 mi l l ion plant. 
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6 

Fig. 14-4. Cumulative probabil it ies for a $300 mil l ion plant based on a 
detai led est imate and a capacity-factored est imate.  

I n  summary, conceptual estimating data and tools, when properly 

used with probability simulations, are major contributors to the decision- 

making process between design alternatives and i n  determining plant 

economi cs. 
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APPENDIX: GENERAL REMARKS ON COAL-GASIFICATION SYSTEMS* 

A convenient manner of viewing gasifiers is illustrated in 

Fig. A-1.' 

reactions involving oxygen, steam and coal (a). The gasification zone is 

intimately coupled with the devolatilization region (b) and (c). 

Devolatilization is accomplished either by mixing the feed coal with hot gas 

in a countercurrent flow (b) or by creating a completely stirred mixing 

region (c). 

gasification zone, char is returned to the gasification zone, and hot exit 

gases are removed from the devolatilization zone. 

heats of combustion and gasification are exactly balanced, whereas practical 

gasifiers are non-adiabatic and operate with heat removal. 

excess steam, gas and fines recycle are used at high gasifier outlet 

temperatures, with or without a waste-heat boiler (as in the Winkler). 

stoichiometric, kinetic, and thermodynamic considerations is given by Denn 

and Shinnar in Ref. 2. 
process constraints are detailed, and further insight into the operation of 

the three basic gasifier types (moving-bed, entrained-flow, and 

f 1 uidized-bed) i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs obtained by computer model i ng zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Compari sons between 

actually operating gasifiers are made and ideal operaking conditions are 

identi f i ed. 

In the gasification zone, produc; gas and ash are formed by 

In both cases, heating is accomplished by hot gases from the 

1 R.V. Shinnar defines an ideal gasifier as a unit i n  which the 

In practice, 

An extensive overview of gasifier performance based on 

Deviations from optimum conditions imposed by 

2 

Stoichiometry of Coal Conversion 1 A-1. 

The conversion of coal with elemental compositiori CHaOb (a = 0.8, 

b = 0.1 to 0.2) by oxygen (in the ratio R moles of O2 per mole of C) and 

water (Su+Sp moles of H20 per mole of 02) is described by the following 

stoichiometric equation if rn moles of CH4 are formed per mole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof C and RSp 

moles of H20 remain per mole of C: 

* Based on a presentation by R. Shinnar (Department of Chemical Engi- 

This Appendix has been prepared by S.S. Penner and D.F. Wiesenhahn. 

neering, CUNY, NY 10031) at the Fourth Technical Meeting of COGARN. 1 
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CHaOb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ R02 + R(Su + Sp)H20+(2 - 2R-SUR - b - 2m)CO + [SUR + (a/2)- 2m]H2 
+ (2R + SUR + b + m - 1)C02 

+ m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx CH4 + RSp x H20 , (A-1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Product 

Gas 

Gasification 
Zone 

Coal 

Steam 

Oxygen 
(a) 

Coal 

1 
(t I 

Counter - Current 
Devolatilizatio n 

Zone 

I Char Hot 1 Gas 

Coal Exit Gas 

Perfect Mixing, 
Devolatilization 

> 
A, 

Hot Char 
Gas r;L Gasification 

Oxygen Steam 

(c) 

Fig. A-1 .  Schematic representation of gasifiers; from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARef. 1 .  

where the coefficients multiplying CO, C02 and H2 follow immediately from 

mass conservation in view of the stoichiometric inputs of reactants. 

parameter that does not depend on either the water-feed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  

methane-production rates may be formed by adding the overall stoichiometric 

coefficients of CO and H2 per mole of CHaOb to 4m. 

termed a stoichiometric invariant and is given by 

A 

The result has been 

I = (2  - 2R - SUR - b - 2m) 

+ [SUR + (a/2) - 2m) + 4m = 2 - b + (a/2) - 2R . (A-2) 
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The parameter I i s  seen t o  depend o n l y  on t h e  oxygen-feed r a t i o  R and on 

t h e  coa l  compos i t ion  (a  and b). 

(m = 0) and w i t h o u t  f eed  C02 o r  t h e  a d d i t i o n  o f  H20 t o  e f f e c t  gas convers ion  

(Su = 0 o r  Su+Sp = Sp = 0), a l l  o f  t h e  carbon i s  conver ted  t o  CO when t h e  

c o e f f i c i e n t  o f  C02 i n  Eq. (A-1) vanishes, i .e . ,  

I n  t h e  absence o f  methane f o r m a t i o n  

R = Rc = ( l / Z ) ( l - b )  o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 - 2Rc - b = 1 . (A-3) 

T h i s  l i m i t i n g  va lue  o f  R = Rc rep resen ts  t h e  minimal oxygen-to-carbon r a t i o  

f o r  complete convers ion  o f  C t o  CO; w i t h  b = 0.1 t o  0.2, 0.40 5 Rc 5 0 . 4 5 .  

For  R > Rc, some o f  t h e  carbon must be conver ted  t o  C02. 

[compare Eq. (A-2)], t h e  d i f f e r e n c e  between R and Rc becomes 

I n  te rms o f  I 

R - Rc = (1/2){ [1 + (a/2)] - I) . 04-41 

The molar  heat  of  combustion of  CO t o  form C02, the HHV f o r  t h e  molar  hea t  o f  

combustion o f  H2, and one t h i r d  of t h e  mo la r  h e a t  o f  combustion o f  CH4 when 

u s i n g  t h e  HHV f o r  t h e  wa te r  formed a r e  a l l  n e a r l y  equal ( ~ 6 8  k c a l ) .  Thus, 

the t o t a l  hea t  o f  combustion o f  t h e  p r o d u c t  gases, measured i n  u n i t s  o f  68 

k c a l ,  i s  app rox ima te l y  

h = 2 - 2R - SUR - b - 2m + SUR + (a/2) - 2m + 3m = I - m , (A-5) 

where we have used Eq. (A-2). It i s  apparent  f r o m  Eq. (A-5) t h a t  methane 

f o r m a t i o n  reduces t h e  r e a c t i o n  hea t  un less  it a f f e c t s  I. That  methane 

f o r m a t i o n  i nc reases  I f o l l o w s  immedia te ly  f rom t h e  f a c t  t h a t  carbon 

convers ion  t o  methane reduces oxygen requrements (i .e. , i t  reduces zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR) and 

hence inc reases  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI accord ing  t o  Eq. (A-2). 

f e e d  steam and oxygen. 

Sp) s ince  oxygen feed  c o s t s  r o u g h l y  4.1 t imes  as much as steam feed. 

m i n i m i z a t i o n  r e q u i r e s  m i n i m i z i n g  t h e  unused steam i n  t h e  p r o d u c t  gases 

(RSp) p e r  mole o f  CHaOb. 

steam f e e d  r a t e  f o r  g a s i f i c a t i o n  and s h i f t  i s  bounded by  t h e  requ i rements  

t h a t  i t  must l e s s  than  o r  equal t o  t h e  va lue  t h a t  makes t h e  c o e f f i c i e n t  of 

CO i n  Eq. (A-1) g r e a t e r  t han  o r  equal t o  zero  and i t  must be g r e a t e r  t h a n  

Shinnar has emphasized t h e  importance o f  m i n i m i z i n g  t h e  c o s t s  o f  

Cost 

T h i s  c o s t  i s  r o u g h l y  p r o p o r t i o n a l  t o  R(4.1 + Su + 

I n  t h e  absence o f  methane p r o d u c t i o n  (m = 0), t h e  
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o r  equal t o  the  value required t o  make the  coef f i c ien t  of C02 i n  E q .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A-1)  

greater  than o r  equal t o  zero, i . e . ,  

S u R S Z - Z R - b ,  S u R 2 1 - b - 2 R ;  

combining these two i nequa l i t i es  and replacing b according t o  E q .  ( A - 3 ) ,  we 

f ind  t h a t  

(2/R)(Rc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- R)  Su zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (2/R)[Rc - R + (1/2)] . (A-6) 

Easily measurable g a s i f i e r  parameters a re  the  cold-gas composition 

and the  flow r a t e s  of oxygen, coal and product gas. 

steam conversion and the  f i n e s  flow r a t e  a re  d i f f i c u l t  t o  measure. 

The extent  of carbon and 

A-2.  Gasi f ier  Eff iciency 

3 Shinnar and Kuo measure the  g a s i f i e r  e f f ic iency by the  rat ' io of 

non-recoverable energy i n  

r a t i o ,  per mole of CHaOb, 

= [R(Su + Sp)  + 4.1R]/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ ( 2  - 2R - SUR 

EL 

the  feed t o  the  LHV of the product gases. 
i s  proport ional t o  

This 

- b - 2m) + 0.85[SuR + (a/2) - 2m] + 2.851111 

since the  r e l a t i v e  LHVs of  CO, H2 and CH4 are  proport ional t o  1, 0.85 and 

2.85, respect ive ly .  In terms of moles of reac tan ts  and products per inole 

of CHaOb, the quant i ty  EL may be wr i t ten as  

EL = [(HZO) + 4.1(02)]/[(CO) + 0.85(H2) + 2-85(CHq)] 0 4 - 7 1  

where quan t i t i es  i n  parentheses denote moles per mole of CHaOb. 

p lan t ,  t h e  appl icable heating values a re  the H H V s ,  which are  in the  r a t i o  

1, #1 and 3 f o r  CO, H2 and CH4, respect ive ly ,  and the  denominator i n  E q .  

(A-7)  therefore becomes (CO)+(H2)+3(CH4); the  resu l t ing  value of E f o r  th is 

system i s  designated as ECH . 
g a s i f i e r  e f f ic iency.  

For an SNG 

The lower EL o r  ECH , the  higher the net 
4 4 
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor practical systems, Shinnar defines a revised oxygen- 

consumption ratio as 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= fractional carbon conversion and R (in mole/mole) represents. the 

moles of O2 required in practice per mole of carbon converted. 

with C02 feed, Shinnar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(A-2)  by the following invariant: 

Furthermore, 

replaces the stoichiometric invariant I of Eq. 

where Xi = mole fraction of species i in the net dry product gas, (C02) = 

C02feed rate (ab-mole/hr), and M = net dry product-gas flow rate (ab-mole/hr). 

Here, the numerator on the left side of Eq. (A-8) is proportional 

to the product-gas heating value, while the denominator represents 

carbon-species conservation. 

positive and negative values occurring (see Tables A-1 and A-2). 

Lurgi dry ash and slagger gasifiers should be viewed as the only true 

gasifiers; future design calculations for the KRW show that it may also 

become a true gasifier. In terms of feed costs for oxygen and steam, the 

Lurgi slagger and KRW design are cheaper than the Texaco and Shell 

gasifiers which, i n  turn, are superior to the Lurgi dry ash and KRW PDU for 

Illinois No. 6 coal (Table A-1) .  Similar data for German Braunkohle are 

also given in Table A-2. 

The parameter EL defined in Eq. (A-7) represents the steam and 

oxygen feed cost per unit of syngas produced. 

rapidly as the temperature is raised above about 1200°F and then levels 

off at higher temperatures. Because of the large effect of EL on 

gasification cost, gasifier operating temperatures tend to be determined by 

the minimum temperature above which EL no longer decreases with rising T. 
This statement is consistent with the fact that costs related to steam and 

oxygen may be as high as 50% of total syngas-production costs, whereas 

Practical gasifiers operate with Rc-R close to zero, with both 

Thus, the 

It generally decreases 
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gas i f i ca t ion  costs alone f a l l  i n  the  range of 10 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20%. 

parameters a re  coal conversion, thermal e f f ic iency,  t a r  formation, and gas 

requirements. 

g a s i f i e r  t o  remain below the  ash-fusion temperature), t he  Lurgi dry ash 

g a s i f i e r  has a re la t i ve l y  large value of EL ( 2 . 6  f o r  I l l i n o i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. 6 coal) .  

The Lurgi slagging g a s i f i e r  requi res l e s s  steam and has a resu l tan t  lower 

value of EL. Steam requirements f o r  the Lurgi dry ash g a s i f i e r  a re  lower 

fo r  h igher-react iv i ty coals  (compare Tables A-1 and A-2), resu l t ing  in a 

re la t i ve l y  lower value of EL f o r  react ive coals.  

C r i t i ca l  g a s i f i e r  

Because of i t s  la rge steam requirement ( w h i c h  i s  needed f o r  the 

u-tins 
Ses t Keti t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 coil 1 

Lurgi Lurgi K I W  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(PDU, 
dry usli zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslagger Tesaco She l l  TP-034-2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ .ma I , nio 1 e /mn I e 

KRW desigtt 
e s t  1iti:i t e 

Pa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr u m  I: e rs 
I l l i r i o i s  N o .  6 coal 

C02 31.4 1.94 

112 1 42.9 1 30.41 

PIttsbut*gli No. 8 coal 

-I-- - .- 

0.44 

99.3 i B . 0  

51.69 61.46 43.38 

$1 9 

I), CI14 

0.30 

89.6 - 

51.5 

3.14 0.77 I I 

C C ~ V P ~ S  inti, 

tins cotitposi I: iott ( d r y  ) 

CO 

99.3 99.5 

15.36 88.05 

- I 0.027 I 0.43 I 0.29 

35.30 

18.04 

0.09 0.04 1.83 

---.-. 

~~ 

9.3 

25.9 

10.4 
- 

I .45 1 .31  r3.30 1 0.98 

I .24 3.07 

0.77 

0.463 0.435 0.68 

-0.015 -0.031 -0 .21 

0.84 

-- 

0.34 

0 . 1 2  

1831 

15 

coiircrsioti 

Rc-R 

0.45 

0.182 0.161 

93.8 

26. I. 

23.4 

37.4 

2.8 

--- 

2.70 

2.38 

1.18 

0.48 

-0.01 
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Tab le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-2. Performance c h a r a c t e r i s t i c s  of s e l e c t e d  g a s i f i e r s  f o r  US 
Western and German Braunkohle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.f 

Winkler 

German 
Braun- 
k o h l e  

1300 

30 

0.69 

~~ 

Parame te rs  HTW 

German 
Braun- 
koh le  

150 

Coal Type 
Wyoming 

900 T ,  OF 

Texas N.D. Wyoming 
l i g n i t e  l i g n i t e  

2530 1566 1570 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p ,  p s i a  460 160 230 30 

0.23 0 2 / c o a l ,  

mole/mole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I 

I 

0.45  0.37 0.29 

C convers ion ,  % I 96 I 98.4 I 88.1 I 89.9 

18.8 

G a s  compos i t ion  
(dry 1 

co 52.4 39.0 33.6 

co2 29.6 

38.8 

11.9 

1.64 

H2 

6.2  31.6 15 .6  

28.8 24.2 36.6 

0.1 4.2 3.8 

1.43 1 .73  1 .44  EL 

ECH4 1.34 1.36 1.54 1 . 2 7  

+0.03 -0.02 

LC I 1.28 I 1.63  1 
0.33 I 0.46 I 0.42 I 0.33 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I I 
1 I 

R,-R 1 +0.17 1 -0.06 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-0.06 1 +0.07 
(-0.05) 

-I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

0*33 I 0.34 

34.7 I 

~ 

1 . 9  

0.37 1 0.36 

‘From R. V. Sh innar ,  p r e s e n t a t i o n  a t  t h e  F o u r t h  T e c h n i c a l  Meet ing of 
COGARN . 
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Results for equilibrium calculations of EL as a function of 

temperature are shown in Fig. A-2 under four sets of assumptions for an 

Eastern US coal. 

coal. 

on these figures. All gasifiers, except for the Lurgi. slagger and the 

Lurgi dry ash gasifier (with Western US coal), operate well above the 

theoretical equilibrium value of EL. 
for EL and little gain i n  efficiency if temperatures are raised above zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-1300K. Also predicted is sensitivity of the value of EL at low temperature 

when methane production is ignored (curves A and B). Thus, operation at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT S  

1300K requires methane formation for efficient operation. 

Similar results are shown i n  Fig. A-3 for a Western US 

The values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof EL for actually operating gasifiers are also indicated 

Th,e calculations show a broad minimum 

2 

1 A-3. Fluidized-Bed Gasifiers 

Fluidized-bed gasifiers are distinguished by their utility in 
handling a wide variety of coals, including subbituminous coals, lignites, 

and coal fines. 

countercurrent operation. However, they yield low conversion, require 

di 1 Ute oxygen for operation , fines reci rcul ati on i s difficult to achieve , 
and the returned fines have short residence times and low reactivity. 

Clinkering and agglomeration of caking coals are problems, especially in 

the vicinity of the feed systems. 

They are relatively safe and adaptable to two-stage 

In the absence of tar and with pure carbon as char, a gasifier has 

7 major components (COY C02, H20, 02, H2, C, CH4) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 major elements that 

undergo chemical changes (Cy H, 0), which leaves 4 degrees of freedom. Of 

these, one is represented by the constraint that there should be no oxygen 

in the product and another by the existence of shift equilibrium (H20 + CO 

=C02 + H2). Hence, there remain two free operating parameters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 
L 

-I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 

\ 
'* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\ A  
\ \  

B ,  \ '  \ 

L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 Lurgi Dry Ash 
\ 0 x Lurgi Slogger 

+ Texaco \ 
A Shell-Koppers 
0 Koppers-Totzek 

4 

I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 

IO 900 1100 1300 1500 

TI "C 
Fig. A-2. Calculated equilibrium and actual values of EL for an  Eastern US coal: 

reproduced from Ref. 2. 
lated curves; A,  well-mixed reactor, no methane formation: B, counter- 
current reactor, no methane formation; C, well-mixed reactor, methane 
a t  equilibrium; D, countercurrent reactor, methane at  equilibrium: from 
Ref. 2. 

The following assumptions apply to the calcu- 

2 

-J 
W 

, 

\ 

\ 
\ 
\ A  
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
\ 

' B  \ 
\ \  

0 Winkler 
X Lurgi Dry Ash 
+ Shell- Koppers 

I I 
'700 9bO. iib0 1300 1500 

T, O C  

Fig. A-3. As in Fig. A-2 but using a Western US coal; from Ref. 2. 
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GLOSSARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF SYMBOLS AND ABBREVIATIONS 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 
M Q S  

AC 

AFC( s)  

A I  

AN L 

ASTM 

atm 

BGC 

BOD 

BPD 

BPY 

BTU 

BTX 

O C  

c a l  

CARS 

cc 

CCG 

CF 

C i  

cm 

CNG 

COD 

COGARN 

c S  

CWCGP 

d 

D 

= ampere 

= Angstrom = IO-" m e t e r  

= Ambient A i r  Q u a l i t y  Standards 

= a l t e r n a t i n g  c u r r e n t  

= a l k a l i n e  f u e l  c e l l ( s )  

= a r t i f i c i a l  i n t e l l i g e n c e  

= Argonne N a t i o n a l  Labora to ry  

= American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  

= atmosphere 

= B r i t i s h  Gas Corpo ra t i on  

= b i o l o g i c a l  oxygen demand 

= b a r r e l ( s )  p e r  day 

= b a r r e l ( s )  p e r  y e a r  

= B r i t i s h  thermal  u n i t ( s )  

= benzene(s), t o luene(s ) ,  and xylene(s) 

= degree(s) C e l s i u s  

= c a l o r i e  

= coherent  an t i -S tokes  Raman s c a t t e r i n g  

= c u b i c  c e n t i m e t e r  

= c a t a l y t i c  c o a l  g a s i f i c a t i o n  

= c u b i c  f o o t  ( feet . )  - 

= C u r i e  

= c e n t i m e t e r  = 10 meter 

= Conso l i da ted  N a t u r a l  Gas 

= chemical oxygen demand 

= (Working Group f o r )  Coal G a s i f i c a t i o n  Research 

= s u l f i d e  c a p a c i t y  d e f i n e d  i n  Eq. (8A-4) 

= Cool Water Coal G a s i f i c a t i o n  Program 

= day o r  p a r t i c l e  d iamete r  

= d i e s e l  f u e l ( s )  

2 

Needs 



DC 
DOE 
d.q. 

E 
EG 
EPA 
EPRI 
ERC 

ETU 
F 
O F  

FBSD 
FC C 

FC( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs) 

FGD 

ft 

FT 
FTIR 

9 
G 

AG, A G ~  

GPCGP 

GRI 

= direct current 

= US Department of Energy 

= direct quench 

= theoretical electrochemical potential 

= ethelyne glycol 

= US Environmental Protection Agency 

= Electric Power Research Institute 

= Energy Research Center 

= engineering test unit 

= Faraday unit 

= degree(s) Fahrenheit 

= f 1 uidi zed-bed sl urry dryer 

= fluidized-bed catalytic cracking 

= fuel cell(s) 

= flue-gas desulfurization 

= foot (feet) 

= Fi scher-Tropsch 

= Fourier-transform infrared spectroscopy 

= gram 

= gasol i ne( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs)  

= Gibbs free energy of reaction 

= Great Plains Coal Gasification Program 

= Gas Research Institute 

h, hr = hour 

AH, AH; 
HC( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 = hydrocarbon(s) 

HGT = heavy gasoline treating 

HHV = higher heating value 

HRSG = heat-recovery steam generator 

HTGR 

HIS = high-temperature shift 

Hz = Hertz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(s-l) 

i = current 

id = inside diameter 

IGCC 

= enthalpy of reaction 

= high-temperature gas-cooled (nuclear) reactor 

= integrated coal-gasification combined cycle 
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IGT 
in 
I RMC FC 

K 
KRW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LASS 

lb 

LC D 
LDV 
LHV 
LI F 

LTS 

m 
MCFC( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs)  

Me 

METC 

mill 
MOGD 

moR% 

mt 

MTBE 
MTG 

MTO 

n 
NESHAP 

NG 

NMR 
NSPS 

ORNL 

P 

Pi 
PAFC( s)  

= Institute of Gas Technology 

= inch 

= internal-reforming molten-carbonate fuel cell 

= degree( s) Kelv'in or equilibrium constant 

= Kel logg-Rust-Westinghouse (gasifier) 

= liter(s) 

= laser spark spectroscopy 

= pound(s) 

= levelized constant dollars 

= laser-doppler velocimetry 

= lower heating value 

= 1 aser-i nduced f 1 uorescence 

= low-temperature shift . 

= meter 

= mol ten-carbonate fuel cell ( s )  

= methanol 

= Morgantown Energy Technology Center 

= dollar 

= Mobil's process for the conversion of olefins 

= mole percent 

= metric ton 

= methyl tert-butyl ether 

= methanol-to-gasol ine (conversion) 

= methanol-to-01 ef i n( s)  (conversion) 

= number of equivalents per mole 

= National Emissons Standards for Hazardous 

to gasolines and diesel fuels 

Pol 1 utants 

= natural gas 

= nuclear magnetic resonance 

= New Source Performance Standards 

= Oak Ridge National Laboratory 

= pressure 

= partial pressure of component i 

= phosphoric-acid fuel cell(s) 



PAH( s) 

PC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= pulverized coal 

PDF 

PDU = process development u n i t  

PETC 
PM = photomul t i p1  i e r  

PNA( s) = polynuclear aromatic(s) 

ppm (ppmv) 
PSA = pressure-swing absorption 

ps ia  (ps ig )  = pounds per square inch absolute (gauge) 

= Polycycl i c  aromatic hydrocarbon( s) 

= probabi 1 i t y  densi ty  funct ion 

= Pit tsburgh Energy Technology Center 

= p a r t s  per milli'on (by volume) 

R 

RC RA 

RGS 

ROM 

RON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AS 

SASOL 

SCE 

SC F 
SCGP 

S EM 

SG 

SI 

SMDS 

S/N 

SNG 

SPC 

SPEFC( s) 

S RS 

ss 
T 

= molar gas constant 

= Resource Conservation Recovery Act 

= raw gas s h i f t  

= run-of-mine 

= research octane number 

= seconds 

= entropy of react ion 

= c i t y  i n  South Afr ica where the South African 

Coal, Oil and Gas Corporation b u i l t  i t s  

i n i t i a l  p lant  f o r  syncrude production from coal 

= Southern Cal i forn ia  Edison Company 

= standard cubic foo t  ( f e e t )  

= Shell  Coal Gasi f icat ion Process 

= scanning e lect ron microscope 

= synthes is  gas 

= swell ing index 

= Shell  m idd le -d is t i l l a te  synthes is  

= signal-to-noi se  r a t i o  

= subs t i t u te  ( o r  syn the t ic )  natural  gas 

= s ing le -par t i c le  counter 

= so l i d  polymer e lec t ro l y te  fuel  c e l l ( s )  

= st imulated Raman sca t te r i ng  

= s t a i n l e s s  s tee l  

= temperature 
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TARGET 

TBE 
TCGP 
TDS 
TSA 
TSCA 

TOC 
TPD 
TPY 
TS P 
TSS 
TVA 
UPA 
UTC 
V 
VA 
vol% 

w/w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
WH 

WGS 

wt% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

= Team to Advance Research on Gas Energy 

Transformation 

= tert-butyl ether 

= Texaco Coal Gasification Process 

= total dissolved solids 

= temperature-swing absorption 

= Toxic Substances Control Act 

= total organic carbon 

= ton(s) per day 

= ton(s) per year 

= total suspended particulates 

= total suspended solids 

= Tennessee Valley Authority 

= United Power Association 

= United Techno1 ogies Corporati on 

= volt(s) 

= vinyl acetate 

= percent by volume 

= weight divided by weight 

= watt-hour 

= water-gas-shift reaction 

= weight percent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Greek Symbo-l-s- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = emissivity, Carnot efficiency 

n = overpotential 

'i 
x = wave1 ength 

= angle defined in Fig. 11.5-2 

= phenyl radical 

= pump-laser frequency 

= Stokes-laser frequency 
P 

w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OS 
U = width o f  distribution 



Prefixes 

k 

m 
M ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I.r 

N 
n 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 = k i lo  = 10 

= mil l i  = 10 
6 = Mega = 10 

= micro = 10 

= normal 

= nano = o r  normal 

= pic0 = 10 

-3 

-6 

-12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FORMAL REVIEWS OF THE COGARN REPORT 

A t  t h e  reques t  o f  t h e  DOE P r o j e c t  O f f i c e r  f o r  t h i s  s tudy,  t h e  

COGARN r e p o r t  was submi t ted  f o r  independent r e v i e w  and comments t o  the 

f o l l o w i n g  e x p e r t s  on coa l  science and g a s i f i c a t i o n :  H. Heinemann (Lawrence 

Berke ley  Labora tory ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  Berke ley) ,  J.P. Henley (Dow 

Chemical, Plaquemine, LA), G.R. H i l l  ( U n i v e r s i t y  o f  Utah, S a l t  Lake City), 

J.D.  Holmgren (KRW Energy Systems I n c . ,  Madison, PA), W.E. S c h l i n g e r  

(Texaco I n c . ,  Un ive rsa l  City, CA), and R. Shinnar  (City U n i v e r s i t y  o f  New 

York, NYC). I n s o f a r  as t h e  r e v i e w e r s '  comments d e a l t  w i t h  c o r r e c t i o n s  o r  

s p e c i f i c  changes, these have been i n c o r p o r a t e d  i n  t h e  f i n a l  t e x t .  P o l i c y  

recommendations a r e  reproduced here  because t h e y  may be o f  genera l  i n t e r e s t  

and complementary t o  t h e  views o f  COGARN members. 

t h e i r  rev iews t o  t h e  COGARN chairman. 

The w r i t e r s  addressed 

H. Heinemann, Sen io r  S c i e n t i s t ,  Lawrence Berke ley  Labora tory ,  1 C y c l o t r o n  

Road, Berke ley ,  CA 94720 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I have had an o p p o r t u n i t y  t o  r e v i e w  the d r a f t  o f  the COGARN 

r e p o r t ,  which you  sen t  me w i t h  y o u r  l e t t e r  o f  December 25, 1986. 

an e x c e l l e n t  and v e r y  h e l p f u l  r e p o r t .  

s t a t e d  i n  t h e  r e p o r t ,  t h e  p r i o r i t i e s  w i l l  v a r y  f rom i n d i v i d u a l  t o  

i n d i v i d u a l ,  depending on h i s  o u t l o o k  and i n t e r e s t s .  

d i  s t i  ngui  sh i n  t h e  recommendatians between deve-1-opmerrtal ne-eds and research  

needs. 

shou ld  r e c e i v e  h i g h e s t  p r i o r i t y  i n  t h a t  ca tegory .  

i n t o  t h e  same group. By l i s t i n g  p r i o r i t i e s  f o r  research  separa te l y ,  t h e  

impress ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof g r e a t e r  urgency m i g h t  be c r e a t e d  by  g i v i n g  them r a t i n g s  on 

t h e  1 t o  10 sca le  which would compete w i t h  r a t i n g s  i n  t h e  developmental 

area. 

w i t h  Chapter 5, which p resen ts  a survey wh ich  can serve as g u i d e l i n e s  f o r  

t h e  f u t u r e  and w i l l  even be h e l p f u l  i n  teach ing .  As a minor  c r i t i c i s m  of 

t h i s  chapter ,  I miss re fe rences  t o  o u r  work on t h e  s l u r r y  r e a c t o r ,  

T h i s  i s  

I b e l i e v e  t h a t  t h e  recommendations a r e  c l e a r  and acceptab le .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs 

Perhaps one shou ld  

I tems 2 and 11 a r e  o b v i o u s l y  u r g e n t  f o r  f u r t h e r  development and 

I tems 5 and 6 would f a l l  

I have n o t  read  a l l  t h e  t u t o r i a l s ,  b u t  am p a r t i c u l a r l y  impressed 
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par t i cu la r ly  the  papers by Stern e t  a l .  i n  Chemical Engineering Science 

m, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. 10, 1917 (1985)l and I and EC Process Design and Development zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJZ4, 

12-13 (1985)l. 

I had previously seen a d r a f t  of Chapter 7 ,  which includes o u r  

own work on gas i f i ca t ion .  Since I had previously approved of i t ,  I can 

only repeat t h a t  i t  s t a t e s  matters f a i r l y .  

I bel ieve t h a t  t h i s  repor t  wi l l  be very useful i n  our  own work on 

coal gas i f i ca t ion ,  as  well as i n  the  obvious need t o  persuade funding 

organizat ions t o  s u p p o r t  work i n  t he  area i f  a t  a l l  possible on an 

expanded scale.  

d isregard and deemphasize t h i s  very important area a t  a time when research 

should be emphasized, perhaps over development, because we may have a 

period during w h i c h  novel ideas and concepts can be b rough t  forward toward 

commercialization w i t h o u t  working under the  pressure of immediate needs. 

I am deeply concerned about the c o n t i n u i n g  e f f o r t s  t o  

John P .  Henley, Research Associate, Louisiana Applied Science and 

Technology 'Laboratories, Dow Chemical USA, P.O.  Box 150, Plaquemine, LA 

70765-0150 

I ce r ta in l y  appreciate the  opportunity t o  review the  document 

produced by the  COGARN group on research need fo r  coal gas i f i ca t ion .  

type of pro ject  i s  most valuable in l i g h t  of o u r  sh i f t i ng  emphasis i n  

synthet ic  fuel research. 

each area of technology. Each sect ion was both thoroughly researched and 

well wr i t ten.  The respect ive authors should be commended f o r  t h e i r  work.  

After reading the  executive summary containing the  p r io r i t i zed  

l i s t ,  I went t h r o u g h  the exercise of ranking these in the  order as  I saw 

them. A s  one m i g h t  expect, my background being pr ivate development, the  

order was ra ther  d i f f e ren t .  

completely w i t h  your statement on page 8, "p r i o r i t y  assignments r e f l e c t  the  

background and problem areas faced by individual inves t iga tors  . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. ' I .  To 

ge t  a be t te r  idea of what experts i n  each area bel ieve i s  important, I 

t h i n k  i t  would have been most informative t o  have a t  l e a s t  four separate 

p r i o r i t y  l i s t s ,  one each representing academia, industry,  not- for-prof i ts 

T h i s  

The tu to r i a l  sect ions of the repor t  were excel lent  in describing 

From t h i s  I concluded t h a t  I would agree 



! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(EPRI , GRI , e t c .  ) , and government-f i nanced i nsti  t u t i o n s .  

par t i cu la r  one could ever be constdered "best,"  t h i s  would allow the  

researcher t o  evaluate each g r o u p ' s  consensus w i t h  regard t o  his own 

spec i f i c  a re  of i n t e r e s t .  

useful as  a reference source t o  evaluate research needs. 

should be commended f o r  t h e i r  f i n e  work. 

Whi 1 e no 

In general ,  I would l i k e  t o  say t h a t  the  repor t  should be quite 

The COGARN group 

G . R .  H i l l ,  Dept. of Fue 

84108 

Chemistry, University of Utah, S a l t  Lake City,  UT 

The volume "Coal Gasi f icat ion" i s  a very thorough review of 

research and development of coal-gasi f icat ion processes and might well 

cons t i t u te  a major sect ion of a new supplement of Lowry's "The Chemistry of 

Coal Ut i ' l izat ion,"  the  coal R&D "Bible." The Assessment of Research needs, 

per se ,  i s  s ta ted  b r i e f l y ,  almost per functor i ly ,  i n  the  executive summary. 

I t  would be very useful t o  have the volume (even m i n u s  the executive 

summary) published and made avai lab le t o  those involved i n  coal 

gas i f i ca t ion  research and development. 

I f  th is  use of the volume i s  poss ib le ,  there  should be added an 

important sect ion on co-production of gas and o i l ,  i .e . ,o f  primary coal 

l iqu id  d i s t i l l a t e s .  Because of the h is to r i ca l  c lass i f i ca t i on  of coal 

conversion i n t o  gas i f i ca t ion  and l iquefact ion,  process paths f o r  the  

product ion of qas and o i l  o r  of char and. o i l  have-been orphans. Research 

and development done under special designat ions (e.g. ,  mild gas i f i ca t ion  o r  

par t ia l  l iquefact ion) ,  have largely  f a l l e n  t h r o u g h  the  cracks between the 

t o ta l  conversion processes, i n  reviews such a s  this. Since these processes 

appear t o  require much milder condi t ions,  they a re  l e s s  cos t ly .  

essent ia l  t h a t  they n o t  be overlooked. 

Chapter 2 i n  the  present volume i s  a very de ta i led  summation of 

I t  i s  

the possible and necessary research programs needed i n  each of t he  areas 

described i n  d e t a i l  i n  Chapters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t h r o u g h  14. 

the Table ES-1 l i s t  of p r i o r i t y  research and development areas i s  read i l y  

apparent as one s tud ies  de ta i led  recommendations i n  a l l  12 areas i n  Chapter 

2. 

f o r  or engaged i n  coal gas i f i ca t ion  and i t s  appl icat ions.  

The grea t  s impl i f icat ion i n  

Chapters 3 t h r o u g h  14 will be invaluable references f o r  those planning zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The authors of the treatise are to be commended for the 

thoroughness of their comprehensive work. 

J.D. Holmgren, Vice President zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Technology Development, KRW Energy Systems, 

Inc., P . O .  Box 334, Madison, PA 15663-0334 

Overall, I think the document is an excellent summary on 

coal-processing technologies, applications, and research and development 

needs. In my opinion, the first two chapters are really the heart and 

muscle of the report. The Executive Summary is brief and to the point and 

the use of Table ES-1 provides a simplified way of identifying R&D 
priorities. One suggestion that might provide a little more data would be 

to use a matrix table in which the prioriti'es could be listed i n  row form 

and the scale at which activities would be conducted, such as bench, 

laboratory, pilot, demonstration, etc., would be listed in columnar form. 

Chapter 2, "Overview of Coal-Gasification R&D Needs" is a good 

companion to the Executive Summary and, i n  general, one obtains a good 

synopsis of each of the subsequent chapters to follow. Some sections 

are more detailed than others and Sec. 2.5  on "Gasification for Synthesis 

of Fuels and Chemicals" could be abbreviated. 

Chapter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  "Gasification for Electricity Generation," provides a 

good summary for power-generation applications and the Cool Water details 

are very appropriate. The description of gasification systems that could 

be used is good for the Shell and Texaco gasifiers; however, the 

information for U-GAS is much too detailed and relates largely to R&D 
results. 

Chapter 4, "Coal Gasification for SNG Production," is an 

excellent chapter. 

fundamentals, technologies, specific processes, and economics. 

Chemicals," is a good chapter but is much more detailed than most of the 

other chapters in  the publication. 

provide a more concise and effective text. 

make better use of numerical paragraph indexing to help the reader 

understand where he is within the text. 

It has good organization and good balance of 

Chapter 5, "Gasification for the Synthesis of Fuels and 

The information could be summarized to 

In addition, the outline could zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Chapter 6, "Coal Gasification in Fuel-Cell Applications," is a 

good, short and hard-hitting chapter. 

Chapter 7, "Use of Catalysts During Gasification," is another 

short, good, and effective chapter with good'use of visual and tabular 

summaries and good references. 

Chapter 8, "Gas-Cleaning Processes for Coal Gasification," is 

much too brief i n  view of the importance of gas cleaning for coal 

gasification. There is some duplication on acid-gas removal with Chapter 

4, Sec. 4.4, but this is not distracting. 

identifies requirements and presents information regarding environmental 

characteristics for various gasification systems. 

information presented, the list of references is rather brief. 

Chapter 10, "Coal Beneficiation," is another area that I believe 

to be extremely important for the utilization of coal and this particular 

chapter is much too brief. The information presented relates primarily to 

old technologies and the discussion is extremely brief on the development 

that are currently underway. 

more information presented on advanced clean-coal technologies that are 

currently under development and demonstration. 

Pulverized-Coal Combustion Environments," is an excellent chapter, 

particularly for people who are involved in R&D studies. In the future, 

some of these technologies will be used on commercial systems to provide 

better control and system diagnostics. 

Chapter 9, "Environmental Issues," is a good chapter, which 

For the amount of 

I believe that it would be helpful to have 

Chapter 11, "Optical Diagnostics for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- In Situ Measurements in 

Chapter 12, "Fundamentals of Coal Conversion and Relation to Coal 

Properties," is an excellent chapter that summarizes a great deal of 

information with tables and charts and correlates this information with a 

significant reference list. 

Materials for Gasifiers." 

some specific information of pressure-swing absorption systems that have 

been developed and are applicable for smaller gasification applications or 

for systems with lower oxygen-purity requirements. 

ash and materials of construction are adequate. 

Chapter 13 deals with "Gas Supplies and Separation; Ash Disposal ; 

The section on oxygen systems should include 

The other sections on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Chapter 14, "Introduction to Costing," 

in that the material did not relate to economics 

utilization. There have been many economic stud 

was a disappointment to me 

of coal gasification and 

es completed for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEPRI 

and GRI that could have been used to provide detailed information for this 

particular chapter. 

over- and under-runs on cost estimation, but rather what are some of t,he 

real projected costs for coal-gasification applications. I would hope that 

this chapter could be redone and information provided i n  at least the 

following three areas: (i) summary of techniques (models) used to generate 

economic cost data; (ii) a general summary showing capital and product; 

costs for various coal-gasification applications; (iii) a general sumniary 

showing the distribution of capital and operating costs by components/ 

systems for specific coal-gasification applications. 

the past few years, and I am quite familiar 

different gasification technologies. I 
should be included; however, I feel there 

e on how his technique fits with other 

The important problem is not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso much the probability of 

The Appendix includes information prepared by Shinnar. We have 

worked closely with Shinnar over 

with his approach for evaluating 

certainly think this information 

should be a more detailed preamb 

gasification-evaluation schemes. 

Again, I thought the efforts were outstanding and the report will 
be extremely useful to many people. I real ze that many of my comments are 

quite general, but I do hope that they will provide some feeling regarding 

the balance of material within this document. 

W.G. Schlinger, Associate Director, Gasification, Alternate Energy and 

Resource Department, Texaco Inc., 10 Universal City Plaza, Universal City, 

CA 91608-1097 

I have made an attempt to review the rather impressive document 

you put together for DOE on the assessment of research needs for coal 

gasification. 

sections. 

I must confess, I concentrated primarily on the first three 

As far as the overall report is concerned, the consensus appears 

A few specific comments are detailed below. 

to be that work in all areas that you have identified is needed. You do 

not identify any areas where effort should be discontinued or significantly 

reduced. DOE, with their limited funding, probably should concentrate the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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funds they have i n  areas which are most likely to solve some of the energy 

shortfall problems of the future. 

One of the most important items i n  your report is Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAES-1, in 

which you assign priorities based upon the consensus of COGARN members. 

general , the areas of highest priority (those rated above 6.0) are in 

agreement with our thinking. Some of the items, however, are much more 

costly than others to pursue on a high-priority basis. 

cost effectiveness needs to be identified. 

In 

Some indication of 

Chapter 2 ("Overview of Coal Gasification R&D Needs") is a 

well-written summary. The need to decrease the cost of an IGCC plant is 

certainly important and well recognized by the Committee. 

Committee i n  Morgantown, hot gas cleanup and more efficient and less costly 

air-separation plants are two areas which could accomplish such a cost 

reduction. 

As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI told your 

You have done a very creditable job of assembling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa mass of 

information. All of your Committee members should be congratulated. 

R. Shinnar, School of Engineering, Department of Chemica 

City College, The City University of New York, New York, 

Table ES-1 (p. 2) I find it hard to understand why item 

priority. Why is it not tied to item u? Also, how can 

Engineering, The 

NY 10031 

- 9 got such low 

we summarize 

present results without a reasonable model for comparison? (i) I find no 

comment on the fluidized-bed gasification program. 

DOE paper and received most of the support in the past. 

be completed and summarized or should it be abandoned? 

the first option. 

It was the heart of my 

Should this effort 

I am strongly for 

This aspect should have been more thoroughly discussed. 

Fig. 4.5-1 (p. 62) The report gives some economic estimates comparing KRW . 

to Lurgi. 

experimental or theoretical basis for the mass balances on which these 

estimates are prepared. The same holds for similar estimates made for 

U-GAS. Furthermore, a dry bottom i n  Lurgi is a totally nonrealistic base 

case for Eastern coal. 

As I pointed out in my inputs, there i s  absolutely no 

A more realistic base case would be a BGC slagger, 



which i s  p r a c t i c a l l y  t h e  o n l y  pre.sent ly a v a i l a b l e  v i a b l e  o p t i o n  f o r  SNG f rom 

Eastern c o a l ,  

pp. 29-37 

opera ted  a t  50 p s i ,  which i s  t o t a l l y  u n s u i t a b l e  f o r  a combined-cycle power 

p l a n t .  

h i g h e r  pressures.  The o n l y  way i s  t o  opera te  a p i l o t  p l a n t  a t  t h e  d e s i r e d  

pressure,  which i s  about  300 p s i  f o r  a combined-cycle power p l a n t .  

t h e  o t h e r  hand, KRW has opera ted  t h e  g a s i f i e r  a t  300 p s i  i n  an a i r b l o w n  mode. 

T h i s  o p e r a t i o n  w i t h  added l i m e s t o n e  a t  2000°F was t h e i r  most success fu l  

o v e r a l l  r u n  i n  any mode and c o u l d  be u s e f u l  f o r  a combined-cycle power p l a n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
No ment ion i s  made o f  t h e  f a c t  t h a t  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU-GAS p i l o t  p l a n t  

There i s  no way t o  p r e d i c t  t h e  o p e r a t i o n  o f  such a g a s i f i e r  a t  

O n  

Appendix (p. 267) 

n e g a t i v e  than I in tended.  

p l a n t s .  

The comment on f l u i d - b e d  g a s i f i e r s  i s  much more 

It i s  c o r r e c t  as a p p l i e d  t o  present-day p i l o t  

I would suggest t o  add t h e  f o l l o w i n g  paragraph: 

The advantages o f  f l u i d - b e d  g a s i f i e r s  a re :  

low-grade c o a l s  ( f o r  some coa ls ,  i t  i s  t h e  o n l y  s u i t a b l e  

g a s i f i e r ) ;  (b) h i g h e r  s a f e t y  than ent ra ined-bed g a s i f i e r s .  

(a)  a b i l i t y  t o  handle 

There i s  a s u b s t a n t i a l  hope t h a t  t h e  d isadvantages o f  p r e s e n t  

f l u i d - b e d  g a s i f i e r s  f o r  Eas tern  c o a l  w i l l  be overcome by p r o p e r  use o f  

cheap c a t a l y s t s  such as l imestone.  The r e s u l t s  o f  KRW w i t h  l i m e  i n  an 

a i r b l o w n  o p e r a t i o n  a r e  v e r y  p romis ing .  

a l l o w s  o p e r a t i o n  a t  h i g h e r  temperature,  wh ich  c o u l d  s u b s t a n t i a l l y  reduce 

t h e  need f o r  d i l u t i o n  o f  t h e  oxygen. 

carbon convers ion .  S ince a s u b s t a n t i a l  e f f o r t  has been devoted t o  

f l u i d - b e d  g a s i f i e r s ,  it i s  h i g h l y  d e s i r a b l e  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  

c a t a l y s t s  on oxygen-blown f l u i d - b e d  g a s i f i e r s .  

Limestone reduces agglomerat ion and 

C a t a l y s i s  c o u l d  a l s o  l e a d  t o  h i g h  
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