'r"r;nwt wnﬁm
f?

NASA cntq49

u [P —

 STUDIES_OF THE USE OF HEAT =~ |
FROM HIGH TEMPERATURE NUCLEAR -~
SOURCES FOR HYDROGEN
PRODUCTION PROCESS B

. " . [
o - P . [ ] .
S : — : E - : _ .ﬁ__

 WESIINGHOUSE ELECTRIC CORPORATION &,
i ASTRONUCLEAR LABORATORY. s s cntrcnngy

i’ (NASA-CE=134918) STIULIES OF THE USE CF HEAT N76-1559%
el FROM HIGH TEMEEFATUFE NUCLEAR SOURCES EFOK
: SSkS (Westinghouse
Astronuclear Lab., Pittsburgh) 328 p HC lnclas
. 310,00 ) ~_ CSsCL 10D G3/44 w8544

prepared for o o ]

NAHQMALMQNAJJ_UCS-_AND SBALE“AMLNJSIR_AIIQN —

- NASA Lewis Research Center
Contract NAS 3-18934 -




TEMPERATURE NUCLEAR SOURCES FOR HYDROGEN PRODUCTION
PROCESSES

- Ropart No. 2. Govarnment Accession Na, 3.. Recipient's Cataleg No. o
NASA-CR~134918
. Title and Subtitle  STUDIES OF THE USE OF HEAT FROM HIGH 5. Report Date

January 1976

. Performing Organization Code

7. Author(s} 8. Performing Organization Report No.
G. H. Farbmari, Project Manager
10. Work Unit No.
9, Performing Organization Name and Address

Waestinghouse Electric Corporation

Astronuclear Laboratory 11. Contract or Grant No.
P. ©. Box 108464 NAS 3-18934

Pittsburgh, Pennsylvania 15236 T3 Tyme of Repert and Parod Covered

12,

Sponsoring Agency Name and Address Contractor Report

National Aeronautics and Space Administration 14

. Sponsoring Agency Code
Washington, D. C. 20546

15.

Supplementary Notes

Project Manager, Donald Bogart, NASA Lewis Research Canter,
Cleveland, Ohio 44135

18.

Abstract A study has been performed to assess both the future uses of hydrogen and the hydrogen nroduction processes
that can meet the demand for hydrogen in the coming decades. To do this, a projection was made of the market for
hydrogen through the year 2000. Four hydrogen production processes were selected, from among water electrolysis,
fossil based and thermochemical water decomposition systems, and evaluated, using a consistent set of groundrules,
in terms of relutive performance, economics, resource requirements, and technology status.

The market projection shows that a substantial demand for hydrogen currently exists and thot the requirement grows
dramatically with time. The United States currently uses about 8 x 1010 standard cubic meters (3 x 1012 SCF) of
hydrogen per yeqr The future market indicates & year 2000 hydrogan requirement of 1.3 x 1012 standard cubic
meters (4.8 x 10 13 SCF) per year. This is equivalent to an average annual growth rate in excess of 11 percent,

The hydrogen production processes selected for evaluation were water electrol ysis, using the Teledyne HP electroly-
zer modules; coal gasification, using the Bi-Gas two stage pressurized gesifier to represent developing coal gasifi-
cation technology; coal gasification, using the Koppers=Totzek atmospherie gasifier to represent commercially availd
able coal gasification technology; and water decomposition, using the Westinghouse Sulfur Cycle hybrid thermo-
chemical ~electrochemical hydrogen production process in combination with g very high femperaiure nuclear reactor
(VHTR) heat source. All processes were sized to produce a nominal 9.6 x 10% standard m /day (360 x 106 SCFD)

of hydrogen,

The evaluation indicates that the nuclear Sulfur Cycle water decomposition system is superior to water electrol ysis
in both thermal efficiency and cost of hydrogen produced. Nuclear water decomposition is on a par with coal gasi-
fication systems in respect to thermal efficiency and holds great promise of lower hydrogen production costs as rea-
sonable escalation of future nuclear ond coal costs are considered. The nuclear water decomposition system has o
lower potential environmental impact than other systems. |t also provides the opportunity for more effective re~
source management, such as making possible the utilization of all the earbon in eoal for its chemical value, as
opposed to converting it to carbon dioxide while extracting only its thermal value.

17.

e e s

Key Words {Suggested by Author(s}) 18. Distribution Statement
Bi~-Gas Gasifier Sulfur Chemistry

Cooal Gasification Thermochemical Hydrogen Unclassified ~ unlimited
Hydrogen Production

Hydrogen Market

Koppers-Totzek Gasifier
MNuclear Power

Very High Temperature
Reactor (VHTR)
Water Electrolysis

19, Security Classif. (of this report) 20. Secunity Classif. {of this pag l 21 Nooof Puage o e

197 6,00 ’

————————— .- . )

Unciassified Unclassified

e sale by the Natuens] Technaaf Qafoooabion Seevnnc SpeenBe Yoo 2000

i
i

i s . aol



FOREWARD

Acknowledgment is gratefully given to those organizations who substantially con-
tributed to the work reported herein, These include United.-Engineers and Constructors, Inc.,
the University of Kentucky Research Foundation, Westinghouse Environmental Systems Depart-
ment, Westinghouse Power Systems Planning Department, and the Westinghouse Research Labor-
atories,

‘o
(]

o

1
At

I A VP P

P S

TP



=

ol

1.0
2,0
2,1
2,2
2,3

2,4

2,5

2.6

2.7

2.8

3.0

3.1

TABLE OF CONTENTS

SUMMARY
INTRODUCTION

HYDROGEN MARKET PROJECTION - oo e o
GENERAL

PREDICTED TOTAL HYDROGEN MARKET
MARKET FOR HYDROGEN IN FUEL SYNTHESIS

2.3.1 Hydrogen Market in Gaseous Fuel Synthesis

2,3.2  Hydrogen Market in Liquid Fuel Synthesis

2.3.3  Hydrogen Market in the Projection of Other
Synthetic Fuels

2.3.4  Nuclear Hydrogen Market in Fue; Synthesis
HYDROGEN MARKET IN STEELMAKING

2.4,1 Market for Hydrogen in Direct Reduction Steelmaking
2,42 Market for Nuclear Hydrogen in Direct Reduction
Steelmaking

MARKET FOR HYDROGEN IN THE PRODUCTION OF AMMONIA

2.5,1 Present Trends in the United States Ammonia Market
2,5.2 The World Ammonia Market

2.5.3  Total Hydrogen Market in Ammonia Production
25,4  Market for Nuclear Hydrogen in Ammonia Production

MARKET FOR HYDROGEN AS A FUEL

2.6,1 Market for Nuclear Hydrogen as a Fuel
2,6.2  Market for Solar Hydrogen as a Fuel

MARKET FOR HYDROGEN IN OIL REFINING

2.7.) Projected Total Hydrogen Use in Oil Refining
2.7.2  Nuclear Hydrogen Use in Oil Refining

AREAS OF UNCERTAINTY

SELECTION OF HYDROGEN PRODUCTION SYSTEMS FOR
EVALUATION

GENERAL

2-14

2-14
2-14
2-16
2-16

2-16

2-20
2-20

2-23

2-23
2-25

2-25
3-1

D e :

S RN NI B vk s R RN o irsiM vkl e

Lonte el




3.2

3.3

3.4

4.0

4,1.-.

4.2

TABLE OF CONTENTS (Continued)

WATER ELECTROLYSIS HYDROGEN PRODUCTION SYSTEMS

3.2,1  State-of-the-Art

3,22  Theoretical Background

3.2.3  Comparative Data on Electrol yzers

3.2,4  Environmental Constraints A
3.2.5  Water Electrolysis Plants. ... ... . . . .-
3.2,6  Electrolyzer Selection

FOSSIL BASED HYDROGEN PRODUCTION PROCESSES

3.3.1 General

3.3.2  Selection of Type of Fossil Based Hydrogen Production
System to be Studied

3.3.3  Coal Gasification Systems

WATER DECOMPOSITION HYDROGEN PRODUCTION SYSTEMS

3.4.1 Water Splitting Processes as a Class of Hydrogen
Generation Methods

3.4.2  Basis of Selecting a Water Decomposition System

3.4.3  Westinghouse Water Decomposition Process

3.4.4  Energy Sources for the Westinghouse Sulfur Cycle

TECHNICAL AND ECONOMIC EVALUATION OF SELECTED
HYDROGEN PRODUCTION PROCESSES

GENERAL

4,1,) Technical Groundrules for Evaluation
4,1.2 Economic Groundrules for Evaluation

WATER ELECTROLYSIS

4,2.1 General
4,22  Plant Design

4,2,2.1 Electrolyzers

4,2,2,2 Plant Subsystems

4.2.2.3 Woater Make-Up System

4,2,2.4 Electrolyte Preparation and Storage System
4.2.2.5 Heat Removal System

4,2.2,6 Product Gaos Handling

4,2,2,7 Electrical Auxilairy Power System

4,2,2.8 Plant Maintenance

vi

o B
LI R |

L L)
— o - m— — — —

.h-b-h-l‘-‘-h-l:h-hh b A
OO0 bh OO WO O WO~




‘ I TABLE OF CONTENTS (Continued)

| L 4,2,3 Plant .Performance Characteristics

[ 4,2.3.1 Resource Consumption
C 4.2.3.2 Process Outflows
- 4.2.3.3. Process Thermal Efficiency

o 4,2,4 Economics

L™ 4.2,4,1 Capital Costs
4.2,4,2 Operation and Maintenance Costs
4.2,4,3 Power Costs
- 4.2.4,4 Hydrogen Production Costs
4.2,4.5 Sensitivity of Hydrogen Production Costs
to Variables

4.3 Bi-GAS COAL GASIFICATION

4.3.1 General

4,3.2 The Bi-Gas Process

4.3.3  Hydrogen Production Plant

4.3.4 Plant Performance Characteristics

4.3.4.1 Resource Consumption
4.3.4.2 Process Qutflows
4.3.4.3 Process Thermal Efficiency

4,3.5 Economics

4.3.5.1 Capital Costs
4.3,5.2 Operation and Maintenance Costs
4,3.5.3 Fuel Costs
“ 4.3.5.4 Hydrogen Production Costs
4.3.5,5 Sensitivity of Hydrogen Production Costs
to Variables

4.3.6  Alternate Configuration - Dual Purpose Bi-Gas Procass

4.4 KOPPERS-TOTZEK COAL GASIFICATION

4.4,1 General
4,4.2  The Koppers=Totzek Process
4.4,3  Hydrogen Production Plant

4.4,3,) General

1 4.4,3,.2 Coal Preparation
4,4,3.3 Gasification
4.4,3.4 Acid Gas Removal
u- l 4.4.3,5 CO Shift Conversion

4,4,3.6 CO2 Removal

l vii

Page

4-16

4-16
4-19
4-19

4-22

4-22
4-26
4-26
4-30
4-30

4-37

4-37
4-37
4-42
4-46

4-46
4-48
4-48

4-49

4-49
4-53
4-57
4-57
4-57

4-39

4-65

4-65
4-65
4-72

4-72
4-72
4-76
4-76
4-76
4-80




i
{
i

4.5

4,4.4.

4,4.5

TABLE OF CONTENTS {Continued)

4,4,3.7 Polishing Methanation. ...
4,4,3,8 .. Plant Service Systems

4,4.3.8.1 Oxygen Plant
4,4.3.8.2 Cooling Wafer
4,4,3.8.3. Water Make-Up
4,4,3.8.4 Steam Generation
4,4,3,8.5 Waste Disposal
4,4,3,8.6 Electrical Distribution

Plant Performance Characteristics

4,4,4.1 Resource Consumption
4,4.4.2 Process Outflows
4.4.4.3 Process Thermal Efficiency

Economics

4.4.5,1 Capital Costs

4,4.5.2 Operation and Maintenance Costs

4.4,5.3 Fuel Costs

4,4,5.4 Hydrogen Production Costs

4,4,5,5 Sensitivity of Hydrogen Production
Costs to Variables

WATER DECOMPOSITION

4.5. ]
4,5.2

General
Plant Design

4,5.2,1 Plant Layout

4,5,2,2 The Very High Temperature Reactor (VHTR)
4.5.2,3 Battery G = Electrolyze-

4,5.2,4 Battery H = Sulfuric Acid Decomposition
4,5,2,5 Battery | = SO, /O, Separation

4,5,2,6 Battery J - Turbine Generator

4,5,2,7 Battery K = Hydrogen Product Compressors
4,5.2.8 Cooling Water System

4,5.2,9 Water Make-Up and Waste Treatment Systems
4,5,2.10 Electrical Auxiliary Power System

4,5.2.11 General Facilities

viti

Page

4-80
4-80

4-80
4-33
4-83
4-83
4-83
4-84

4-84

4-84
4-84
4-84

4-87

4-87
4-90
4-93
4-93
4-96

4-99

4-99
4-99

499

4-103
4-110
4-111
4-113
4-113
4-117
4-117
4-117
4-118
4-119




4,5.3

, 4.5.4
. 4.5.5

TABLE OF CONTENTS (Continued)

Plant Reference Characteristics

4,5,3.1 Resource Consumption
4,5.3.2 Process Quiflows
4.5.3.3 Process Thermal Efficiency

Process Performance Sensitivity Analysis

Economics

4.5.5.1 Capital Costs

4,5.5.2 Operation and Maintenance Costs.

4,5.5.3 Fuel Costs

4,5,5.4 Hydrogen Production Costs

4.5.5.5 Sensitivity of Hydrogen Production
Costs to Variables

5.0 COMPARATIVE EVALUATION OF HYDROGEN PRODUCTION
PROCESSES

5.1 GENERAL

5.2 COMPARISON OF TECHNOLOGICAL READINESS AND
DEVELOPMENT REQUIREMENTS

5.2,1
5.2,2
5.2.3
5.2.4

Water Electrolysis

Koppers-Totzek Coal Gasification
Bi-Gas Coal Gasification

Water Decomposition System

5.2.4,1 The VHTR Nuclear Heat Source
5.2.4,2 .The Water Decomposition System

5.2.4,2.1 Materials Considerations
5.2,4.2.2 Technological Status of the Water

Decompasition Hydrogen Generation

Process
5.3 ECONOMIC COMPARISON OF HYDROGEN PRODUCTION
PROCESSES
5.3.1 Capital Costs
5.3.2  Comparison of Operating and Maintenance Costs
5.3.3  Comparison of Fuel Costs
5.3.4  Comparison of Hydrogen Production Costs

Page

4-119

4-11%
4-120
4-120

4-121
4-136
4-136
4-142
4-144

4-144
4-147

L
1
iin v AW —




5.4

6.0
6.1
6.2

6.3

TABLE OF CONTENTS (Continved)

Page
COMPARISON OF RESOURCE UTILIZATION AND 5-16
ENVIRONMENTAL IMPACT POTENTIAL
SUMMARY OF RESULTS é-1
HYDROGEN MARKET PROJECTION 6- 1
HYPROGEN PRODUCTION PROCESSES : 6~ 2
6.2.1  Water Electrolysis 6= 2
6.2.2  Bi-Gas Coal Casification 6- 4
6.2.3  Koppers-Totzek Coal Gasification 6- 4
6.2.4  Nuclear Water Decomposition 6- 4
CONCLUSIONS b= 6
APPENDIXES
Materials for the Sulfur Cycle Water Composition System A-1 - A-1]
Technology Status of the Sulfur Cycle Water Decomposition B-1 - B-22
System
REFERENCES 1 - 4

Bz




SUMMARY

A study hus been performed to assess both the future uses of hydrogen and the hydro-
gen production processes that can meet the demand for hydrogen in the coming decades. To
do this, a projection was made of the market for hydrogen, as a fuel and as a feedstock, through
the year 2000. Four hydrogen production processes were selected, from among water electrol ~
ysis, fossil based and thermochemical water decomposition systems, and evaluated, using o
consistent set of groundrules, in terms of relative performunce, economics, resource require-
ments, and technology status.

Market Projection

The market projection shows that a substantial demand for hydrogen currently exists
and-that the requirement grows dramchcallawith time. The United States currently uses about
8 x 1010 standard cubic meters (3 x 10! SCF) of hydrogen per year, with a growth rate
that is approximately six percent per year. As one look to the future, and the growing markets
for merchant hydrogen that do not now exist, e.g., coal gasification and liquefaction, org re=
duction, fuel, etc., the pr0|echon for the year 2000 hydrogen market becomes 1.3 x 10'2
standard cubic meters (4.8 x 1013 SCF) per year. This is equwalenr to an average annual
growth rate in excess of 11 percent compared to the historical six percent rate,

Hydrogen Production Processes

The hydrogen production processes selected for evaluation were water nlectrolysis,
using the Teledyne HP electrolyzer moduies; coal gasification, using the Bi-Gas two stage
pressurized gasifier to represent developing coal gasification technology; coal gasification,
using the Koppers-Totzek atmospheric gasifier to represent commercially available coal
gasification technology; and water decomposition, using the Westinghouse Sulfur Cycle
thermochemical hydrogen production process in combination with a very high temperature
nuclear reactor (VHTR) heat source.

The technology of water electrolysis is well known and electrolyzers are available
commercially from many manufacturers. The thermal efficiency of the water electrolysis plant
is 81 percent, not including the efficiency of producing the electric power required for the
process. When the electric generation efficiency is included at 34 percent, typical of the
light water nuclear reactor powerplants capable of producing the lowest cost electric power
currently available, the combined overall process efficiency drops to about 28 percent. The
cost of producmg hydrogen from this plant, based on uhlny ownership and costs in effect in
mid-1974, is estimated to be approximately 8.47¢/std m® ($2.27/MSCF) when operating at an
80 percent capacity factor and supplled with power from an adjacent nuclear power station
with a fuel cost of 19.9¢/GJ (21¢/10° Btu).

The Bi-Gas gasifier is a two stage pressurized system which represents developing
technology in coal gasificction. The overall thermal efficiency of the plant, relating the
higher heating value of the product gos to the total energy input to the plant, wos calculated
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to be 46 percent. The cost of the production facility included, as in all the processes, equip-
ment and facilities, such as cooling towers and flue gas cleanup systems, to assure that the
plants would meet the appropriate environmental standards end regulations. The cost of pro-

ducing hydrogen from this plant, under base case economic conditions, is 4,46¢/std m
($1.20 MSCF). The base case considered coal at.2.2¢/kg ($20/ton).

Koppers-Totzek gasification is a commercially availdble process, Gasification
plants using these gasifiers are in existence around the world, The gasifier, which operates
at approximately atmospheric pressure, can handle any kind of coal and, with appropriate
downstream processing, produce a hydrogen product stream. Compression stages were in-
cluded in the plant to result in the product gas being available at a pressure of 6893 kPa
(1000 psi), as for the other hydrogen production.systems, for off-site distribution. The overall
thermal efficiency of the process, including the energy consumed in gas compression and
other plont services, is evaluated to be 49 percent. The base economic evaluation resulted
in a hydrogen production cost of 5¢/std m3 ($1.34/MSCF),

The water decomposition system used for evaluation is the Westinghouse Sulfur
Cycle two=step thermochemical process. In this process, hydrogen and sulfuric acid are pro-
duced electrolytically by the reaction of sulfur dioxide and water. The process is completed
by vaporizing the sulfuric acid and thermally reducing, at higher temperatures, the resultant
sulfur trioxide into sulfur dioxide and oxygen. Following separation, sulfur dioxide is re~
cycled to the electrolyzer and oxygen is either vented or sold,

As in cenventional water electrolysis, hydrogen is produced at the electrolyzer
cathode. Unlike water electrolysis, sulfuric acid, rather than oxygen, is produced at the
anode. Operation in this fashion reduces the theoretical power required per unit of hydro-
gen production by more than 85 percent over that required in water electrolysis. This is
particlly offset, however, by the need to add thermal energy to the process to reduce the
sulfur trioxide. Even so, this hydrogen generation process provides overall thermal effi-
ciencies approximately double those attainable by conventional electrelytic hydrogen and
oxygen production technology. The development effort on the water decomposition system
has, to date, been privately funded and has verified, by laboratory testing, that the electro-
lytic and chemical reactions proceed a: written and at rates sufficient to insure an efficient
and economic hydrogen production plant.

The energy source for the water decomposition system is a very high temperoture
nuclear reactor (VHTR) producing both electric power and a high temperature helium stream
to the process. The VHTR is a graphite moderated helium cooled nuclear unit that is pre-
dicated on the integration of the technologies from the NERVA nuclear rocket engine pro-
gram and land based gos cooled reactor programs into an advanced very high temperature
nuclear heat and power source. The conceptual design of the VHTR was sponsored by ERDA

and is described in Reference 1.
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The integrated plant requires a VHTR rated at 3220 MW(1) to result in the prodic-
tion of 10,1 x 10° std m3/day (379 x 10° SCFD) of 99.9 percent pure hydragen, The
VHTR provides all of the energy - heat and electricity = required for the operation of the
water decomposition plant and for the auxiliary power requirements ot the nuclear systzm, The
overal| thermal efficiency of the integrated process is calculated to be 47 percent. for tha
base economic case, nuclear fuel costs of 24.75¢/GJ (26.1¢/10% Btu), and no credit -or the
oxygen produced in the process, the hydrogen production cost is 5.4¢/std m3 ($1.45/MSCF),

Conclusions

There is @ market for hydrogen that exists today thar is being met primarily by
fossil based hydrogen production processes, This market is expected to grow substantially
over the next several decades, Simultaneously, the growing unavailability und/or escalating
costs of the fossil feedstocks used in today's hydrogen production makes imperative the devel -
opment of alternative hydrogen generation systems. These systems must moke use of our most
plentiful resources, i.e., they must be nuclear or coal based systems.

The evaluation of the nuclear Sulfur Cyzle water decomposition system indicates
that it is superior to water electrolysis in both thermal efficiency and cost of hydiogen pro-
duced, regardless of whether the water electrolysis plant is powered by nuclear-electric or
fossil ~electric plants. Nuclear water decomposition is on a par with coal gasification systems
in respect to thermal efficiency and holds great promise of lower hydrogen production costs as
reasonable escalation of future nuclear and coal costs are considered. The nuclear water de-
composi tion system has a lower potential environmental impact than other systems. It also
provides the opportunity for more effective resource managemeni, such as making possible
the utilization of all the carbon in coal for its chemical value, as opposed to converting it
to carbon dioxide while extracting only its thermal value.

It is concluded that the nuclear water decomposition system shows sufficient tech-

nological and economic promise to warrant aggressive development of the process and further
definition of the conceptual design.
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1.0 INTRODUCTION

The objectives of the "Studies of the Use of Heat from High Temperature Nuclear
Sources for Hydrogen Production Processes" are:

To survey exlisting and advanced processes for the production of hydrogen
by use of fossil, nuclear, and other erargy sources or appropriate combina-
tions thereof.

To analyze and evaluate these various processes in terms of cost, energy
supply, environmental impact, critical materials, and other factors; to assess
the status of technology for the promising processes; and to specify the R&D
needed to_make the promising processes practical.

To prepare a conceptual design of a hydrogen=production plant based on one
of the most promising processes; and for this process, to prepare program plans
for the needed R&D and demonstration at the pilot-plant scale,

To achieve these objectives, a scope of effort has been undertaken which is divided
into three major technical tasks. These tasks cre summarized below:

TASK | - Identification of Candidate Processes for Production and Market
Surveys for Uses of Hydrogen

The results of this task will be a comparative evaluation of various hydrogen
generation processes supporting the selection of the electrolysis, coal gosifi-
cation, and water decomposition processes to be studied in more detail; pre-
liminary technical, environmental, and sociological information pertinent to
the selected hydrogen generation processes; and projections, to the year 2000,
of the market demand for hydrogen as a fuel, feedstock, or reagent,

TASK |l - Technical Analyses and Economic Evaluation of Hydrogen
Production Systems

This task will result in a more detailed evaluation of the four hydrogen pro-
duction processes selected in Task I, i.e., electrolysis using the Teledyne HP
modules, coal gasification using the Koppers-Totzek atmospheric gasifier, cool
gasification using the Bi-Gas pressurized gasifier, and thermochemical using
the Westinghouse Sulfur Cycle. The evaluation will consider the economics,
technical status, R&D requirements, resource requirements, environmental
impacts, and other factors that bear on a recommendation of a hydrogen pro-=
duction process that can best meet the requirements of the market identified
in Task L,

1-1




. TASK Il =~ Conceptual Design of a Plant for Hydrogen Production

The results of this task will be a conceptual design of an integrated nuclear-
/ hydrogen production plant, using the Westinghouse Sulfur Cycle hydrogen

production process, including an evaluation of the economics, environmental

effects, benefits, and the program, in respect to technical areas, costs, and

schedules, needed to develop the hydrogen production system to the demon-
stration stage.

o This report documents the results of Tasks | and 1l. The results of Task 11l are reported
in a separate document, :

In performing this work, it was recognized that ERDA- Nuclear Energy is conducting
studies to assess the potential for development of nuclear systems to provide process heat at
temperatures in the range of 922 to 1366K (1200 to 2000°F). These ERDA studies are also con-
cerned with identifying and evaluating present and projected industrial processes that can
utilize high temperature nuclear heat. NASA is participating in the ERDA evaluation through

the assessment of processes for hydrogen production using nuclear, as well as fossil, heat sources
as reported herein.

In order to make the results of this work most useful to ERDA, the hydrogen production
capacity of the systems investigated was established consistent with the size of nuclear heat
sources being considetgd in the ERDA evaluation. This results in a nomina{ gnydrogen genera-
tion rate of 9.6 x 10° standard cubic meters per day (360 x 106 SCFD) ] . Moreover, the
methcdology and format for estimating capital, operating, and production costs are consistent 1

with those used by ERDA-Nuclear Energy in their studies of the very high temperature nuclear
heat sources.

(1) Throughout this report, the standard cubic meter is gefined as a gas volume at normal
atmospheric pressure and a temperature of 273K (32°F). The standard cubic foot is o
defined as a gas volume at normal atmospheric pressure and a temperature of 289K (607F),




2,0 HYDROGEN MARKET PROJECTION
2.1 GENERAL

In this study, both the total market for hydrogen as a fuel or feedstock and the
sector of the market that could be filled by nuclear driven hydrogen production.systems were
examined. The nuclear sector is of primary concern because it introduces new options, e.g.,
the shift to a nuclear energy base with its accompanying economic and environmental advan~
tages. The basic projection is related to the growth of the hydrogen market through the year
2000, although indications of the expected growth beyond that point are also shown.

In many respects, the current production of hydrogen is not really a true market for
hydrogen per se, since most of the processes involved, e.g., ammonia production, do not pur-
chase hydrogen externally but are designed around a hydrocarbon reforming process. Although
hydrogen-consuming processes could be supplied from an external hydrogen process, in today's
climate this approach would appear to be less economical and less thermally efficient than
existing processes which integrate both functions.

2,2 PREDICTED TOTAL HYDROGEN MARKET

The United States currently uses about 80 x 107 std m3 (3 TCF*) of hydrogen per
year. Production is growing today at 6 percent a yeay and is expected to grow even more
rapidly. This study predicts about 1298 x 107 std m”/year (48 TCF/year} s a base case for
the year 2000. Equally plausible predictions by others range to 1660 x 107 std m3/year
(62 TCF/year). Continued expansion at the present rate of 6 percent/year would result in
402 x 109 std ms/yeqr (15 TCF/year) by the year 2000. Table 2,21 summarizes some of
these estimates, based on interpretations of published work. Noteworthy are the differences
between forecasts as fo the size and composition of the A.D. 2000 market.

The largest notential market in view is the synthetic hydrocarbon fuel market, con-
sisting of the produciion of substitute natural gas (SNG) and oil from coal. Similarly, large
markets in oil refining and ammonia production can be anticipated, but the magnitude of these
markets in uncertain, Direct-reduction steelmaking is not seen to be a relatively large market,
primarily because of the slow growth projected for the United States steel industry,

Hydrogen for fuel uses will be o relatively small market, at least through 2000 A.D,,
but one that will grow rapidly thereafter. However, hydrogen will not be a "universal fuel”
even in the nuclear era commencing in the next century, although it is destined to be increas-
ingly important, The basis for this judgment is predicated on the assumption that hydrogen will
not be made from coal for use as a fuel because the advantages of SNG, in production cost and

* TCF, or Trillion Cubic Feet, is defined as 1 x 10'2 standard cubic feet
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pipeline transport cost, outweigh any identified advantage of hydrogen in end use, either in
economic terms or in the conservation of coal resources,

Table 2.2.2 shows the nuclear hydrogen production capacity predicted to exist by
the year 2000 A,D, The central value of 104.3 x 107 std m3/yeqr (3.6 TCF/year) represents
a fairly tikely combination of the first commercial use, in 1995, of the very high temperature
nuclear heat source (VHTR) and a water decomposition system, coupled with a moderate rate
of capture of the new plant market. The rapidly growing fuel synthesis market is expected to
be the dominant application of nuclear hydrogen, followed by hydrogen production for aircraft
fuel and possibly dilution of methane in natural gas distribution systems. The base estimate of
nuclear driven hydrogen production processes would require 15-30 3000 MW(t) VHTR's by
2000 A.D.

2,3 MARKET FOR HYDROGEN IN FUEL SYNTHESIS

Almost all fuel hydrocarbon processing involves the transformation of low hydrogen
content materials, e.g., crude oil at 11 - 14 percent hydrogen or coal at 5 percent hydrogen, by
weicht, to more volatile, more usecble and more valuable materials such as gasoline (CSHIB)'
at 16 percent hydrogen, and methane (CHy), at 25 percent hydrogen, Closely related processes
generate methancl (CHqOH) and ammonia (NH3), also usecble as fuels because of their hydro-
gen content and consequent high heat of combustion.

The amount of hydrogen used in the production of fuels is highest for methane (SNG)
and lowest for shale oil production and oil refining. In this section, three markets are consid-
ered: coal gasification, coal liquefication, and shale oil production. All three are substitute
fuels, but the extent to which hydrocarbons are transformed and the amount of hydrogen re-
quired are greater for the two coal conversion processes, Table 2,3.1 summarizes the projected
United States hydrogen demand for fuel synthasis in the year 2000.

2,3.1  Hydrogen Market in Gaseous Fuel Synthesis

The solume of future synthetic goseous fuel production in the United States is uncer-
tain in the long term. Estimates from the literature have indjcated that year 2000 production
of substitute natural gas (SNG) ranges from 80 to 160 x 107 std m3/year (3 to 6 TCF/year),
(Reference 7).

It was assumed for both base and high estimates that the year 2000 annual production
of SNG from both coal and oil is 169 x 107 std m3 (6.3 TCF) increasing to 482 x 107 std
m3 (18 TCF) of SNG in the year 2020, This estimate is consistent with the Project Independence
"Accelerated" scenario projection (Reference 7). Assuming 1,56 standard volumes of hydrogen
required per standard volume of SNG, the cgsociared hydrogen demand is 265 x 107 std m3 /
year (9,9 TCF/year) in 2000 and 752 x 107 std m3/year (28 TCF/year) in 2020, For a low
estimate, 161 x 109 std m3 (6 TCF) of hydrogen was used.

2-3
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NUCLEAR HYDROGEN INSTALLED CAPACITY, 2000 A.D.

TABLE 2,2,2

UNDER VARIOUS ASSUMPTIONS

MNuclear Process Commercial Availability

Late Intermediate Early
2000 1995 1990
]09 Std mS/Yr 109 Std ma/Yr |09 Sid m3/Yr
Slow Capture Rates
Cil Refining 5%t 0 4,6 19.9
Fuel Synthesis 27.3 118
Chemical 3.0 12.3
Steelmaking 0.7 3.
Direct Fuel 1%/Y'r ! 17.2 743
Total 0 52,8 227.6
Moderate Capture Rates
Qil Refining 10%/Yr 0 9.2 39.8
Fuel Synthesis 54.4 235.8
Chemicol 5.7 24.7
Steelmaking 1.4 6,2
Direct Fuel 2%/Yr ! 336 148
Total ¢ 104,3 454.5
(Base Estimate}
Fast Capture Rates
Qil Refining 20%/Y'r 0 18,5 611
Fuel Synthesis 108.8 371.9
Chemical 11.6 37.7
Steelmaking 2.9 2.6
Direct Fuel 5%/Yr 1 844 367
Total 0 226,2 847.3

{High Estimate)
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TABLE 2,3.1

UNITED STATES HYDROGEN DEMAND FOR FUEL SYNTHESIS, 2000 A.D,

Product Demand| Hydrogen Energy Hydrogen Demand
o Product 10]8 1/Year Product Energy l018 1/Year ]09 Sid m3/Year
h Low Estimate
— SNG 4,2 0.49] 2,06 161
Syncrude 9.5 0.392 3.72 291
Shale Oil 10.5 0.073 0.77 60 ;
' Total 24,2 6,55 512 |
1
Best Estimate .
—_————— g
SNG 6.9 0.491 3.39 265 ]
Snycrude 19.0 0.392 7.45 582 ]
Shale Qil 10.5 0.073 0.77 60
Total 36.4 11.61 907 *-
High Estimate
SNG 6.9 0.491 3.39 265
Syncrude 29,5 0.392 11.6 907
: Shale Oil(” - - - - ]
| —_—
" Total 36.4 14,99 172

i)

For the high estimate, shale oil is assumed no-viable and its energy contribution s
replaced by additional Syncrude,



— ]

2.3.2  Hydrogen Market in Liquid Fuel Synthesis

The base year 2000 market for synthetic liquid fuels from coal was assumed to be
about 3.1 billion barrels of oil, and that production of oil from shale amounts to an addi-
tional 1.7 billion barrels oil. These numbers approximate the upper limit estimates publish-
ed by the Bureau of Mines in 1970 (Reference 2). The associated total annual hydrogen
demands are 188 std m3/barrel (7000 SCF/barrel) and 35 std mS/barrel (1300 SCF/barrel),
yielding 582 x 107 std m3 (21.7 TCF) and 60 x 107 std m° (2.2 TCF), respectively, The
unit hydrogen.demand in oil shale production is much less than in fuel synthesis from coal;
thus the total hydrogen market would be less if shale oil is very successful. On the other
hand, if shale oil fails to become viable in this century (e.g., due fo its waste product
volume) and the United Stcges elects to limit oil imports, the hydrogen demand would in-
crease to 907. x 109 sid m*° (34 TCF), given the same total energy demand of 4.8 billion
barrels of synthetic oil. The value was used as a high estimate. The hydrogen requirement
of the syncrude industry is the largest part of the fuels market and in fact constitutes over
60 percent of the base case projection. The total A.D, 2000 base fuel synthesis industry
assumed here amounts to 36,4 x 1018 J/year. Project Independence investigators utilized
a base demand of 33.7 x 1018 J(32 quads*) (Reference 7).

2.3.3  Hydrogen Market in the Projection of Other Synthetic Fuels

While it seems unlikely that ammonia will replace methane, methanol produced from
coal is not unlikely as a liquid synthetic fuel candidate. The efficiency of conversion of coal
to methanol is poorer than for SNG production, since methanol production from coal involves
fiest producing hydrogen and then combining it with carbon monoxide.

If methanol replaced gasoline as the basis of transportation energy, the hydrogen
requirement would be tripled. This study did not consider the scenario in which a high con-
sumption level of liquid fuels is met with methanol from coal. The hydrogen estimates made
previously are intended to include ali synthetic hydrocarbon fuels.

23,4  Nuclear Hydrogen Matket in Fuel Synthesis

The rate ot which nuclear-modified processes can enter this market depends upon
the new hydrogen capacity added each year, It was assumed that plants will not be retro=~
fitted and existing plants would not be retired. Since the nuclear system is assumed to be
available in 1990 or later, only the new plant additions after 1990 are accessible to a
nuclear~driven process, Table 2.3.2 develops an estimate of this nuclear hydrogen pene-
tration of the SNG market. The table shows the growth in installed SNG production
capacity and new capacity additions in successive five-year intervals through the year 2030,
Also shown are the cumulative nuclear process additions computed for a nuclear process
entering the market in 1990 or 1995 and thereafter capturing 5, 10, and 20 percent per year

A ——————————

! quad = quadrillion Bty - 1015 Btu
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TABLE 2,3,2

ESTIMATED TOTAL SNG CAPACITY AND SNG CAPACITY
BASED ON NUCLEAR-HYDROGEN

. Projected SNG Market Cumulative Installed Nuclear SNG Capacity
: (IOIB J of SNG/Year) (|0|8 J of SNG “Year)
Year Instal led Capacity Market Penetration Rate Market Penetration Rate
SNG Capacity Additions In for 1990 Entry for 1995 Cntry
at Start 5 Years 5%/Yr  10%/Yr  20%/Ye| 5% 7Yr 10%/Yr 20% Y
1985 1.48 0 0 0 0 0 0
1.58
! 1990 3,06 0 0 0 0 0 0
1,68
1995 4.74 017 034 067 | o 0 0 1
| 2,11
2000 6,85 0.9 1.81 2.78 0.21 0.42 0.84 ¥
2,22 ‘
2005 9.07 2,24 4,03 5.00 0.9% 1.98 3.06 ;
2,73 :
2010 1.8 4,56 6.76 7.73 2.63 4,71 5.7¢ ]
3.50 :
2015 15,3 8.06 10.3 11,2 5.60 8,21 9.29
4,20 !
2020 19.5 12.8 14.5 15.4 %.80 2.4 13,5
4,30
2025 238 171 18,8 19.7 14,1 16,7 17.8 l
4,40
2030 28,2 21,5 23.2 24,1 18.5 211 22.2 1
1
4
2-7 I




of new plant additions. For the 5 percent/yaar trend, tho nuclear hydrogen process is assumed

to capture none of the market in the first year, 5 percent of the new plant additions the second,
and so on.

If the calculation were done on a yearly basis, one would simply 1. Jltiply the new
plant additions in the years 1990, 1991, 1992, , . . by the fractions 0, 0,05, 0.10,
to obtain the annual additions and then sum these to find the installed nuclear capacity.
Since this would require a lengthy table, five~year intervals were used instead. The serjes

of annual market captures for the 5 percent /year trend was converted to average captures o

over successive five-year intervals, giving 0.10, 0,35, 0.60. 0,85, 1.0, 1.0, . . . . . ...

The five year average captures for the 10 percent/year trend are 0,20, 0.70, 1.0, 1.0, . . .,

and for the 20 percent/year trend are 0.4, 1.0, 1.0, . . . . . . -
Taking 1990 VHTR availability and the slowest rate of market penetration as an

example, the nuclear process captures 10 percent of the 1,68 x 1018 J of new SNG capa-

C“?( built between 1990 and 1995. In the next five year interval, 35 percent of the 2,11 x

1078 J of new plant capacity, or 0.74 x 1018 addiﬁnri%l nuclear capacity are built,

bringing the total nuclear capacity in 2000 to 0.91 x 10'® J. This amounts to 13 percent

of the year 2000 SNG production capacity of 6.85 x 1018 J.

In Table 2.3.3 a projected coal liquefication industry reaching 19.0 x 1018 J per
year of synthetic liquid fuel by 2000 A.D. is used as a basis. The same curve of market
growth has been assumed as for the gasification industry. As a result, the installed process
capacity for a given nuclear process entry date and capture rate is the same as before.

For example, the 1990/5 percent per year combination achieves 2.51 x 1018 J/year capa-
city by 2000, or 13 percent of the total liquefication industry.

Table 2.3.4 summarizes the coal gasification and liquefication market volumes
in terms of annual hydrogen preduction capacity in the year 2000. The portion of that mar~
ket that can be satisfied by nuclear driven hydrogen production processes, as a function of
time of entry into the market and rate of market penetration, is also shown.

2.4 HYDROGEN MARKET IN STEELMAKING

in contrast to other markets, the use of hydrogen in steelmaking depends upon the
reducing property of hydrogen rather than its propensity to bond with carbon, Very little
hydrogen is used in rhis way today ~-~ the United States produces about one million tons
of steel annually by the direct reduction process, using hydrogen obtained by cracking meth-
ane. At about 820 std m3/kg (20,000 SCF hydrogen per ton) (Reference 2), the hydrogen
produced for this application is currently only about 54 x 106 std m® (0.02 TCF) annual ly.
Worldwide direct reduction capacity as of December, 1974, was 4,7 x 109 kg/year
(5.2 million tons/year) with 1.3 x 107 kg/year (14 milliun tons/year) on order. *

-

World total steel production is 7.1 x 10” kg/year (785 million tons/year).

2-8
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TABLE 2.3.3

[P P o, i i ¢ A

" ESTIMATED TOTAL SYNCRUDE MARKET AND SYNCRUDE CAPACITY
BASED ON NUCLEAR-HYDROGEN PROCESSES

.‘ﬁlﬁr‘ M\ T

f‘ e Instal led Liquefication Capacity Cumulative Installed Nuclear Ligyeficaotion Capacity
- . ('l(lIB J/Year) Syncrude (IOI8 J/Year) Syncrude
L e Installed Capacity Added 190 Entey 1995 Entry
- Capacity Next 3 Years | 5%,Yr 10%/Yr 20%/Yr| 5%/Yr  10%/Ys 20%/¥r |
T 1985 41 0 0 0 0 0
e 4.32
1990 8,43 0 0 0 0 0 ]
4.77
. 1995 13.2 0.48 0.95 1.9 0 0 0
5.80
2000 19.0 2,51 5.0 7.7 0.58 1.16 2,32
; 6]
2005 25.1 617 1.1 13.8 2,72 5.43 8.42
7.6
2010 32.7 12,6 18,7 21.4 7,28 13.0 lo.0
2.5
2015 42,2 22,1 28.2 30,9 15.4 22,5 25,5
11,6
2020 53.8 317 39.8 42,5 27.0 34,1 3z.1
‘ 1.6
' 2025 65.4 453 514 541 | 386 457 487
12,6
2030 78.0 57.9 64,0 66.7 51,2 58.3 61.3
"
, 2-9 '
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Roughly one~third of the enargy requirement of a present technelogy stealmaking
plant is in the coking coal used for reducing the iron ore, while the remaining enargy is
supplied as heat or electricity (Reference 8), for a total of 1.9 x 107 J/kg (16,3 x 10% Btu/
ton). The yleld of finished steel per ton of raw steel ingot is only 6% percent; thus about
2.7 % 1010 (26 x 100 Btu) of energy are required per 909 kg (ton) of inished steel, con-
sidering only the energy inputs to steelmaking. Most of the fossil energy is supplied today as
coal.

2.4.1  Market for Hydrogen in Direct-Reduction Steelmaking

The United States steel industry in 1967 consumed 3.55 x 1018 J (3.37 quads) or
about 6 percent of the total United States energy consumption. At the projected annval
growth of about 2.5 percent/year, the A.D, 2000 annual energy demand of the industry
would reach 8 x 1018 J (7.6 quads), equivalent to the heat production of over one hun-
dred 3000 MW(t) nuclear plants. For comparison, the year 2000 nuclear electric genera-
tion is expected to require about 1000 nuclear plants of similar size (Reference 9). The
size of the market is encouraging and the energy requirements of a large steelworks fit the
thermal and electric yield of a 3000 MW(t) high-temperature nuclear plant. These factors,
plus growing pressure to control the pollution caused by urban-sited steel plants, favor the
use of nuclear heat in steelmaking, The cost of energy for steelmaking constitutes a substan-
tial part of the praduct price (manufacturing value added) (Reference 10), If the average

energy coat is $.95/GJ (§1 .10/10° Btu), about 20 percent of the value added comes from
fuel cost.

Direct reduction (DR) using natural gas is exciting worldwide interest, In the under-
developed countries, new capacity may increasingly utilize DR, but the changeover may be
slower elsewhere. As a basis of the market projection, it was assumed that the United States
will have 2.7 x 10 0 kg (29 million tons) of direct reduction steelmaking capacity installed
by the year 2000, This value was used by the Bureau of Mines {Reference 2) to obtain an
upper limit bydrogen projection. Table 2.4.1 develops the trend of new DR plant installations
in a slightly different way, but still normalized to the Bureau of Mines estimate for the year
2000. Tota! United States capacity is estimated to grow at 2.5 percent per year per the usual
inductry projection, yielding the first two columns of Table 2.4.1. Retirements of evisting
plant; are added in column 3 since the new capacity replacing these piants is a market also
available to the DR process. A constant fraction of new plant installations is taken to be
the DR type, giving new DR installations in each five~year period. These are accumulated in
the fourth column. In the final column it was assumed that DR additions were twice the rate
projected by the Bureau of Mines,

2.4,2 Market for Nuclear Hydrogen in Direct Reduction Steelmaking

In Table 2.4.2, an estimate of how much of the DR capacity could be captured by
steelmaking processes using nuclear process heat is made. If the required technology be-
comes commercially viable by 1990, from 2.6 to 8.0 x 107 kg (2.9 to 8.3 million tons) per
year of nuclear DR steelmaking capacity might be operating in 2000, A 1995 entry date is

2-11
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TABLE 2.4.1

PROJECTED STEEL PLANT CONSTRUCTION IN THE UNITED STATES

UNITS: 109 kg Steel/Year

Stoel Plant Installations Installed Direct Reduction Copecity
Year Projected Trand Fit Double =~
Installed Capacity New Plants To BOM 70(3) 8OM 700)
Capagity(l) Growth Instatled Prediction Capacity
(IO9 kg) In 5 Years In 5 Yearns For 2000 For 2000
1985 184 11 21
23 26
1990 207 15 30
27 30
1995 234 20 40
3 3a
2000 265 26 52
36 39
2005 kii]l 32 64
3% 42
2010 340 38 75
45 48
2015 385 45 90
50 53
2020 435 54 10t
58 &1
2025 493 6 12
64 &7
2030 557 73 144

m
{2)
(3)

Based an 136 hiliion kg (150 million tons) in 1973, 2.5% annual growth in capacity.

Includes allowance for replacement of retired units,

Refarence 2.

2-2
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TABLE 2,4.2

ESTIMATED DIRECT REDUCTION IRONMAKING CAPACITY
BASIS: Bureau of Mines Estimate of 26 Billion kgs/Year In A,D. 2000

L 2]
: (Nuclear and Non~Nuclear)
) l‘ (Units: 10% kg Raw Steel/Year)
_"___- ‘., R::::t:?r:e;:um Nuclenr Steeimaking Copacity .
Capacity Market Penctration for 1990 Entry Market Penetration for 1995 Entry
o installations - Slow Mad Fast Slow Mod Fast
' eom 70)() 5%,/ Year | 10%/Yeor | 20%/Year | 5%/Yeor | 10%/Year 20°.Yeor
. 1985 0 0 0 ] 0 0
4
1990 0 0 0 0 0 0
s
1995 0.5 1.0 20 0 o 0
6 ;
! 2000 2,6 5.2 8.0 6 1.2 2.4 |
&
2005 6.2 11,2 14.0 2.7 5.4 8.4
6
2010 1.3 17.2 20,0 6.3 11,4 14.4
7 !
2015 18.3 24,2 27.0 12,3 18.4 21.4 i
9
2020 27.3 332 36.0 213 27.4 30.4
2
2025 36.3 42.2 45,0 30.3 36.4 39.4
10
2030 44,3 . 52,2 55.0 40,3 Ab4 49.4 ]
4
(1} Referancs 2 :

PR




more likely to occur, however, rosulting in only 0.6 to 2.4 x 109 kg (0.7 to 2.6 million
tons)/yoar, These results are Included in Table 2.4.3, which also shows the results of more
rapid market penetrations, up to 100 percent of all new plant construction. The uble
indicates that in spite of optimistic assumptions, the calculated a{;nounr of nuclear hydrogen
production in steelmaking processes could not exceed 13.2 x 107 std mS even if direct
reduction processes replace competitive methods at twice the total rate implied in the Bureau
of Mines estimate. For both base and high estimates, a total hydrogen demand corresponding
to twice the Bureau of Mines projected DR capacity was adopted, For example, for the base
number, this studg takes a 1995 VHTR process and 10 percent/year penetration rate, yielding
1.4 x 107 std m”/year, The high estimate assumes again a 1995 process entry but a 20 per-
cent/year penetration rate, yielding 2.9 x 10? std m3/year,

2.5 MARKET FOR HYDROGEN IN THE PRODUCTION OF AMMONIA

Since ammonia production is the principal chemical use of hydrogen, it is used here
as a proxy for all chemical markets.

2,5.1 Present Trends in the United States Ammonia Market

Currently about 32.2 x 107 std m3 (1.2 trillion SCF) of hydrogen are consumed ]
annually in the United States in the production of ammonia by the Haber process. About !
four times this may be projected for A.D, 2000. This hydrogen has not been purchased exter~ »

natly in the past, but was obtained by reforming natural gas (chiefly CH4) or naphtha,

United States ammonia production in 1973 was about 14,5 x ]09 kg (16 x 108 tons) ;
(Reference 11). Production capacity is not currently increasing rapidly in the United States;
the rate of increase to 1980 is projected to be only 0.7 percent (Reference 12). United States ]
consumption, 14.3 million tons in 1973, (Reference 13), is rising at 12 percent /year. When :
natural gas is reformed to obtain the hydrogen for ammonia production, merhage is decomposed
to yield two moles of hydrogen per mole of methane, so that about 2065 std m® (77,000 SCF) of
hydrogen is required ger 909 kg (ton) of ammonia. Thus, 1972 United States production amounted
to 32.2 x 107 std mS (1.2 x_1012 SCF) of hydrogen use. At 15 percent per year this could
increase 1o 125 x 107 std m® (4,66 x 1012 SCF) in A.D. 2000,

2.5.2 The World Ammonia Market

The world market for nitrogen fertilizers is increasing much more rapidly than the
North American market. It is doubtful whether the United States will be able to export great
quantities of ammonia, however, since the consuming countries are rapidly increasing their
production capacity, Moreover, since the economics strongly favor the use of natural gos as a
feedstock, 1)1e OPEC nations are in an excellent position to export fertilizer synthesized from
their abundant natura! gas and oil reserves. Saudi Arabia has already announced a five-year
plan ipvolving the construction of a $5 million gas-gathering system to feed two fertilizer
plants, desalination plants, and a steel mill (Reference 14).
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TABLE 2.4.3

YEAR 2000 HYDROGEN PRODUCTION FOR DIRECT REDUCTION STEELMAKING
PROCESSES USING NUCLEAR ~DRIVEN HYDROGEN PROCESSES

Year Total Nuclear Steslmaking Capucity Nuclear Hydregen Demand(!)
Nuclear MNuclaar BOM Twice Limiting BOM Twice Limiting
Process Panetration Estimate(3) BOM Est, Case(?) Estimate (3) BOM E:-e, Casel2)
Vidble %/ Yoar 107 kg/Year of Iron 109 Std m3/Year of Hydrogen
1990 5% 2,6 5.2 15.1 1.6 3.1 .1
10% 5.2 10.4 30.3 a 6,2 18,2
20% 8,0 16.0 46,5 4.8 2.6 27.9
33% 8.8 17.6 51,2 5.3 10.6 30.7
100% 1.0 22 64,0 6.6 13.2 Js.4
1995 5% 0.6 1.2 3.4 0.36 0.72 2.0
10% 1.2 2.4 6.8 0,72 1.4 4.1
20% 2.4 4,8 13,6 1.4 2.9 8.2
33% 3.6 7.2 20.4 2.2 4.3 12.2
100% 6.0 12 34 3.6 /.2 20.4
2000 0 - 100% 0 0 0 0 0 0

{1y A1 0.6 sid m3 kg of primary iron (raw steel).

(Y Assuming 100% of annuel steel plant additions (Table 2.4.1) are direct reduction plonts,
(3)  Referance ?




2.5.3  Total Hydrogen Market in Ammonia Prod .ction

Table 2.5.1 shows the total hydrogen market in fertilizer production {equated to
ammonia). As a basa casg, it is assumed that the United States production rises at the recent
trend of increase in consumption, 5.3 percent/year. This projection leads to an installed
capacity in 2000 A.D, of about 56 x 107 kg (62 million tons) per year of ammonia. At
2,27 std m3/kg (77,000 SCF per ton) (Reference 2), the associated hydrogen demand is about
129 x 107 std m /year (4.8 TCF/year). In the high estimate, the higher trend of world in-
crease is used; as noted previously, it appears rather unlikely that the United States can
capture much of this growing market with conventional fossil-based processes.

2,54  Market for Nuclear Hydrogen in Ammonia Production

As the basis for the assumed utilization. of nuclear processes in ammonia plants,
Table 2.5.2 shows the new capacity additions and various market penetration rates.

For a base nuclear projection, the 1995/10 percent per year combination is used.
This amounts to a yearly nuclear hydrogen production of 5,68 x 107 std m /year. The
high estimate uses a 20 percent per yeur penetration rate, leading to a nuclear hydregen
use about twice as high.

The small magnitude of this hydrogen demand, computed under very optimistic
assumptions, suggests that the nuclear market in ammonia and fertilizer production is
relatively unimportant in 2000 A.D., but increasing rapidly thereafter.

2.6 MARKET FOR HYDROGEN AS A FUEL

In all of the markets discu:sed previously, hydrogen has already found application;
indeed its use is intrinsic to synthesizing liquid or gaseous hydrocarbon fuels from coal. The
position of hydrogen as a fuel itself is much more speculative. However, it is this market
which has the argest ultimate potential. If all United States natural gas :?nd SNG were
replaced by hydrogen, the year 2000 demand would be 2,8 x 1012 std m*®/year (105 TCF/
year)*. Even 10 percent of this market would be an enormou. market for hydrogen compared
to today's use,

* Based on 34 quads of natural gas consumption (Reference 15),




TABLE 2.5.1

T AR TR R TR R T e

PROJECTED A.D. 2000 HYDROGEN CAPACITY
REQUIRED FOR AMMONIA PRODUCTION

1 09 Std mS/Yecr

TCF/Year
Low 67.1 2.5
Base 129 4.8
High 188 7.0
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TABLE 2,5.2

T AT MR e

POTENTIAL MARKET FOR HYDRQGEN PRODUCED BY NUCLEAR

DRIVEN PROCESS FOR AMMONIA SYNTHESIS

Nuclear Driven Hydrogen Production Capacity

Projected NH3 Market 109 Std ms/Yeor
109 kg NHB/Yaor 1990 Nuclear Entry 1995 Nucleor Entry
Year Instatled Capacity Market Penetration Rate Markel Penetration Rate
NH, Additions In 5% _10% 20% % 0% 2075
Copacity 5 Years Year Year Year Year Year ear
1973 13.9
1985 25,8 0 0 0 0 0 0
7.6
1990 33.4 0 0 0 0 0 0
2.8
1995 43,2 2.27 4.54 B.85 0 o 0
12.7
2000 55.9 12,3 24,7 37.7 2.95 5.68 11.6
16.4
2005 72.3 34,7 62,0 74,9 15,9 3.2 48.8
21.1
2010 93.4 75.4 110 123 44,7 79.7 96,7
27.6
2015 121 138 173 185 97.8 142 159
36
2020 157 220 254 267 180 224 241
45
2025 202 322 356 ls9 282 326 343
60
2030 262 458 493 506 418 462 479
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Potentially the largest market for hydrogen is tha* of a "universal fuel supplanting
conventional fossil fuels. A list of advantages often quoted for hydrogen as a fuel includes:

1. A non-polluting fuel,

2, An energy carrier with superior economics and aesthetics (using buried
pipelines),

3.  Aneffectively non-depletable energy resource if derived from nuclear or
solar sourcess

4.  Favorable overall efficiency from resource to end use,

5. Favorable economics,

6. A storable energy form,

== improving load~factor and hence economics of nuclear plants

-= improving reliability of energy supply to user.

Some hydrogen enthusiasts leap directly from a contemplation of these attractive
qualitative characteristics to the conclusion that hydrogen is the inevitable energy carrier
of the future. This kind of thinking aveids the knotty problems of how and when the United
planning. Furthermore, statement number 3, above, has no real validity since hydrogen, like
electricity is not a primary energy source.

The key to objectively determining the value of hydrogen as a fuel is to quantify
its characteristics in comparison with the alternatives in each application. Although this
is beyond the scope of this study, the following questions should be adressed to assess the
future potential for hydrogen as a fuel in a particular application:

1. What alternatives will be avaitable: This includes two
subquestions, namely:

Will an alternative fuel technology be available to
accomplish the same result?

Is the end result itself essential, or can it be
replaced (e.q., if fuels for air travel become very ‘!
costly, ultra high speed ground travel may replace
short=haul air transpot).
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2. Will a hydrogen system be superior to the alternative fuel
system considering the total sequence of production, delivery,
and use in a specific application? "Superiority" here may
denote an enviresmental resource conversation or economic
advantage.,

Note the use here of "will be" rather than "is." This study is not concerned
primarily with present-day economics (which would preclude hydrogen use as a fuel), nor
with competitive technologies as they exist today, but as they will exist 25, 50, and 100
years hence. Also the study cannot focus on some distant "asymptotic" future in which all
fossil fuels may be imagined to be depleted, so that the question of what fuels to use reduces
by default to nuclear energy as the primary source and hydrogen as an energy carrier, at
least in many applications, These realities have the effect of multiplying the number of
possibilities that should be considered and therefore increases uncertainties.

2.6,1 Market for Nuclear Hydrogen as a Fuel

As the basis for estimating the fuel market, the total year 2000 consumption of energy
for uses other than electric generation, fuel synthesis, or non-fuel uses of ezlbergy is taken,
Using the pre~embargo forecast of Dupree (Reference 15) about 1.03 x 1077 J (98 quads) of
ensLoy in 2000 A.D. is obtained. The 1971 energy consumption in this category was 5.02 x
10'7 J (47.6 quads). Assuming a geometric increase from this historical value, at 2.3 percent/
year, additions of new fuel-using "plants" (in this case including automobiles, trains, heating
furnaces, and so on% can be computed. As shown in Table 2.6.], this will amount to about a
total of 98.2 x 10!8 J/vear in the year 2000. As before, the nuclear capture of this market
is estimated at several rates. Because of the scope and diversity of this sector and the luke~
warm performance estimated for hydrogen in most applications except aviation, the rate of
implementation is expected to be less than for the industrial uses of hydrogen. The base esti-
mate is the 1995 nuclear system coupled with a 2 percent/year penetration of the new plant
market, yielding 0.43 x 1018 J/year of hydrogen use in 2000 A.D., or 33.6 x 10” std m3/
year, For a high estimate, the 1995 nuclear availability entry and a 5 percent/year pene-
tration rate, yielding 1,08 x 10 8J/year or 84.4 x 107 std m3/year is used, as shown in
Table 2,6.2.

2.6.2  Market for Solar Hydrogen os a Fuel

In this section, consideration is given to hydrogen production by the solar-thermal,
temperature pradient and wind plants, collectively describing them as solar plants. bt is
assumed that ail solar hydrogen will be used as a fuel.

The combination of solar energy production and hydrogen as an energy carrier has «

strong appeal to the ecology-minded, and continues to be much discussed by proponents of
both solar power and hydrogen energy transmission.
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TABLE 2,6.1

POTENTIAL MARKET FOR NUCLEAR~DRIVEN HYDROGEN
PRODUCTION CAPACITY AS A FUEL
UNITS: 1018 Joules/Year

Annual U, S, instalied Nuelear-Driven Hydrogen Capacity,
Non-Electric 1990 Entry 1995 Entry
Yaar Energy Market Penetration Rate Market Penetration Rate
Consumption 1% 2 5% 100 19 2% . 10%
Total Added Year Yeor Year Year Year Year Year Year
1980 41.8 0 0 0 0 0 0 0 0
7.6
1985 69.4 0 o 0 0 0 0 0 0
8.5
1990 77.9 0 0 0 a 0 0 0 0
9.5
1995 87.4 0.19 0.38 0.95 1.9 0 0 0 0
10.8
2000 98,2 0.95 1.89 4,7 2.5 0,22 0.43 1.08 216
12,0
20005 110,2 2,39 4,77 1.9 21,5 1.06 2.n 528 10
13.5
2010 123.7 4.68 9.36 23.4 35,0 2.68 5.35 13.4 24}
15,2
2015 138.9 8.03 1é,1 38.6 50.2 5.26 10.5 26,3 39,2
17.1
2020 156.0 12,6 25,3 55.7 6/.3 9.02 18.0 43,4 56,4
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TABLE 2,6,2
POSSIBLE NUCLEAR-DRIVEN HYDROGEN PRODUCTION FOR

USE AS A FUEL IN THE YEAR 2000

Rate of Nuclear-Driven Hydragen
Year Hydrogen. Production for Fuel
Technology Market in 2000 A D,
Implemented Penatration IOISJ/Yr ]09 StdF/Yr
1% 95 74,3
1990 2% 1.89 148
5% 4.7 367
10% 9.5 743
1% 0.22 17.2
1995 2% 0.43 33.6
5% 1.08 84.4
10% 2,16 169
2000 0-100% 0 0
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The potential for solar hydrogen production is enormous in theory, Projections of
up to 0.93 billion kWh of solar electricity by 1985 and 1089 billion kWh by 2000 have been
made (Reference 16), If all of this electricity were generated af 50 percent efficiency, using
hydrogen Fg,om solgr plants, the implied hydrogen production in the year 2000 would be
617 x 107 std m® (23 TCF), This type of speculation rests on two assumptions; first, that
substantial solar central power will come into being by 2000 A.D, and second, that solar
energy will be stored or marketed as hydrogen,

The likelihood of significant solar hydrogen production by A.D. 2000 is small since
it is, in effect, the product of the probabilities that: (1) significant solar power electric
generation will ocecur and (2) that substantial energy storage will be required and will favor
hydrogen, In the near term, it is expected that energy from solar~thermal plants will be
stored in the collected form; i.e., heat. For energy storage after conversion to electricity,
the electrolytic hydrogen scheme must compete with a number of technologies under develop-
ment, Large-scale solar hydrogen production seems especially dependent on the success of
the tropic~sited sea water solar powerplant producing hydrogen as a product, a concept which
will be relatively expensive to develop. If a smail prototype of this plant is built in the early
1980's and a 300 MWe commercial plant by 1990, with a doubling of installed capacity in
each biennium thereafter, by A,D, 2000, there would be about 30 such plants with a capacity
of 2000 MWe. Assuming 30 percent efficient conversion to hydrogen, the system might pro-
duce 1,34 x 10% std m (50 million SCF) of hydrogen annually. If this is increased fourfold
to account for wind and other solar technologies capable of producing hydrogen, there might
be 5.3 x 108 std m3 (0.2 billion SCF) annual production of solar hydrogen by A.D, 2000.

All of this hydrogen would be used as a fuel, as usually suggested by the proponents of the
approach,

This study contends that the estimates cited above are overly optimistic and musi be
viewed as "upper-limit" estimates rather than best estimates. An estimate which is felt to
represent a reasonable projection of the potential for United States solar hydrogen production
is shown in Table 2,6.3.

2.7 MARKET FOR HYDROGEN IN OIL REFINING

This section considers both the total United States hydrogen market for oil refining
and the portion of that market which nuclear processes may capture.

2,7.1 Projected Total Hydrogen Use in Qil Refining

With rising fossil fuel prices, refineries are increasingly using hydrogen processing
techniques to increase the output of gasoline and other high hydrogen~content, high-value
products, The total use of hydrogen in United States oil refining processes is projected to
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TABLE 2,6.3

PROJECTED HYDROGEN PRODUCTION USING SOLAR ENERGY

Solar Hydrogen Production
9 3 Annual Growth
107 Std m™/Year 2000-2020
Year 2000  Year 2020 | %/ Year
Low : 0 . 0 0
Base 0.005 0.21 20
High 16.1 147.5 12

increase af a rate between 5.9 percent and 8.9 percent/year over the remaining years of this
century (References 4, 17), Since the total refining capacity is increasing at only 3 percent/
year, this implies that the year 2000 h_ drogen use per barrel of product would be at least
twice the current use of about 8 sid rn3 (300 SCF) per barrel

For the base estimate of hycrogen demand, a predicted consumption of 16,3 std m3
of hydrogen per barrel of oil (610 SCF/bbl) is used (Referance 2). For the assumption that the
year 2000 will see an oil use, in the United States, of 13 billion buriels (Reference 15), the
hydrogen demand will be 212 x 107 std m3/year (7.93 TCF/year). This projection implies,
of course, the use of @ combination of domestically produced and imported crudes.

The low estimate of hydrogen demand for oil refining reflects the consideration that
our national interests may limit the United States to the use of domestically preduced oil. [n
this case, the year 2000 oil production would be about 3.1 billion barrels per year (Reference 18).

The need for hydrogen, ot the same unit rate as for the base estimate, would be 50.5 x 107 std
m3 (1.89 TCF) per year.

Because of the uncertainty of oil availability and cost, and the national effort
directed towards the production of synthetic liquid fuels from coal, it is imprudent to assume
a high estimate for hydrogen needs in oil refining that is greater than that used for the base.
Therefore, both the base and high estimates for the oil refining hydrogen market are
212 x 10% std m3/year (7.93 TCF/year) of hydrogen.
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2,7.2 Nuclear Hydrogen Use in Qil Refining

The basis of the estimate of nuclear driven hydrogen production capacity for use in
oil refining is shown in Table 2.7.1. New plant additions between 1985 and 2000 are assumed
to equal the postulated growth plus replacement of the retired refining capacity. Beyond the
year 2000, it is predicted that the need for new refining capacity disappears as synthetic fuels
meet an increasing proportion of the United States energy requirements, Retirements of refin-
ing capacity will ultimately reduce the total need for hydrogen. The considerations of econo-

mics and resource management will result in the nuclear powered hydrogen processes being
operated preferentially over fossil fuel driven systems.

As can be seen in Table 2,7.1, the possible penetration of the oil refining industry
by nuclear processes appears to be small. This is in contrast to the production of synthetic
fuels from coal, an industry which is expected to grow substantially in the same time period.

2.8 AREAS OF UNCERTAINTY

The emergence of the United States coal liquefication and gasification markets
depends on the attitude of private investors. A return to cheap foreign oil would threaten

this capital-intensive industry. The viability of the fuel synthesis industry may thus depend
on government financial backing.

The relative cost and technological maturity of hydrogen production processes as a
function of time appears to be principal areas of uncertainty. The investigation, of which

this market projection is a part, is well directed toward answering this problem, but further
work is needed both in process design and market anal ysis,

One particular area of further work which could significantly improve the reliability
of the market projection is the more realistic definition of the potential for the use of "mer-
chant" hydrogen in industrial processes. To accomplish this, conceptual designs for steel -
making, ammonia, and fuel synthesis plants should be made. These should consider comparable
plants using "merchant" hydrogen delivered by pipeline, integrated hydrogen production/user
facilities, and “conventionally" fueled plants, Using these designs and cost estimates, the
market projection should be extended to derive a likely cost-benefit for each of the major
hydrogen applications and q resulting potential for market penetration. Realistic rates of
industry expansion in the various hydrogen-use markets should be developed with regard to
rates of capital formation, foreign competition, and so on. A similar evaluation, for the pur-
pose of better definition of the energy market for hydrogen should be undertaken, This new
evaluation should include not only direct firing of hydrogen in, for example, aircraft, but
the use of hydrogen as an energy storage and/or transmission medium in competition with
electricity, pumped hydro storage, and synthetic hydiocarbon encrgy transmission systems.
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TABLE 2.7.1
POTENTIAL MARKET FOR NUCLEAR HYDROCGEN IN OIL REFINING

(In 109 Std Cubic Meters of HZ/Year)

Cumulative Nuciear
H2 Use in Ol Rafining Driven Hydrogen Production for ke in Oil Refining
Year 1990 Introduction 1995 Introduction
Instalied Capocity  Capacity Added Matket Penetration Rate Market Penetration Rate
- o Next 5 Years (1) '
et 5%/Yr  10%/Yr  20%/Yr| 5%/Yr 10%/Yr  20%/Yr
’ 1975 41.3 o 0 ] o 0 0
1985 104 0 0 0 0 0 0
28,2
1990 13t 0 0 0 o 0 0
37,2
1995 167 3.72 7.44 14.9 0 0 o
46,2
2000 212 19.9 39.8 61,1 G 0 0
Q
) 2005 212 19.9 39.8 61,1 4,62 2.4 18.5 F
, 0
- 2010 212 19.9 398 6l | 462 924 185 |
; |
2015 212 19.9 398 61,1 4.82 9.24 185
0 : 1
2020 172 19,9 39.8 61.1 4.82 9,24 18.5 E
0
2025 137 19.9 39.8 é1,1 4,62 9.24 18,5 g
0
2030 21 199 39.8 611 4.67 9,24 18.5

(1) includes additional copacity o uccount for relirements,

2-26




3.0 SELECTION OF HYDRGEN PRODUCTION SYSTEMS FOR EVALUATION
d.1 GENERAL

The selection and development of a hydroger generation process thet will have
wide applicability in the period 1985 and beyond should be an important national objective.
The choice of such a process should be carefully made and invelve an assessment of the hydro-
gen production technalogy - both current and emerging - which will be providing the short
term as well as the longer term solutions.

To conduct such an assessment, it is necessary 10 look not only at specific processes
and theur current economics, but also to factor into the analysis the required chemical
feadstocks and their long-range availability. Currently, the demand for natural gas is run-=
ning well ahead of supply and experts agree that this imbciance will never be corrected in
the United States. Similarly, recent actions by the OPEC countries demonstrate the econo-
mic burdens wrought by ever-increasing importations of foreign oil. Consequently, the
country is examining - quite properly = methods by which our abundant coal and nuclear
resources might most judiciously be applied to our energy problems.

Between now and the end of the century, the world is expected to react to the fost
dwindling supplies of natural gas and oil. It is believed that there will be far-reaching
changes as the nation converts fo a nuclear~coal energy economy. These will be accom -
plished by significant changes in hydrogen generation technology. Coal gasification will
emerge as the dominant fossil ~based hydrogen production technology, while nuclear processes
which decompose water = both electrochemically and thermochemically - will arise as com-
plementary technologies. Accordingly, the selection of hydrogen production systems will be
made from the three major hydrogen production methods which will receive extensive atten-
tion to the year 2000

The first of these, water electrolysis, will serve as a comparative baseline for the
study. Since the major cost of electrolytic hydrogen is related to power costs; it is important
to choose an electrol yzer capable of achieving high current densities (and therefore compact
designs) while minimizing the cell driving voltage. The choice of the advanced electrolysis
system, using the Teledyne lsotopes HP series modules, is discussed in Section 3.2,

The second major hydrogen production technology is based on the use of fossil fuels.
Section 3.3 discusses this and presents the reasons for [imiting fossil based processes to coal
gasification, A preliminary assessment of the economics of hydrogen production by coal
gasification involves specification of the coal feedstock, plant location and battery limits,
and the purity and pressure of the product hydrogen. To be a useful planning teol, it should
include not only present gasification technology, but anticipate and estimate the impact of
developing technology as well. The justification for the sclection of the currently available
Koppers=Totzek gasification process and the developing Bi-Gas gasifier is also given in
Section 3.3,




The third major hydrogen production technology is the thermochemical decomposi-
tion of water. Several water decomposition processes have been proposed in the literature
and hundreds exist which have not yet been disclosed. Varying degrees of informarion are
availoble on each - many ara conceptual processes with no substantiating verification.
Others have had seme key reactions confirmed in the laboratory. None have been demon-
strated on @ prototype or pllot basis. Many possess serious deficiencies which would preclude
their use in any large scale industrial process.

Section 3.4 discusses the technology of water decomposition and provides the basis
for the selection of the Westinghouse Sulfur Cycle for evaluation. The Westinghouse process
was invented to operate with a gas-cooled nuclear reactor on one side and a hydrocarbon
process on the other and, as a result, it possesses interfaces compatible to both systems, The
process can also provide hydrogen for other end uses. The recycling chemicals are inexpen-
sive and substantially non-toxic, the process is capable of achieving high thermal efficiency,
and a large base of applicable process technology exists to expedite process development.

. e



3.2 WATER ELECTROLYSIS HYDROGEN PRODUCTION SYSTEM

3,2.1 State=of-~the=Art

Hydrogen has been, and is, produced commercially in large quantities at low cost
by the action of steam on iron or coal or by reforming hydrocarbon feedstocks, Only in
areas of cheap electrical power and where large quantities of hydrogen are used locally has
water electrolysis been economically justified, Smaller units, however, are attractive where
the high purity (>99.8%) of electrolytic hydrogen is required. On-site hydrogen generation
reduces the hazards associated with the storage of large quantities of hydrogen, saves costs
associated with maintenance and resupply, and reduces dependency on outside suppliers.
Available sizes range from portable units generating less than 1 liter per minute to units pro=~
ducing several tonnes per day.

These small production units provide the required quantities of hydrogen by employ-
ing multiples of the same basic cell, i.e., a container with an aqueous caustic solution as
an electrolyte and immersed anodes and cathodes. The anodes and cathodes are separated by
a diaphragm to prevent mixing of the hydrogen and oxygen produced. A schematic represen=
tation of this gas generation processes for a typical unit of a filter press electrolyzer is shown

in Figure 3.2.1.

3.2.2 Theoretical chkgiound

The theoretical aspects of water electrolysis can be found in a number of references
(References 19, 20, 21, 22) and need not be discussed in detail. Basically, the energy re-
quired for the reaction HyO (liquid) = Ho (gas) + 1/20 (gas) to proceed is the enthalpy
of formation of water, 285.9 kJ/mele at 298K and 101.3 kBa (1 atmosphere) and corresponds
to 1.482 volts/cell. Only 237.9 kd/mole has to be supplied electrically; the remoinder is
required as heat and is normally supplied from electrical losses within the cell.

The energy supplied for water electrolysis is usually measured in terms of the voltage
across the electrodes and the direct current passing between them. The theoretical energy is
shown as a function of temperature in Figure 3.2.2. In practice, more energy is required to
overcome electrode polarizations and internal resistance and is supplied as increased amper-
age per unit of electrode area. A ratio of the theoretical voltage to the operating voltage
te a measure of the thermodynamic efficiency of the cell. The current density or amperage
per unit of electrode area is a measure of the electrolysis rate or the driving force given the
cell. In general, the higher the current density the lower the cell efficiency and the great-
er the power consumed and dissipated os heat. Theoretical and typical operating conditions are
shown In Table 3.2, 1.
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Figure 3.2.2 Theoretical Electrolysis Energy Requirements (Reference 272)




TABLE 3.2.1

ELECTROLYZER OPERATING CONDITIONS

Reaction: HzO(T)—sz(g) + 1/2 02 (a)

Theoretical Typical
Temperature, K 298 348 - 358
Pressure, kPa 100 100 - 3000
Total Energy, MJ/std.m3 12.6 15.8 - 6.6
Volts/Cell 1,482 1.8-2,2
Current Density, mcn/cm2 - 200 - 300
Overdll Efficiency, % - 50 - 65
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3.2.3  Comparative Data on Electrolyzers

Table 3.2.2 summarizes the available information of water electrolysis equipment
as compiled from several literature sources, Some fifteen suppliers of water electrolysis
equipment were contacted to obtain more detailed technical and economic information on
their water electrolysis systems. Seven replies were received that ranged in content from
quite complete technical and economic information to a statement indicating a desire to get
out of the business. Although most of the information is based on plant experience, many of
orders of magnitude less than that to be treated in this report, the information received from
Krebs and Company (Reference 23), Lurgi GMBH (Reference 24), Norsk-Hydro (Reference 25)
and Teledyne Isotopes (Reference 26) was especially useful in the evaluation of the large
scale hydrogen plant.

Electrolyzer Types

Electrolyzers are of either the tank-type with a series of parallel, monopolar
electrodes and diaphragms hung in a tank containing the electrolyte, or the filter-press-
type with bipolar electrode diaphragm assemblies compressed in series to form a module..
For large scale electrolysis plants, filter press electrolyzers have an advantage because
they are more compact than tank electrolyzers of the same capacity, use thinner electrodes
with cells spaced to keep the quantity of circulating electrolyte ot a minimum, and are
more adaptable to pressurized operation. Schematic representations of these two basic
types of electrolyzers are given in Figure 3.2.3.

Although Filter press electrolyzers require greater quality control in manufacturing
and are more expensive than tank electrolyzers, assembly line production of large numbers
of modules will greatly reduce their cost. These electrolyzers usually produce hydrogen at
a pressure of a few hundred millimeters of water, but a limited number of manufacturers
have models that produce hydrogen at pressures of 483 kPa (70 psi) to 2102 kPa (450 psi).
For a large industrial plant, electrolyzers that produce hydrogen at elevated pressures
have advantages over units that produce hydrogen at pressures slightly above one atmosphere.
Among these advantages are:

] Low specific power requirements (cell voltages decrease slightly with
increasing pressure)

® Reduced compression costs

. Lower gas storage volume

. Less space required for pressurized equipment.
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Figure 3.2.3 Schematic Comparison of Tank and Filter-Press Electiolyzers




Power Requirements

The power requirements for the electrotyzer plant of the size considered is in the
order of 2000 MWe. If an electrical generafion thermal efficiency of 30 1o 40 percent is
assumed, powerplants of from 5000 MWt to 6000 MWt are foreseen, For long term economic
reasons the powerplants will probably be nuclear units, Because of the large power consump~
tion of water electrolysis plants, the environmental impact of the power generation facilities
should be assessed against the elctrolytic hydrogen plant,

Feedwater Requirements

The electrolyzers require high quality feedwater at q rate of 0.85 to 0,90 liters/std
m3 H2. Fora 9.6 x 10°std m3 Hz/day (360 x 106 SCFD) production plant, this amounts
to 350 m3/hour 1540 gallons/min).° This water is first processed in a water pre-treatment
plant to a purity almost equivalent to heating steam condensate. The water is further puri=-
fied by distillation or dejonization (current trends lean toward deionization) to specific
resistances ranging from >50,000 ohm~cm to 1 megohm-cm. The water should be free of
chloride, sulfate, and metal ions and have <4 ppm dissolved solids and <1 ppm suspended
solids,.

Cooling Water Requirements

Power losses due to ohmic resistances in the electrolyzer produce waste heat that is
removed from the circulating electrolyte by cooling water. Water is also used to cool the
hydrogen and oxy:?en streams. Cooling water utilization ranges between 30 liters/std m3 Hy
to 50 liters/std m Hy with inlet temperatures around 293K, Fora 9.6 x 106 std m3 H,/day
{360 x 10 SCFD) hydrogen plant, this amounts to between 11,500 x m3/hour to 19,200 x
m3/hour (50,000 to 85,000 gallons/min) of cooling water.

Electrolyte Preparation

The electrolyte is prepared from good quality sodium or potassium hydroxide. Al-
though potassium hydroxide is more expensive and shows a more rapid attack upon materials
of construction, q 25 percent KOH solution is the preferred electrolyte for filter press electro~
lyzers not only because of jts higher conductivity, but also because of the lower vapor pres-
sure of the solution, Purchase specifications state that the potassium hydroxide be 87 - 90
percent chemically pure (the bulk of the impurity is water} with maximum concentrations of
impurities specified as fol lows:

K2C03, <0.5%, KCI <0.1%, K2$O4 <0.1%, and other metaj ions=nil,

The inig‘al filling of the electrolyzer and associated systems for the production of
9.6 x 100 std m /day (360 x 106 SCFD) requires the dilution of about 5 x 106 Kq
(1 x 108 Ibs) of potassium hydroxide with processed feedwater (specific resistance
75,000 ohm cm) to a 25 w/0 caustic potcsh solution, A nitrogen blanket is advised during
electrolyte preparation, initial charging, and start-up to pravent CO2 absorption from the «ir.

3-10




-

e =

o am ATREE L e

TABLE 3.2.3

TYPICAL MATERIALS USED IN WATER ELECTROLYZERS

ltem

Material

Bus Bars
Cell Frames
Electrodes
Diaphragms

Vessels, (Separators,
Heat Exchangers,
etc.)

Piping
Seals

Demister Filters

Copper

Teflon Coated Steel

Nickel or Nickel Plated Steel
Asbestos

Stainless Steel

Stainless Steel
Halogenated Hydrocarbon Polymers

Sulfuric Acid, Silica Gel, or Alumina

e i e
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Electrolyte Circulation

The electrolyte is heated and maintained at operating temperatures of 353 o 363K,
[t is circulated through the cells, heat exchangers, and filters to maintain a constant opera~
ting temperature, reduce polarization effects due to bubble formation and concentration
gradients, and to remove suspended solids (K2C03) and possible corrosion products),

Electrol yzers

Current cell and system designs require little maintenance and operate at relatively
high efficiency for long periods of time. For example, normal corrosion and contamination of
the cell may cause a reduction of current efficiency from 98 percent at startup to about
96 percent after 6 = 8 years of operation, Routine maintenance consists of changing filters,
repairing minor leaks, and correcting instrumentation faults.

Safe ty

Every effort is made to prevent explosive mixtures of hydrogen with oxygen or air
from occurring and to avoid hot spots or electric sparks where hydrogen is present. This
requires isolation of electrical equipment from the cells, good electrical insulation, explo-
sion proof motors and pumps, and good seals to prevent electrolyte leakage that could lead
to electrically conducting crystalline hydroxide deposits.

Compact electrolyzer designs minimize the amount of hazardous material persent
at any given time. Individual cells (less than 2 cm in cross section to about 180 em in dia-
meter) consist of nickel plated steel electrodes separated into anode and cathode compart-
ments by reinforced asbestos diaphragms, These diaphragms, if they are neither stretched
nor allowed to dry out, operate satisfactorily for more than ten years, However, should they
repture fo cause intermixing of hydrogen and oxygen or should hydrogen leak into a confined
air space or should a line blockage occur, various devices {pressure relief valves, alarms,
interlocks, automatic shut~offs, nitrogen purges, etc.) are present to prevent or limit any
damage that may occur. In addition, pipelines are present to vent the gases to the atmos-
phere if a potentially hazardous condition develops, Cell power will also be terminated,
and reactions in the cells would cease.

Hydrogen

After separation from the entrained electrolyte, the water saturated hydrogen
stream has a nominal purity (dry basis) of 99.8 +0.22 percent. The major impurity is
oxygen; and, if necessary, the oxygen can be removed by a "deoxo" catalyst, and the
hydrogen can be dried to a lower dew point.

Typical analyses of product hydiogen streams are shown in Table 3.2.4.
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TABLE 3.2.4 ..

HYDROGEN PRODUCT STREAM ANALYSIS

Hydrogen Product Stream

Electrolyzer Pressure Moisture Purity (Dry Basis)
Zdansky-Lonza (LURGD* | 3000 kPa Saturated 99.9 vol% H2
0.1 vol % O2
<0.1mg KOH/sfd.m3
Demag (KREBS)* > 100 kPa Sofurated 99. 8 vol % H,
2-5 mg KOH/std. m3
FS Series (Teleayne)** 600 kPa 188K 0.05-0.2 ppm O2
Dew Point 0.01-0.1 ppm H,O

0.1-0.2 ppm HC as CH,
0.05-0.2 ppm N
<0.1 ppm CO

<0.05 ppm CO

2

2
4 ppm total impurities

*

After electrolyzer, condenser, and trap

** After condenser, trap, molecular sieve, and submicron filter

Ongen

Although the hydrogen stream is to be compressed to 6895 kPa (1000 psi) and piped
to an off-site user for consumption, the oxygen stream is considered to have no value ond is
vented to the atmosphere, After separation from the entrained electrolyte, the water saturated
oxygen stream has a nominal puiity {dry basis) of 99.5 + 0.3 %, The mojor impurity is hydro-

Typical analyses of the oxygen streams are shown in Table 3.2.5.

o e, iy v, o e ik 3 edTea b

-




TABLE 3.2,5

OXYGEN PRODUCT STREAM ANALYSES

Oxygen Stream
Electrolyzer Pressure Moisture Purity {dry basis)

Zdansky-Lonza (LURG')* 3000 kPa Saturated 99. 4 vol% 02

0.6 vol% H2

3

<0.1 mg KOH/std m O,
Demag (KREBS)* > 100 kPa Saturated 9.5 vol% O2

50-70 mg KOH/std m°O,
HS Series (Teledyne)** 600 kPa 188 K <4 opm total impurities

Dew Point (assume same types and
relative amounts as shown
for hydrogen)

*After electrolyzer, condenser, and trap

** After condenser, trap, molecular sieve, and submicron filter.

The most likely place in the process for venting the oxygen stream is after the con-~
denser and trap so that the pure water feed and electrolyte carried over from the moin gos-
electrolyte separation can be recovered and recycled. The level at which KOH emission be-
comes a polutant will determine if gas velocity and a suitable stack height results in sufficient

cispersion and dillution of the stream or if gas filtration is needed before venting to the at-
mosphere.

3.2.4 Environmental Constraints

Although water electrolysis is essentially a “"clean” process, a plant producing

2.6 x 106 std m3/day (360 x 106 SCFD) of hydrogen will have some impact on the environ-
ment. The most significant impact is that of the power generation facilities required to support
a hydrogen plant of this large size. A 5000 to 6000 MWt powerplant is required, and environ-
mental concern will be a factor in siting the plant and selecting the mode of power gencra-
tion, The secund most significant impact is that of the large cooling water demand of from
11,000 to 12,000 m3/hour. If it is assumed that the cooling water will be recycled through
cooling towers, make -up water requirements drop, but the environmental impact of the cooling




towers have to be considered. The third most significant item is the continual discharge of
large quantities of oxygen saturated with water vapor and possibly containing petassium
hydroxide as a trace contaminant. Other items such as feedwater treatment plant chemicals,
solid waste disposal, etc,, would be no more than the norm for any light duty industrial
plant of comparable size.

3.2.5  Water Electrolysis Plants

The laggest hydrogen plants use the standard filter-press electrolyzers and are the
1,434,000 std m /duyglanf at Rjaken, Norway using Hy+ro-Pechkrantz cells (Norsk-Hydro)
and the 894,000 std m°/day plant at Aswan Dam, Egypt, using Demag cells {(Krebs and Co.).
It is of interest to note that the plant size basis for this report (9,600,000 std m3/dcy) is
almost seven times larger than the largest hydrogen plant using standard filter press electro-
lyzers.

Some the advantages in using a pressurized water electrolyzer for a large scale
industrial hydrogen plant were given earlier in this section. At present, the only large
capacity pressurized water electrolyzer available is the Zdansky-Lonza Electrolytor (LURGI
GMBH). The Zdansky~Lonza modules produce hydrogerbqf 3000 kPa (about 425 psi) with
a specific energy requirement of 15,5 to 16,6 MJ/std mH,. More than 30 units have been
build to date with an overal| capacity exceeding 450, 000 std. m3/day. The largest godule
size is about 21, 000 std. m“/day, and the largest plant size is about 110, 000 std. m /day.
The plant size basis for this report is almost 90 times larger than the largest hydrogen plant
using pressurized water electrolyzers.

Teledyne lsotopes is currently manufacturing commercial 690 kPa (100 psi) hydro-
gen generators in sizes up to 200 standard liters per minute (HS Series) and has extended
this technology to the design of larger plants (HP Series). A pilot module will begin op-
eration in mid~1975 and produce hydrogen at 690 kPa with a specific energy requirement
representative of current commercial technology of about 15.8 MJ/std, m°H,. An ad-
vanced HP series cell operating at about 13.7 MJ/std. m3H2 has been demonstroted in
the laboratory, and Teledyne expects that it will become commerciolly practical in the
near term (1980-1985),

3.2.6  Electrolyzer Selection

Of the several types of electrolyzers commercially available, pressurized filter
press electrolyzers have been selected for the conceptual development of a large hydiogen
plant because they are compact, have less internal hold-up ot hydrogen, occupy fess Hlom
space for o given volume of hydrogen, produce a pure hydrogen stream that requires less

-t
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compression for pipline delivery, are cost competitive with standard filter pross electroly -
zers, and have a greater potential for future improvements, Pressure electrolyzers are a=-
vailable in module capacities up to 2,2 tonnes/day. To represent the technology of pres-
sure electrolyzers, the HP modufes of Teledyne lsotopes were selected. Teledyne currently
markets small pressure electrolyzers and has a prototype 1.75 tonne/day module scheduled
for operation in mid=75. Information provided by Teledyne indicated that the HP modules
were competitive in both performance and price to electrolyzers produced by others.




3.3 FOSSIL BASED HYDROGEN PRODUCTION PROCESSES

3.3.1 Genegl

Fossil based hydrogen production encompasses processes which employ reactions of
steam and hydrocarbons, These processes are:

. Steam-hydrocarbon reforming for operation with gaseous feedstocks
such as methar.s, athane, naphtha, etc.

. Partial oxidation for use with liquid feedstocks such as heavy and
residual oils.

° Coal gasification.

Steam-hydrocarbon reforming designates processes which employ a gaseous feed-
stock such as methane, ethane, naphtha, or similar light hydrocarbons. Partial oxidation
processes are those which use a liquid feedstock such as heavy or residual oil, and gasifica-
tion refers to processes operating with a solid feedstock such as coal, coke, char, and per-
haps municipal or process waste. In general, chemical reactors designed for one primary
feedstock are not readily converted to another. For example, u steam-methane reformer
cannot be used to conduct coal gasification reactions, nor can a coal gasifier be used effec-
tively as a methane reformer. Similarly, within each group, the chemical reactor and its
operation will depend upon the physical and chemical properties of the feedstock. Not all
coal gasifiers, for example, con accommodate caking o agglomerating coals, and all gasi-
fiers require some degree of coal preparation and sizing prior to gasification. For all steam-
hydrocarbon processes, steam and fuel requirements vary with feedstock, as does the nature
and the duty of downstream processing.

Figure 3.3.1 shows, schematically, the three basic fossil based methods for gener-
ating hydrogen, including the typical downstream processing steps incorporated to provide a
high purity hydrogen product stream. Polishing methanation is used to rid the product
stream of any contained carbon monoxide,

The selection of the fossil based hydrogen generation processes to be evaluated
for applicability in the years 1985 and heyond, in comparison to water electrolysis and
thermochemical water decomposition, must be carefully done and involve an assessment of
hydrogen production technology - both current and emerging ~ which will be providing the
short term as well as the long term solutions. It is also necessary to look not only at the
specific process and its current economics, but also to factor into the analysis the required
chemical feedstocks and their long-range availability.

3.3.2  Selection of Type of Fossil Based Hydrogen Production System to be Studied

Technology currently exists, and new technology is beine developed, to permit any
of the three generic types of fossil based production systems, i.e., steam reforming, partial
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oxidation, and coal gasification, to be applied fo the goal of meeting the future needs for
hydrogen, The choice of typo, therefore, has to be made on a basis other than that of tech~
nology. It becomes readily apparent, then, that the cost of the produced hydrogen, taking
into account the capital investment and tha cost and availability of fossil feedstocks, will
be the chief rationale by which a sele.tion is made,

Until recently, methane at the well-head was available for fess than 37.9¢/G J
(40¢/10% Btu). This feedstock cost, coupled with the lower capital investment required for
: reforming plants, made steam-methane reforming the preferred hydrogen generation process.
. o Methane availability, as natural gas, is no longer assured, and significant escalation of its
| price is expected. As a result, intensified interest has been shown in partial oxidation and ¢
coal gasification processes for hydrogen production.

With present oil prices, and the economic burdens placed on the nation by the
ever-increasing importation of foreign oil, it does not appear that partial oxidation will be
able to capture major new U, S, markets, particularly if the feedstock is derived from natur-
al crudes. Synthetic crude oil can be obtained, however, from coal liquefaction processes

presently under development, This syncrude represents a potential feedstock for use in par-
tial oxidation systems,

Numerous cost estimates have been prepared detailing coal liquefaction economics.
For example, the H-Coal process is capable of preducing a $50.3/m3 ($8/bbl) Syncrude from
a 37.9¢/GJ (40¢/|06 Btu) coal (Reference 28). If one were to compare the production costs
of direct gasification of the coal and subsequent processing of the synthesis gas to hydrogen
to the production of syncrude from coal followed by partial oxidation to obtain hydrogen, the
more economical hydrogen production process would be coal gasification,

Therefore, looking to the future, it is probable that processes which employ the
partial oxidation of heavy oil for large scale hydrogen generation will not be competitive
with other steam-hydrocarbon systems. Partial oxidation processes could not be based upon
domestic crude, as long term contracts can no longer be obtained. If based upon foreign
crudes, the hydrogen price would be economically unattractive. Operating with a syncrude

derived from coal liquefaction, the partial oxidation process does not compete with coal ‘
gasification,

A similar situation exists with respect to steam-methane reforming. The feedstock |
employed in the process can be derived either from natural sources or from coal gasification
processes presently being developed. The cost of producing SNG (synthetic natural gas)
from coal is also well-documented. Using a 37.9¢/G)J (40¢/106 Btu) cocl produces @ SNG
product at $1.66/GJ ($1,75/10° Btu) (Reference 29),

As in the case of partial oxidation, the cost of hydrogen produced from an appro-
priate coal gasification process can be compared to the cost of hydrogen produced by re-
forming the SNG obtained from coal. Once again, coal gasification is the more economical
process,
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The results summarized above are general, but lead to the conclusion that synthetic
oil and synthetic gas obtained from coal will be too expensive to justify its use in any large
scale hydrogen production facility, As a result, the viability and long-term feasibility of
the partial oxidation and steam-methane reforming processes must be based upon their econo-
mics when processing natural, rather than synthetic, feedstocks. Because of the short fall in
natural gas supply, the limitations in domestic erude production, and the economic burden of
imported oil, these processes for hydrogen production caanot be considered suitable to meet
the needs of the future. Therefore, it is concluded that coal gasification will emerge as the
dominant fossil -based hydrogen generation fechnology of the future, For the purpose of com-
parative evaluation with electrolytic and thermochemical hydrogen generation systems, then,
only coal gasification processes are used to represent the contribution of fossil fuels to hydro-
gen production,

3.3.3  Coal Gasification Systems

With the attention being given to coal gasification development programs within
the United States today, it is easy to forget that gasification has been practiced industrially
for over fifty years. Commercial coal gasifiers can be purchased from a variety of vendors,
and additional gasifiers and processes will soon be available as a result of industrial and
ERDA-sponsored programs.

In order to provide useful information for evaluation purposes, itis believed fo be
important to assess the technology for producing hydrogen by two coal gasification processes.
One of these would involve gasifiers currently available today, and thus would reflect the
gasification economics pertinent to plants operating in the late 7C's and early 80's. The
second would be based upon gasifiers presently under development, and would reflect the
economics of middle 1990's operation.

Currently, gas producers are available commercially in one of three major gasifier
types: fixed-bed, fluidized-bed, and entrained~flow or suspension types. Representative
sketches of each type are shown in Figures 3.3.2, 3.3.3, and 3.3.4. For hydrogen manufacture,
each producer would be oxygen-blown, and would have reaction zones at some point in the
gasifier at temperatures in excess of 1144K (1600°F), It should be noted that none of these
producers is readily amenable to indirect heating and that heat exchange surface within any
of these refractory=lined, water-jacketed vessels would be exposed to an extremely hostile
environment. Therefore, none of these coal gasification options could consider a nuclear
heat source in the technical and economic evaluation,

For a given coal, the synthesis gas produced by each of these generators will be
different, due to different pressures of operation as well as different overall temperature
distributions throughout the producer. The selection of a gasification process for hydrogen
generation thus involves first the sclection of the gasification pressure and secondly the
choice of a gasifier type. Trade-offs are invelved in both selections. Gasification under
pressure has the advantages that:
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° Higher gasification rates (due to higher reactant partial pressures)
are achieved,

. Compression costs are minimized for those applications where pressurized
gases are required, e.g., transmission pipelines, ammonia production.

. Smaller vessels are required for downstream processing units.

e . . Higher gas densities lead to higher heat transfer rates,
Gasification under pressure possesses some disadvantages. These include:
) Methane must be removed if high purity hydrogen is required.

) The direct production of CO rich gases (desirable for hydrogen manu-
facture) requires the use of slagging processes.

] Coal must be fed into and ash removed from a pressurized vessel.

® Some coals which are noncaking at atmospheric pressure become
caking at higher pressures.

Similarly there are advanteges and disadvantages inherent in the use of a particular
gasifier type. These are summarized below.

Fixed-Bed Gasifiers

Advantages Disadvantages
o Countercurrent movement of ) Caking coals require pretreatment

solids and gases leads to high
heat economy

. Long solid residence time pro- - Sized fuels are necessary
duces high carbon conversion
efficiencies
. Tars are produced at the top of

the bed and must be removed if the
gas is to produce high purity
hydrogen

. Higher methane yields are obtained
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Fluidized=Bod Gasifiers

Prompr .

Advanfages

e . Gasification rates are higher °
than those obtained in fixed-
beds

. Operation over a wide range .

of conditions is possible without
significant losses in efficiency

° High inventory of fuel prevents .
oxygen breakthrough

Disadvantages

High loss of sensible heat in the
exit gas g

High loss of ungasified coal in
exit gas

Large ash contents in the bed are
necessary to avoid significant carbon
losses in the underflow

Slugging and other maldistributions
of gas and solids can oceur

Fluidization characteristics of the
fuel limit the operating conditions
of the system

Entrained (Suspension Gasifiers)

Advantages

o Any grade or class of coal can .
be used

¢ - . —--Gasification rates are the highest e

of any of the three gasifier types

. Product gas contains no tar and
little, if any methane

] Wide range of operating condi-
tions is possible

. Readily adaptable for pressurized
and slagging operation

Disadvantages

High carbon conversions require
recycle of solid residue

Heat exchange is necessary
to improve thermal efficiency

In selecting a gasifier type for a hydrogen production process, it should be 1ecoq-
nized that gasifiers well-suited to methane production are not particularly appropiiate fou
hydrogen manufacture and vice versa, Most of the gasification processes under development
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today omploy pressurized gasifiers of the fixed~bed and fluidized-bed types. Included in
this category are the Lurgi, Synthane, Hydrane, IGT, and C02 Acceptor Processes, These
processes, by operating at lower temperatures and higher pressures, encourage maximum
methane formation in the gasifier, Higher overall heat economies and process thermal
efficiencies are achieved, leading additionally to lower oxygen consumptions and less shift
conversion and acid gas removal capacity. All of these factors contribute to more favordble
process economics if methane is the desired product,

Entrained gasifiers, on the other hand, while not as well suited for methane produc-
tion, produce a synthesis gas free of tars, and low in methane, Such gas is ideally suited for
hydrogen, emmonia, methanol and Fischer-Tropsch synthesis. Such gasifiers possess the addi-
tional advantages of being able to handle all coals, without pretreatment, and are capable
of achieving high gasification rates.

In evaluating the economics of producing hydrogen by coal gasification, these dif-
ferences become important. For instance, the Lurgi gasifier (a fixed-bed producer) - which
operates at lower temperatures and pressures of about 2000 kPa (20 atm) - achieves excellent
heat economy. The Koppers-Totzek gasifier (an entrained-flow gasifier) operates at about
100 kPa (one atm) and high temperatures and achieves pocrer heat economy. This leads to a
more expensive synthesis gas compared to that obtained from Lurgi gasification and more
downstream compression is required. Use of this more expensive gas may be justified, how-
ever, as it is a much better feedstock for hydrogen manufacture than is the Lurgi gas. Refei-
ence to Table 3.3.1 shows that the Koppers-Totzek gas is essentially CO + Hy with negli-
aible amounts of methane and higher hydrocarbons. Thus, after shift conversion and acid ges
removal (Table 3.3.2) this gas is capable of producing much purer hydrogen.

Whether this is an advantuge or a disadvantage depends upon the application, If
formation) pressures of 6895 to 13790 kPa (1000 to 2000 psi) are required and the presence

of methane is not detrimental. The Lurgi gas would probably be the preferred feedstock in
this, and in applications involving initial coal hydrogenation in liquefaction processes, as
well as fuel applications. If the gas is to be used in hydrotreating hydrocarbon liquids, meth-
anol synthesis, fuel cells, or similar high purity applications, the Koppers-Totzek gas is pre-~
ferable,

For the purpose of the technical and economic evaluation, it is concluded that the
advantages of the entrained gasifiers in respect to the purity of hydrogen produced makes the
results of the evaluation more directly comparable to the results from processes producing
hydrogen by electrolytic means. Therefore, two gasification processes - both employing
suspension gasifiers - will be assessed, The first of these will be the Koppers-Totzek gasifio
and a process designed to produce hydrogen at a purity of at least 95 percent and a piessiue
of 6895 kPa (1000 psia). The evaluation of this system will provide an assessment of the
cost of producing high purity hydrogen using current technology.

The second gasification process will employ the Bi-Gas gasifier being developed
