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Abstract

In this paper we study the simultaneous energy and water consumption in corn—based ethanol plants.
The goal is to reduce the freshwater consumption and waste water discharge. We consider the corn-based
ethanol plant reported in Karuppiah et al. (2008). First, we review the major alternatives in the optimization of
energy consumption and its impact in water consumption. Next, for each of the alternatives we synthesize an
integrated process water network. This requires closing the loops for process and cooling water and steam
and implementing the proper treatments for the water streams. We show that minimizing energy consumption
leads to process water networks with minimum water consumption. As a result, freshwater use is reduced to
1.17 gal water /gal etanal, revealing that it is possible to achieve levels of freshwater consumption that are

significantly lower than the ones in current industrial operation and waste water is no longer discharged.
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1. Introduction

Water is the most valuable raw material for life on earth, but its wide availability in many regions in the
world has made its price to be inexpensive. Fig. 1 shows the price of water and its increase in different
countries over certain periods of time. In spite of an average annual increase of 6.7% according to the
GWI/OECD (2008), the price still remains low. As water is essential for economic development and for
maintaining healthy ecosystems, and as world population grows and development requires increased
consumption of water for the domestic, agricultural and industrial sectors, the pressure on water resources
intensifies. Fig. 2 shows the water availability across the world. Based on the assessment on water resources,
two thirds of the world population will face water stress by year 2025 (Rosegrant et al, 2002). It is also
estimated that by 2025, industrial water usage (which includes utility cooling and heating, processing,
transportation, air conditioning, cleaning, etc.) will climb to 235 km?, accounting for about 11% of the total world
water consumption (Sparks Companies, 2003; Rosegrant et al, 2002). Thus, water consumption has become a
major concern (Elcock, 2008; Wenchiu, 2009) making water resource management an important operational
and environmental issue. In particular, the increasing costs of dependable water supplies and wastewater
disposal have increased the economic incentive for implementing technologies that are more environmentally
friendly, and that can ensure efficient use of water resources, including the treatment and recycling of waste

water (Petrakis, 2008) as shown later in this paper.

The task of synthesizing optimal process water networks has been performed using two different
approaches:

(@) Conceptual engineering approach based on the water pinch heuristics and engineering
experience (Wang and Smith, 1994a, 1994b, 1995; Kuo and Smith, 1998; Forstmeier, 2005; Foo, 2009)

(b) Systematic methods based on mathematical programming (Takama et al., 1980; Doyle and Smith,
1997; Alva-Argaez, 1999; Bagajewicz, 2000; Bagajewicz et al, 2000; Saeedi and Hosseinzadeh, 2006;

Karrupiah & Grossmann, 2006)



Synthesis of heat exchanger networks has also been the topic of extensive research for a long time
(Linnhoff et al, 1982; Papoulias & Grossmann, 1983). However, research concerning simultaneous synthesis
of process water and heat exchanger networks is not at the same level of development. The importance of
simultaneous minimization of energy and water was first addressed by Savelski and Bagajewicz (1997).
Conceptual techniques (Savulescu and Smith, 1998; Zheng et al., 2003; Savulescu et al., 2002, 2005a,b; Feng
et al., 2008) and mathematical approaches have been used since then (Bagajewicz et al ,1998; Du et al.,
2004; Liao et al., 2008; Dong et al., 2008; Bogataj and Bagajewicz, 2008; Leewongtanawit and Kim, 2008; Kim
et al., 2009; Xiao Feng et al., in press). Recently, a combined approach, conceptual and mathematical
modeling, has been proposed by Manan et al (2009). Their method consists of three steps, namely, setting the
minimum water and wastewater targets; design of minimum water utilization network, and finally, heat recovery

network design. However, it is restricted to one contaminant which makes its application to be rather limited.
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Figure 2. Water availability across the world (IWMI 2006)

2. Problem statement

We consider in this paper the corn-based ethanol plant reported in Karuppiah et al. ( 2008). We
review first the major alternatives in the optimization of energy consumption. Next, for each of the alternatives
we synthesize an integrated process water network. This requires closing the loops for process water and
steam in order to establish the actual demand of water in all process units. In this case study we show that
minimizing energy consumption leads to process water networks with minimum water consumption.
Furthermore, we also show that it is possible to achieve levels of freshwater consumption that are significantly

lower than the ones in current operation.



The paper is organized as follows. Section 3 providess an overview of the current consumption of
energy and water in plants for the production of bioethanol from growing corn grains to fuel grade ethanol.

In section 4, we revisit the results obtained in the paper by Karuppiah et al (2008) to identify the
energy consumption and cooling utilities used in the different stages of the optimization denoted along this
paper from (a) to (d): (a) superstructure optimization with no heat integration, (b) superstructure optimization
with heat integration, (c) substitution of distillation columns by multieffect columns in the optimized
superstructure followed by heat integration and finally (d) alternative (c) with the optimization of reflux ratio in
the multieffect columns.

Due to the fact that water was not considered in the model by Karuppiah et al (2008), in section 5 we
design the loops for cooling water and steam to establish the actual demand of water for bioethanol production
for the cases (a) to (d) cited above. Thus, we introduce the modeling of the operation of the boiler and the
cooling tower. No treatment for the waste water is considered at this point. We show in detail the application of
the closed loops to cases (a) and (d) cited before, but we report the water use for the two other cases too.

Finally, in section 6 we implement the recently proposed global optimization approach for the
synthesis of process water networks by Ahmetovi¢ and Grossmann (2009) to the cases (a) — (d) from the
paper by Karuppiah et al (2008). Two contaminants, suspended solids and organics (e.g. ethanol, organic
acids, cells), are considered, and different specific treatment units are used. Only two examples are shown in
detail in this section, but we report the results for the application of the water networks to all the four cases (a)
to (d). It is shown that the energy optimization achieved in Karuppiah's et al paper (Karuppiah et al, 2008)
together with the implementation of the water network, leads to a minimum water usage value of 1.17 gal water

I9al ethanal, the lowest that the authors are aware of.

3. Corn-based ethanol production process

Ethanol production has become one of the most important alternatives for the production of

renewable biofuel due to its compatibility with the current automobiles (Cole 2007) and the supply chain of
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gasoline. Thus, governmental policies have been supporting its production. In 2007, President Bush in his
State of the Union Address announced the so called 20-10 Plan asking for a reduction of 20% of conventional
fuels by 2017 as well as proposing an Alternative Fuels Standard (AFS) of 35 BGPY by 2017 increasing the

mandates of the previous acts, (Bush, 2007).

Currently, more than 95% of U.S. bioethanol is produced using corn. In spite of bioethanol’s
environmental benefits like lower emissions (Chiu et al, 2009), the volume of production of corn ethanol to
meet this last policy (see Fig. 3) has raised questions regarding its technological feasibility as an alternative
fuel. A discussion has been presented on the availability of land for corn production (Hart et al, 2003;
Hammond, 2008; Keeney, 2009; EU, 2007; USDA, 2009), the energy demand either reporting favorable
values (Shapouri, Duffield, and Wang, 2002; Shapouri and others, 2004; Archer, Daniels, Midland (McCain,
2003), Marland & Turhollow ,1991; Morris & Ahmed, 1992; Shapouri, 1995; Lorentz & Morris, 1995; Wang,
1999; Levelton Engineering, 2000; Graboski, 2002; Andres, 2002) or negative returns (Ho, 1989; Keeney &
Deluca, 1992; Citizens for Tax Justice, 1997; Giampietro et al, 1997; Youngquist, 1997; Pimentel, 1998, 2001,
2003; NPRA, 2002; Croysdale, 2001; CalGasoline, 2002; Lieberman, 2002; Ferguson, 2003, 2004; Patzek,
2004) and the emissions, where there seems to be an agreement in favor of biofuel compared to gasoline.
Apart from these concerns, the National Research Council has recently warned that corn ethanol production
increases may significantly impact water consumption, highlighting ethanol’s dependence on water (NRC,

2008).

In this paper, we focus on the problem of water consumption. In order to produce bioethanol, water is
needed at two stages of the process. In the first one, irrigation is required to grow the corn. In the second

stage, water is used as raw material or utility in the production process.
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Figure 3. US. Renewable fuels production and requirements. (Source US dept of energy)

Generally speaking, the biomass needed to produce one liter of biofuel (under currently available
conversion techniques) evaporates between 250 and 1000 gal of water (CA, 2007). In particular, corn
production on irrigated lands accounts for a major proportion of water use in agriculture, and often involves
depletion of aquifers. The corn devoted to ethanol production represents 13.3% of the total harvested corn. It
is reported that between 263 and 832 gallons water per gallon of ethanol are necessary to produce corn,
(Aden, 2007; Elcock, 2008; Jacosen, 2009; Wenchiu, 2009). For sugar cane, values ranging between 927 and
1391 gallons of water per gallon of ethanol are reported (SIU, 2007). As potable water becomes less available
in developed and developing countries, priorities for water use may affect the development of biofuel

production. (Keeney, 2006; NRC, 2008; Keeney, 2009; Jacobsen, 2009).



However, not all the results are so pessimistic because irrigation depends heavily on the region. That
is the case of the production of sugar cane in Brazil whose climate conditions, a 365-day growing season and
ample rainfall at the right times, allows sugarcane production at high yields with minimal or no irrigation (Leite,
2009). Moreover, different feedstocks may reduce water needs. For example, switchgrass, a perennial warm-

season grass grown for decades on marginal lands that are not well suited for conventional crop production.

Different studies have been carried out to analyze the impact of the current policies in favor of the
production of biofuels. Fig. 4 shows that the effect of biofuels production policies can be important in certain
regions in terms of water consumption, but on the whole, it will affect less than 5%. In contrast, if the amount to
be produced is far larger in order to fully replace the current consumption of gasoline and diesel, the

production regions must be carefully selected not to have a big impact on food production and water

availability.
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Figure 4. Effect of the production of ethanol on water reserves (Adapted from: De fraiture et al 2008)



The second stage in water consumption for the production of ethanol is in the production process
itself. The ethanol production processes used so far, like wet mill or dry mill, are water intensive. Sometimes
the process water required is more than the one that is available locally. A wide range of water consumption
for the conversion process is reported, ranging from about 3 gallons of water per gallon of produced ethanol to
as much as 15 gallons of water per gallon of produced ethanol (Keeney, 2006). Recycling of this process
water becomes important. Claims such as "zero liquid discharge" may elicit hope for very low water

consumption of bioethanol plants.

Approximately three quarters of the bioethanol produced in the United States employs the dry milling
process (Gen Solutions, 2007). To identify the water consumption we describe the general flowsheet for the
ethanol production process in Fig. 5. Corn grain is first pretreated so that the physical and chemical structures
are broken down into the fermentable sugars. Milling breaks the shell of the grain so that saccharification and
liquefaction enzymatic processes can have better efficiency in liberating the sugars. Fermentation takes place
under anaerobic conditions using Saccharomyces cerevisiae, where ethanol concentration must be kept low
due to its toxicity for the yeast. The main product of the process is ethanol. The liquid phase is separated from
the solid phase by means of mechanical separation. The solids are dried to produce distiller's dry grains with
solubles (DDGS), the only byproduct worth selling as animal feed. Ethanol is purified to its fuel grade by

distillation and further water removal (Jacques et al, 1999).

According to the literature (Pfromm, 2008) the best possible water consumption for corn dry grind
process is 2.85 ga water / gal ethanol, OF @ more realistic 4 gal water per gal of ethanol in case of considering the
water blowdown and evaporated from the cooling tower, as shown in Table 1 from Aden (2007).

Table 1. Water usage for ethanol production (Aden 2007)

Fresh Water Demands Corn Ethanol: Dry Cellulosic Ethanol: Cellulosic Ethanol:
Grind Biochemical Thermochemical
Cooling tower make up (%) 68 71 71
Boiler and process make up (%) 32 29 29
Overall Water demand (gal H.0O/ gal EtOH) 3-4 6 1.9
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Figure 5. Dry milling ethanol production process.

4. Review of energy optimization in corn-based ethanol plant.

Given the dry milling ethanol process in Fig. 5, Karuppiah et al (2008) optimized a superstructure for a
plant producing 60M gal ethanol/yr. The plant consists of three different sections. The first section involves the
pretreatment of the corn grain to break the physical and chemical structure of the corn making the sugars
accessible for fermentation. The process units employed are grinding, direct contact with steam,
saccharification and liquefaction. At the end of this sequence of physical and chemical treatments, sugars are
liberated from the grain. The second section is the fermentation of the sugars, mainly glucose, into ethanol
using a yeast, Saccharomyces cerevisiae. Water must be fed to the reactor to keep the ethanol concentration
below the toxic levels for the yeast. After fermentation, two alternatives were proposed for the separation of
solids from the slurry exiting the fermentor: a) mechanical separation before the beer column (BC1), or b)
after the beer column. The third section comprises the technologies used for the purification and dehydration
of ethanol to fuel grade. Three different options were considered: (1) A rectification column which can
concentrate ethanol to the azeotropic composition, (2) adsorption of water in corn grits, and (3) molecular
sieves. The superstructure is optimized in terms of energy consumption. The optimized flowsheet is shown in

Fig. 6. The separation of the solids takes place before the beer column, while the dehydration stage consists of
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the rectification column together with adsorption in corn grits with final stage in the molecular sieves. In Fig. 6

neither the heat exchanger network nor any structural changes to the distillation columns are shown.

The Karuppiah et al's (2008) paper showed a great reduction in energy consumption, from 79.00 MW
(case a in Fig. 7) to 35.88 MW for the case with the overall heat integration in the plant and including
multieffect distillation columns (case d in Fig 7). The reduction in the energy consumption led to an important

reduction of the cooling requirements for the plant, from 58.98 MW to 21.50 MW as shown in Fig. 7.
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Figure 6. Optimal design of the corn-based bioethanol plant.
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Figure 7. Reduction of energy consumption and cooling needs by heat integration in the corn-based ethanol plant
(Case studies: a- Superstrucure optimization , b-Superstructure + HEN; c-Superstructure + HEN + multieffect distilation, d-
Superstrucure + HEN + multieffect distilation + optimized reflux ratio)

As a result of the use of cooling and process water ( assuming AT for the cooling water equal to 8
°C), the water consumption is reduced from 250 gal/gal of ethanol to 100 gal/gal of ethanol due to energy
optimization, as seen Fig. 8. If no loops are used to recycle and reuse the water, those consumptions could be

impractical. Thus, closed loops for water consumption must be applied.
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Figure 8.- Reduction in the water consumtion as a result of energy integration without water network.
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5. Closed loops for cooling water and steam.

Karuppiah et al (2008) did not consider closed loops for the cooling water and steam used in the
process since they simply considered norminal prices for the utilities in their economic evaluation. To reduce
the freshwater consumption, closed loops for cooling tower and steam systems are used in industry. We use
the mass and energy balance of the bioethanol case study developed by Karuppiah et al (2008), and introduce
cycles of concentration for the cooling tower and the boiler to calculate the net water consumption for the

closed loops for cooling water and steam in the cases described above as (a) — (d).

The cycles of concentration (COC) are defined as the ratio of the concentration of salts or dissolved
solids in the circulating water or blowdown to that in the makeup water (Perry and Green, 1997; Mann and Liu,
1999). In industrial practice, the cycles of concentration normally range from three to seven, and they are

important in the design and operation of cooling towers (Fatigati, 2006).

Fig. 9 shows a closed loop of circulating water between the heat exchanger network and the cooling

tower.
f. (t/h) fow (t7h)
Evaporation  Drift loss
loss
tt ¢t

COOLING | warm water inlet
TOWER |

Closed loop of | HEAT EXCHANGER

Makeup water circulating water NETWORK
£, (t/h)
CMM(me) | | Cold water outlet
Blowdown
fg(t/h)
Cs (PpmM)

Figure 9. Closed loop for circulating water in cooling tower system.

13



On the basis of the cooling requirements in the heat exchanger network (heat rejected in cooling

tower) Q. (kW) , flow rate of circulating water f,,. , between cooling tower and heat exchanger network can

be calculated from the equation:

QC :fREC'Cp.W'AT (1)

where ¢, = specific heat capacity of water (kJ/(kg °C)), AT= temperature difference between inlet and outlet

water in cooling tower (°C).

For the calculation of the evaporation loss in the cooling tower, which is the water quantity evaporated

for cooling duty, an empirical correlation that is often used is the one by Perry and Green (1997):

f, =0.00085-AT - fo,.(m> [ h)-1.8 )

The amount of water lost by drift, which is the water in the tower discharge vapors, varies between
0.1 and 0.2 percent of the water supplied to the tower. New developments in the drift-eliminator design make it
possible to reduce drift loss below 0.1 percent (Perry and Green, 1997). Further improvements in the design of

cooling towers will reduce the water lost and the overall water consumption.

The makeup requirements for cooling tower consist of the summation of evaporation loss, drift loss,

and blowdown:

fu=Fetfot/fs (3)

As mentioned earlier, the cycles of concentration (COC) are the ratio of the concentration of salts or

dissolved solids in the circulating water/blowdown cg (ppm) to that in the makeup water cu (ppm).
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coc =55 (4)
Cy

According to the literature (APHA, 1989) the concentration of total suspended solids (TSS) in the

outlet stream of the cooling tower is typically 50 ppm.

Fig. 10 shows the simplified boiler system consisting of a boiler, heat exchanger network (steam-

using operations) and deaerator.

HEAT EXCHANGER Steam

NETWORK £, (t/h)

3 |

@

5| e Steam loss
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2 £, (th) VV|  BOILER

&)

Makeup water DEAERATOR)Feedwater Bowdown

fu(t/h) frw(t/h) fy (t/h)
Cu(ppm) G (ppm)

Figure 10. A simplified boiler system.

The steam generated in the boiler is used for heating in the heat exchanger network, and steam

condensate is returned to the boiler. In the case that there is no steam loss f;, in the heat exchanger network,
the flow rate of generated steam in the boiler and returned steam condensate is the same f, = f... In addition,

makeup requirements for the boiler system will be equal to the discharged blowdown.

According to this water balance for the boiler system, the mixer, and the heat exchanger network is

given by the equations:

fM :fSL+fB (5)
fFW :fM+fC (6)
fs :fSL+fC (7)
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The American Boiler Manufacturers Association specifies that the concentration of TSS in the

blowdown water from boilers is typically 10ppm.

The generated steam in the boiler can be calculated from the heat requirements in the heat

exchanger network.

Qy = fs-AH, ®)

where AH,= latent heat of steam condensation (kJ/kg) for given temperature and pressure.

In order to control the buildup of contaminants in the closed boiler system, blowdown has to be
discharged and fresh makeup water supplied to the boiler so that none of contaminants exceeds its limit. As

for cooling tower, the cycles of concentration for the boiler can be determined from Eq. 4.

5.1. Water consumption in the optimized superstructure with no heat integration (Case a) after water
loop.

Considering the case of the optimized superstructure without heat integration (case a), the cooling
requirements are 58980 kW. We assume that the drift losses are 0.2 % of the supplied water to the cooling
tower, that the temperature difference between the inlet and outlet water in the cooling tower is 8 °C, and five
cycles of concentration (a typical value that will be used along the paper). According to that, Fig. 11 shows

results of the water balance of the cooling tower.
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Figure 11. Cooling tower water balance.

As can be seen from Figure 11, a large amount the makeup water is lost by evaporation, about 82 %,
while water loss by blowdown is about 18 %. Water lost by evaporation cannot be reused. The amount of used

make-up water and discharged blowdown depends of cycles of concentration as shown in Figure 12.
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Figure 12. Cooling tower makeup water and blowdown versus cycles of concentration.
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For the optimized superstructure without heat integration (case a), the heat requirements for corn-
based bioethanol plant are 79.00 MW. Assuming five cycles of concentration, and steam pressure 30 bar and
temperature 233.8 °C, Fig. 13 shows results of the boiler water balance. It should be noticed that superheated
steam is injected into Jet1 unit (direct heating) and there is no condensate returned to the boiler from this unit

(it could be considered as steam loss).

HEAT EXCHANGER| 156.528 th

NETWORK
; 1
3.762 th
% {direct heating in Jet 1) V| BOILER
43.384 th 198.18 th
~2ppm ) DEAERATOR L | s0s82th
10 ppm

Figure 13. Boiler water balance.

Consumption of the boiler makeup water and feed water depends of cycles of concentration as shown
in Fig. 14.
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Figure 14. Boiler make-up water and feedwater versus cycles of concentration.
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The complete cooling water/steam network for corn-based bioethanol plant for the optimized
superstructure with no heat integration (case a in Fig. 7) is shown in Figure 15. Assuming closed loops for
cooling water and steam but no reuse or recycle, the overall freshwater consumption is 331.826 t/h, while the
wastewater generation is 243.234 t/h. A large amount of water is lost by evaporation in the cooling tower and
this water cannot be reused in water-using operations. However, by heat integration in the corn-based
bioethanol plant, the cooling and heating requirements can be reduced leading to lower evaporation loss in

cooling tower as well as the freshwater consumption as it will be shown in the next case.
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Figure 15. The complete water/steam network for Case (a) (superstructure optimization without heat integration and any
structural changes to distillation columns).
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5.2. Water consumption in the optimized process for corn ethanol production (case (d))

In Figure 16 we present water balance for the case of complete heat integration in the bioethanol

plant using multieffect distillation columns (three columns for the beer column and two columns for the

rectification column), case d. The overall freshwater consumption is reduced from 331.829 t/h to 240.393 t/h

and the wastewater generation from 243.234 t/h to 209.255 t/h. It is worth pointing out that with complete heat

integration the water loss by evaporation in cooling tower is reduced about 63 % compared to the Case study

(a) shown in Figure 15 (from 90.417 t/h to 32.963 t/h)
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Cooling lower maks up wealar

=~

Hest exchange network
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{cooling)
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234800 A

Coaling tower

E

Figure 16. The complete water/steam network for case d

In industrial practice water consumption in corn-based ethanol plants is expressed as gallon of water

per gallon of bioethanol produced. Fig. 17 shows the results of water consumption for the four cases given in
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Fig. 8. To reduce further the water usage values presented in Fig. 17, integrated process water networks are

synthesized in the following section.
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Figure 17. Freshwater consumption with closed loops for cooling water and steam but without water networks
for case studies given in Fig. 7.
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6. Water consumption optimization by implementation of water networks

6.1. Water network superstructure and model

In order to synthesize water networks in the corn-based bioethanol plant together with the cooling
water and stream loops, we use the global optimization approach at the superstructure of integrated process

water networks shown in Fig. 18 which has been recently proposed by Ahmetovi¢ and Grossmann (2009).

The superstructure consists of one or multiple sources of water of different quality, water-using
processes, and wastewater treatment operations. The unique feature is that all feasible connections are
considered between them, including water re-use, water regeneration and re-use, water regeneration

recycling, local recycling around process and treatment units and pre-treatment of feedwater streams. Multiple
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sources of fresh water include water of different quality that can be used in the various operations, and which
may be sent first for pre-treatment. The superstructure incorporates both the mass transfer and non-mass
transfer operations. According to this, it can be used to represent separate subsystems as well as an
integrated total system. Furthermore, it enables modeling different types of water network optimization

problems.

The mathematical model of the generalized superstructure consists of mass balance equations for
water and the contaminants for every unit in the network. The model is formulated as a nonconvex nonlinear
programming (NLP) that is solved to global optimality. The objective function is to minimize the total network
cost consisting of the cost of freshwater, the investment cost on treatment units and the operating cost for the

treatment units as given by equation:

minZ =H- Y FW,-CFW, + AR- S IC, -(FTU™ Y + 1. 3 1€, .(FTU™

seSW teTU teTU (9)

Subject to:

Splitter mass balances
Mixer mass balances (bilinear)
Process units mass balances

Treatment units mass balances
We assume the operating costs for treatment units to be one third of the investment cost (Cargill,

2006). All other equations of the mathematical model we use in this paper are given in Ahmetovi¢ and

Grossmann (2009).
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Figure 18. Generalized superstructure for the design of integrated water networks. Ahmetovic and Grossmann (2009)
PU: Process Unit; DU: Demand Unit; SU: Source Unit; TU: Treatment Unit.

6.2. Application of water network

To synthesize the water network for the bioethanol plant using the superstructure optimization
approach described above, the process and treatment units, and their corresponding flow rates must be
defined. First, the units that can be considered as water-using operations are the washing unit, the fermentor,
the boiler, and the cooling tower. In the washing unit there is direct contact between the process stream (corn
kernels) and the freshwater. The fermentor requires water, so this unit is considered as a water demand unit.

Furthermore, there is loss of water due to chemical reaction. The beer and rectification columns recover water
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by separation and thus they are water source units. In addition to this, the flowrate of the boiler and cooling
tower make-up water and blowdown is different because of loss of steam in Jet 1 unit, and water by

evaporation in cooling tower.

The application of the water network to a particular case like the corn-ethanol plants requires the
specification of the treatment units in accordance with the contaminants. Wastewater streams are generated
from the boiler, cooling tower, and beer and rectification columns. Two main contaminants are considered,
suspended solids and organics. Suspended solids are present in the water used for washing the corn, while
the organics are the main contaminants in the streams coming out of the distillation columns. Furthermore, the
water fed to the fermentor must have no ethanol, with is toxic for the yeast. We assume that there are two

different wastewater treatment units, one for removing suspended solids and another one to remove organics.

In order to remove the solids, screens are widely used. Relatively large solids (0.7 mm or larger) can
be removed in a primary screening facility. The simplest configuration is that of flow-through static screens,
which have openings of about 1 mm. The removal rates vary depending on the size of the solids. Fig. 19

shows a basic scheme for the screens (Wang et al, 2004). We assume 99.9% removal for suspended solids.

Wastewater

Stainless
steel screen

Figure 19.- Example of the operation of the screen.
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In order to purify the water from the distillation columns, a system of anaerobic and aerobic treatment
is required. The anaerobic stage will remove 90% of the organics generating biogas rich in methane that can
be reused to obtain energy. Later, the water is treated in an aerated lagoon to obtain relatively clean water that
can be recycled to the process according to the results presented by Zhang et al (2009). For this study, both

treatments are integrated and modeled as a single treatment unit.

The cost correlation for the equipment involved in the network, screens
(http:/lwww.matche.com/EquipCost/Screen.htm), aerobic and anaerobic treatment

(www.fao.org/docrep/003/V9922E/V9922E04.htm updated from EPA 1978), boiler and cooling tower

(http://www.matche.com/EquipCost/Cooling.htm, http://www.matche.com/EquipCost/Boiler.htm) are as follows:

CCoolingtower = 3229 (E(kW))059 (10)
CFumam?e = 23283 (E(kW))07 (1 1)
Cyoreons = 10085-A(m*)*¥ (12)
3
A= Q(m /S) (13)
v(m/s)

v(m/s)=1.6 (depends on sedimentation velocity)
Coproens = 4750-(m(ton | h))** (14)
+C =1500(m(ton/ h))"" (15)

biological treatment —  Aeration tank Anaerobic treatment =

The annualized factor for investment on the treatment units is taken to be 0.1, and the total time for
the network plant operation in a year is assumed to be 8640 h. To compare results with the published one by
Karuppiah et al (2008), we used the same freshwater cost ($8.71-10-%/ton) as given in their paper. The relative
optimality tolerance was set to zero, and we used the general purpose optimization software BARON

(Sahinidis, 1996) to solve the global optimization of the nonconvex NLP problem.
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6.2.1. Water network for the optimized superstructure with no heat integration (Case a).

The optimal design of water network for the case of the optimized superstructure with no heat

integration is shown in Fig. 20. As it can be seen, the freshwater consumption is reduced from 331.829 t/h to

88.592 t/h. This value represents a reduction of 73% compared to the same case study without application of

water reuse, regeneration and recycling. It should also be mentioned that in this case there is no wastewater

discharge, all water is reused/recycled in the network. The only loss of water is due to evaporation in the

cooling tower (90.417 t/h). The water use for this case study is 3.34 gallon of water per gallon of ethanol, which

is a value in the range of the ones reported in the literature for new bioethanol plants (Minnesota Technical

Assistance Program, MTAP, 2008). The total water network cost is $205,805.95/year.

88.592

Freshwater

—
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3 § Heat exchange network
2 . ) )
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- 8 Quenin=79 000 KW
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Figure 20. Optimal water network for the superstructure of the bioethanol production. Case a.
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6.2.2. Water network for the optimized corn-based ethanol plant (Case d)

Fig. 21 shows the optimal design of water network for case study (d), the optimized heat integrated
corn-based ethanol plant. The freshwater consumption is reduced from 240.393 t/h to 31.138 t/h. This
represents an 87% reduction compared to the same case study without application of water networks.
Evaporation loss in cooling tower is 32.963 t/h and there is no wastewater discharge from the network. The
total network cost ($201,266.95/year) is similar to the previous case ($205,805.95/year). The reason is that the

contribution of the cost of the freshwater compared to the total cost is rather small.
It is worth pointing out that water consumption for this case is only 1.17 gallon of water per gallon of
ethanol, which is much less compared to the data published in the literature, and that aims for 1.5 as the best

possible value (Fatigati, 2006). Thus, this result is at great practical significance.

Fig. 22 shows water use for Case studies a-d with the integrated water networks. Thus, we show that

minimizing energy consumption leads to process water networks with minimum water consumption.

27



(]
8| o | Heat exchange network
0 5| & with heat integration | Jet 1
2 2|8 (heating)
€ 8 Quering=35 880 kKW 3
- (o]
3.762 ©
N
>-224 wash 1
= 34.205] 34.205
E Ai >— TUA1 F—<
146.185 @ 8
- Mix 3/Fer 1 3
2.225
—~<31'138 Boiler
Freshwater 0.7524
Rec
151.772] 151.772,
> w2 <
Evaporation&Drift
BC 151.02

32.963

Cooling
tower

Boiler make up water 15.305

_': 0.752

5.587

0|
Cooling tower make up water 15833 |
N~
|
0.42 ©
.
(2
o
@
Heat exchange network E
with heat integration N

(cooling)
Quoar=21 502 kW
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Figure 22. Water usage after the application of water network to cases a-d.
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The results presented in Fig. 22 are very promising. In industrial practice, the water usage in ethanol

plants has improved in the last decade. Figure 23 shows some interesting values (MTAP, 2008)

2006 Water Usage
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Figure 23.-Reported data of water usage (source MTAP 2008)

In Fig. 23, it can be seen that the newest plants show values in the range of the ones calculated in
section 6.2.1. That example corresponded with the case when no heat integration neither multieffect columns
were used in order to optimize energy consumption. However, this value can be reduced further to meet the
claims of Delta T Company that states that values of 1.5 gal/gal are possible. There is discussion whether 1.5
gal water /gal ethanol is achievable but there is no demonstration of this in an operating plant. On the other hand,
values of 2 gal water /gal ethano have already been demonstrated for the production of ethanol (Tao et al., 2009).
According to the results presented in this paper, the values claimed by Delta — T Company can be reached

even in a conservative case, case study (c) from Karrupiah et al (2008) paper., (see Fig. 22). More importantly,
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our results suggest that it is possible to achieve levels below 1.5 gal/gal since we have calculated a value of

1.17 gal/gal for case d.

6. Costs and Benefits

The implementation of the integrated water networks results in a cost that has to be added to the
operating costs. Two main utilities are minimized, steam and fresh water. However, the cost for the equipment
as well the natural gas to feed the boiler will have to be added. At this point it is important to see including the
new equipment has a large impact on the operating costs of ethanol. In order to be consistent with the results
presented in Karuppiah et al (2008) the cost for natural gas is was calculated as 0.167$/kg. If we take the
production cost of corn ethanol reported in Karuppiah et al (2008), for case (a) it is 1.34 $/gallon, for case (d) it
is 1.24 $/gallon. If we add the cost of the water network (screens, biological treatment, furnace with 80%
efficiency (Walas S.M., 1990), cooling tower ) and the utilities required (natural gas to feed the furnance) to
these values, the operating costs for both cases increase only by a modest amount, to 1.37 $/gallon and 1.30
$/gallon respectively . The higher the cost of water, the more significant the application of water networks will
be in terms of process economics since the decrease of water consumption is quite large as shown in Figs. 8,

17 and 22.

7. Conclusions

Water and energy are the most extensively used commodities in process industries. Water scarcity
and environmental regulations on water wastes are a major concern nowadays. In particular, corn-based
bioethanol plants are water and energy intensive. In this paper we have studied the energy and water

consumption of such plants.
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Water consumption can be reduced by energy optimization together with the recycle and reuse of
process and cooling water and steam. Mathematical programming techniques have been used to optimize

energy consumption and to synthesize an optimal process water network for corn - based bioethanol plants.

The optimization of water consumption has been presented in three steps to show the contribution of
energy optimization, water reuse and recycle. The optimized water network yields the very promising value of
water consumption of 1.17 galwater / gal ethanol , Which is the lowest value to the knowledge of the authors even
lower than the industry goal of 1.5 galwater / gal ethanol. Furthermore, the optimal process water network does not
discharge waste water. Further decrease in water consumption can be achieved by improving the performance

of the cooling towers.
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