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ABSTRACT

The process simulator ASPEN PLUS was used for simulation of
an ethanol production process based on enzymatic hydrolysis of ligno-
cellulosic materials. The effect of water recycling, necessary to reduce
the amount of waste water and to increase the ethanol concentration
in the feed to the distillation, was investigated. For a process based on
20 t/h raw material, the amount of waste water can be reduced from
70.7 t/h, without recycling, to 7.1 t/h. Furthermore, the ethanol con-
centration in the distillation feed increased from 2.5 to 10%. The con-
centration of byproducts and possible inhibitors increased by a factor
of 20-40 in the hydrolysis and fermentation steps. This gives new
conditions for future hydrolysis and fermentation experiments.

Index Entries: Process simulation; ASPEN PLUS; flowsheeting;
recycling streams; ethanol.

INTRODUCTION

Processes for the production of ethanol from cellulosic materials by bio-
conversion have been studied (1-3) and are currently under development
in many countries. The processes consist of a large number of process
steps of which the major ones are: the pretreatment of the raw material,
enzyme production, enzymatic hydrolysis, enzyme recovery, pentose fer-
mentation, hexose fermentation, ethanol recovery and purification, steam
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generation, and waste treatment. These process steps are all strongly in-
terrelated. It is impossible to explore all of the important features and
variables of such a process by experimental investigations alone. Com-
puter simulation is an invaluable tool for the analysis, design, and eco-
nomic evaluation of the individual process steps, and for comparing and
optimizing various process alternatives. It can also be used for assessing
areas where future research and development are required. Computer
simulations naturally cannot replace experimental studies, but are more
of a tool used in the planning and evaluation of the experiments.

To simulate a process, it is necessary to model each unit operation in
the process, to assemble the units into a flowsheet, and to solve the
material and energy balances. This is facilitated if some kind of flowsheet-
ing program is used. We are working with the development of a process
simulator based on the commercially available flowsheeting program,
ASPEN PLUS from Aspen Tech. Inc. Cambridge, MA. This program was
primarily chosen because of the following features:

A modular approach, which facilitates the use of user-developed
unit operation models; ,

Processing of nonconventional solid materials (such as wood and
yeast);

Built-in flowsheeting and equation-solving tools; and

Built-in models for standard unit operations (such as heat ex-
changers, flashers, pumps, and distillation columns).

This study addresses how process development can be improved by
the use of a process simulator, such as ASPEN PLUS. The simulator is used
to investigate the problems encountered with water recycling streams,
which are required to reduce the amount of waste water produced in the
process and to increase the ethanol concentration in the feed to the distil-
lation. So far, most experiments reported in the literature on enzymatic
hydrolysis and fermentation have been performed using pure buffer or
water solutions (4-6). The use of recycling streams will increase the con-
centration of inhibitors, such as acetic acid, furfural, and nonvolatiles,
which will influence the performance of these reactions steps. Simulations
based on mass and energy balances are performed for different process
configurations to determine the buildup of inhibitors. This will provide
new conditions for the hydrolysis and fermentation experiments.

ASPEN PLUS Modeling

Simulation with ASPEN PLUS, and most other flowsheeting pro-
grams, consists of three principal parts:

Component property data, which consist of the thermodynamic
properties of the chemical substances used in the simulation;
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Stream data for all input streams to the process, defining the flow
rate, composition, and physical state; and

Unit operation models for all the unit operations considered in
the process being simulated.

The simulation of ethanol production from cellulosic materials differs
from the simulation of conventional chemical processes, since complex
solid materials are used (wood and biomass). Most process simulators are
not capable of handling these kinds of components, which cannot be char-
acterized by conventional means (standard thermodynamic properties). In
ASPEN PLUS, the user may define components that take part in normal
vapor-liquid phase equilibria, solid components that are inert with
respect to phase equilibria, and solid components that are heterogenous,
such as wood and coal (7). These components coexist in the streams and
are acted upon separately in the unit operation modules. Furthermore,
the process involves a solid-phase transition that requires unit operation
modules that can handle solid materials participating in the reactions.
This is also provided for in ASPEN PLUS. These features make ASPEN
PLUS suitable for the simulation of ethanol production processes. A more
detailed description of these features is given by Byers (8), who used the
program for simulation of a process for fuel (Butanol/Acetone) by acid
hydrolysis of woody biomass.

The actual simulation is made by arranging different unit operation
modules, such as mixers, splitters, reactors, distillation units, and so on,
in such a way that a complete flowsheet is produced. The user may also
write his or her own FORTRAN subroutines to be incorporated into the
program. This is necessary for this kind of process, since there are no
built-in models for process steps, such as wood pretreatment and wash-
ing. The convergence routines are fast, which is important when recircu-
lation and optimization problems are being studied.

PROCESS CONFIGURATION

In this work, wood is assumed to consist of cellulose, hemicellulose,
lignin, and soluble material. The composition of the raw material is 36%
cellulose, 24% hemicellulose, 21% lignin, and 19% solubles. Cellulose may
be converted to hexoses and hemicellulose to soluble pentosans, which
are further converted to pentoses. The lignin part is treated as an inert com-
ponent, although some formation of pseudo-lignin may occur in real pro-
cesses. The soluble part is also regarded as an inert material, consisting of
proteins, extractives, and so forth. The present work is confined to mass
and energy balances of the whole process to analyze the effect of recircu-
lating streams on the buildup of possible inhibitors. We have therefore
chosen to work with rather simple models for the various unit operations.
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Fig. 1. Simplified flowsheet for base case without recycling streams.

The reactions have been modeled as yield reactions, that is, no models
have been used in which inhibition of various reactions is present. A sim-
plified flowsheet of the base-case is shown in Fig. 1. The process consists
of the following process units.

Pretreatment

Pretreatment is performed by steam-treating the wood at 220°C. The
feed is 20,000 kg/h raw material with a moisture content of 50%. Seventy
percent of the hemicellulose is converted to fermentable pentoses (9).
During the pretreatment, furfural and acetic acid are also formed. A small
part of the cellulose is converted to hexoses.

The pretreated material is then washed to recover 85% of the solubi-
lized pentoses, which are passed to a pentose fermentation step. The
washing step is simulated in a user-written module, in which a washing
efficiency, depending on the amount of washing liquid, is defined. The
model is based on washing models developed for the recovery of sodium
from pulp residues (10). If the ratio of washing liquid to bed volume is
1.5, the washing efficiency will be 0.85.

Pentose Fermentation

The pentoses are first isomerized by the enzyme xylose isomerase
and then fermented by baker’s yeast (11). It is assumed that, for every
100 kg of fermentable pentoses, 30.5 kg ethanol, 30.5 kg carbon dioxide,
and 13 kg xylitol will be the result.
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Table 1
Relative Volatilities of Byproducts

Component Relative volatility
Ethanol 9.8
Furfural 11.2
Water 1.0
Acetic acid 0.6
Glycerol 0.0
Solubles 0.0

Enzymatic Hydrolysis

The solid material is introduced to an enzymatic hydrolysis (12), using
10 FPU/g solid substrate, where 90% of the cellulose is converted to hex-
oses. It is also assumed that 95% of the nonsolubilized hemicellulose is
saccharified to pentoses. After the hydrolysis, the material is washed to
remove the hydrolysis residue. Once again, it is assumed that a washing
efficiency of 85% is reached. The solid residue leaves the system after the
washing step, having a water content of 75%.

Hexose Fermentation

The liquid stream from the washing step, which is rich in hexoses, is
fed to a fermenter. The hexoses are fermented by baker’s yeast to ethanol,
carbon dioxide, acetic acid, and glycerol. Every 100 kg of hexoses yield
48.5 kg ethanol, 47.4 kg carbon dioxide, 1.4 kg acetic acid, and 2.7 kg glyc-
erol (13). The cell mass of the yeast is set to 2% (w/w) of the liquid in
the fermenter.

Distillation

The fermentation products are passed to a distillation unit in which
99% of the incoming ethanol is recovered and concentrated to 95%. Glyc-
erol leaves with the bottom stream, whereas furfural and acetic acid are
distributed between the product and the stillage streams. The furfural
concentration is about 3 times higher in the bottom product than in the
distillate, whereas the acetic acid concentration is almost equal in both of
the outgoing streams. The soluble products leave with the stillage stream.

One of the reasons for having chosen furfural, acetic acid, and glycerol
as byproducts is their different relative volatilities (Table 1). Through this
choice, it is possible to predict where other byproducts with a certain rela-
tive volatility will be found if the process is closed with respect to water.
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RESULTS

In the base case (Fig. 1), fresh water is added in the washing steps
and in the hydrolysis unit. The pretreated material is washed to separate
the pentoses from the fibrous material, while the hydrolysis residue is
washed to recover the hexoses from the liquid entrapped in the residue.
Water is also added in the hydrolysis unit to adjust the dry matter con-
tent. Substrate levels above 10% ODM (oven dry material) will cause
severe stirring and mass transfer problems, although the total amount of
solids could be increased by a fed-batch procedure.

This process configuration is not very realistic for a commercial pro-
cess. Large volumes of fresh water are used, which will result in a very
diluted ethanol feed to the distillation and a considerable waste water
treatment problem. It does however reflect the procedure and conditions
used in most of the lab experiments on hydrolysis and fermentation.

The simulation of the base case shows that 6300 kg/h of steam are re-
quired in the pretreatment step. This step will be unaltered in all the pro-
cess configuration alternatives. The total amount of water that enters the
system is 90.3 t/h (t/h) divided between the following streams:

Raw material (50% ODM): 10.0 t/h
Steam (excluding flash-vapor): 6.3 t/h
Enzymes and yeast: 3.3 t/h
Water to adjust dry matter in the hydrolysis:  43.7 t/h
Wash water after pretreatment: 16.8 t/h
Wash water after hydrolysis: 10.2 t/h

The feed to the distillation is very diluted, containing 2.5% ethanol,
which is in the cost-sensitive region for nearly all distillation technologies
(14). It has also been shown by Zacchi and Axelsson (14) that preconcen-
tration of sugar solutions, using reverse osmosis or multiple-effect evapo-
ration, is not economically feasible for sugar solutions above 50 g/L.

Five process configurations, cases 1-5, with recycling streams were
simulated. The flowsheets are shown in Figs. 2-5. The configurations for
cases 1and 2 mainly aim to diminish the amount of liquid waste, whereas
the configuration of cases 3-5 increases the ethanol concentration in the
feed to the distillation unit. Some of the results from the simulations are
summarized in Tables 2-4. Table 2 shows the amount of fresh water used,
and the concentration of hexoses, pentoses, and ethanol in the feed stream
to the hexose fermentation, pentose fermentation, and distillation units,
respectively. Tables 3 and 4 show the final concentration of the ethanol
and byproducts in the hydrolysis and fermentation steps, and in the
stillage stream. These values should not be interpreted as absolute
values, but rather as relative values compared to the base case. For alter-
native pretreatment conditions with different byproduct concentrations,
the relative values should still be the same. Other soluble byproducts, not
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Fig. 2. Simplified flowsheet showing main liquid streams for case 1.
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Fig. 3. Simplified flowsheet showing main liquid streams for case 2.
Recirculation of stillage stream and liquid from the hydrolysis residue wash step.

included in this study, can be accounted for by comparison with the con-
centration distribution of components with similar relative volatilities.

Decrease of Liquid Waste Streams

Figure 1 shows a simplified flowsheet with the main streams. From
this it can be seen that the feed to the distillation consists of two diluted
streams, one from the pentose fermentation (2.1% ethanol) and the other
from the hexose fermentation (2.6% ethanol). An obvious way to decrease
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Fig. 5. Simplified flowsheet showing main liquid streams for cases 4 and
5. Recirculation of liquid from hexose fermentation.

the amount of fresh water and to increase the ethanol concentration is to
use the same liquid in the two fermentation steps. This can be done by’
taking the outlet stream from the pentose fermentation to the hydrolysis
(case 1), as shown in Fig. 2. This reduces the amount of fresh water required
in the hydrolysis by 20.1 t/h (Table 2). The ethanol concentration in the
feed to the distillation is increased to 3.3%, which is still rather low. From
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Table 2

Fresh Water Supply and Concentration
of Hexoses, Pentoses, and Ethanol to the Hexose Fermentation,
the Pentose Fermentation, and the Distillation Unit, Respectively

101

Basecase Casel Case2 Case3 Case4 Caseb

Fresh water, t/h 70.7 50.6 — — — —
Hexoses

to fermentation, % 5.5 5.6 6.7 9.6 5.8 9.2
Pentoses

to fermentation, % 6.9 6.9 9.5 95 9.6 10.0
Ethanol

to fermentation, % 2.5 3.3 4.2 5.9 6.7 10.0

Table 3

Final Concentration of Ethanol and Byproducts
in the Hydrolysis and Fermentation Steps

Basecase Casel Case2 Case3 Cased4 Case5
Hydrolysis
Ethanol, % - 0.75 1.00 1.50 4.40 6.80
Furfural, % 0.02 0.12 0.38 0.38 0.37 0.39
Acetic acid, % 0.01 0.07 0.36 0.33 0.38 0.36
Glycerol, % - - 0.15 0.15 0.20 0.16
Solubles, % 0.60 3.50 11.30 11.30 11.00 11.40
Liquid HC, % - 0.05 0.05 0.05 0.05 0.08
Hexose fermentation
Ethanol, % 2.60 3.30 4.20 5.90 6.70 10.00
Furfural, % 0.02 0.11 0.35 0.35 0.34 0.35
Acetic acid, % 0.09 0.14 0.43 0.44 0.43 0.45
Glycerol, % 0.08 0.08 0.28 0.27 0.27 0.27
Solubles, % 0.53 3.00 10.50 10.30 10.00 10.10
Liquid HC, % 0.03 0.04 0.04 0.04 0.04 0.07
Pentose fermentation
Ethanol, % 2.10 2.10 3.00 3.00 3.90 4.90
Furfural, % 0.29 0.29 0.40 0.40 0.41 0.43
Acetic acid, % 0.16 0.16 0.26 0.26 0.27 0.29
Glycerol, % - - 0.05 0.05 0.05 0.05
Solubles, % 8.30 8.30 11.70 11.70 11.90 12.30
Liquid HC, % 1.40 1.40 1.90 1.90 1.90 2.00

Applied Biochemistry and Biotechnology
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Table 4
Concentration of Byproducts in the Waste Stream, Stillage

Basecase Casel Case2 Case3 Case4 Caseb

Hydrolysis
Ethanol, % 0.03 0.03 0.04 0.05 0.07 0.11
Furfural, % 0.08 0.11 0.36 0.36 0.36 0.37
Acetic acid, % 0.10 0.14 0.43 0.43 0.43 0.44
Glycerol, % 0.06 0.08 0.29 0.29 0.29 0.30
Solubles, % 24 3.13 11.00 11.00 10.80 11.30
Liquid HC, % 0.37 0.04 0.04 0.05 0.05 0.08

Table 3, it can also be seen that the concentration of the byproducts, formed
in the pretreatment step, is increased by a factor of 6 in the hydrolysis.
The pentose and hexose fermentations cannot be combined to a single
fermentation step, since the pentoses would not be fermented as long as
hexoses are present.

The amount of stillage is still very high, 60.6 t/h. This could be further
reduced by replacing the fresh water in the washing steps and in the
hydrolysis with a part of the stillage stream. This process alternative (case
2) is shown in Fig. 3. The minimum amount of water is the amount enter-
ing via the raw material, plus the steam in the pretreatment, and the en-
zyme and yeast streams. As shown in Table 2, the amount of fresh water
in the washing steps and in the hydrolysis has been reduced to zero. The
stillage stream is reduced to 7.1 t/h, although naturally with a much
higher concentration of byproducts (see Table 4). The concentration of
ethanol in the distillation feed has increased to 4.2% (Table 2). The con-
centration of byproducts is further increased in the hydrolysis. New com-
ponents, formed in the hexose fermentation (glycerol for instance), are
now also present in the hydrolysis.

Increase of Ethanol Concentration
in the Distillation Feed

As stated above, the amount of liquid waste cannot be reduced further,
unless the production of enzymes and yeast is performed with recycled
liquid. This is not considered in this study. Alternative configurations
that would lead to an increase of the ethanol concentration in the feed to
the distillation may, however, be of interest. In case 3, shown in Fig. 4,
part of the hydrolysate stream is recycled back to the hydrolysis unit. In
case 4, shown in Fig. 5, part of the feed to the distillation is recycled to the
pentose fermentation and hydrolysis units. As can be seen in Table 3,
these alternatives have little effect on the concentration of byproducts
compared with case 2. Case 3 involves the recirculation of sugars, which
could have a negative effect, increasing the risk of infections. Case 4 is
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more attractive, since it involves a recirculation of ethanol instead. The
ethanol concentration in the feed to the distillation is increased to 6.7%
(Table 2), which is comparable to the concentration when ethanol is pro-
duced from corn (15). It should, however, be noted that the ethanol con-
centration in the hydrolysis is increased to 4.4%. This requires further ex-
perimental investigation of the effect of ethanol on the hydrolysis kinetics.

In case 5, the same process configuration as in case 4 was used, except
that the substrate concentration in the hydrolysis was increased from 10 to
15% ODM, assuming a fed-batch procedure. The main difference com-
pared with case 4 is the increased hexose concentration in the hydrolysis
(see Table 2), and the higher ethanol concentration in the hydrolysis and
the fermentation units. The feed to the distillation has, for this alterna-
tive, an ethanol concentration of about 10%.

In all the investigated alternatives, a large amount of the hemicellulose
is lost in the process. Pentoses formed during the hydrolysis cannot be
recirculated to the pentose fermentation because of the high hexose con-
centration. More efficient pretreatment and washing steps can reduce the
loss of pentoses. Other process configurations that increase the utiliza-
tion of the pentose fraction are possible (16).

CONCLUSIONS

The ASPEN PLUS simulator is a powerful tool for the simulation of
processes for the production of ethanol from lignocellulosics. The program
was used to analyze the effects of water recycling, necessary to reduce the
amount of waste water and to find a way of increasing the ethanol con-
centration in the feed to the distillation, for various process configurations.
The liquid waste stream from the process can be reduced from 70.7 to 7.1
t/h by water recycling. The recycling results in a considerable buildup of
byproducts, such as furfural, acetic acid, glycerol, and other soluble com-
ponents, in both the hydrolysis and in the fermentation steps, as shown
in Table 3. This necessitates new experimental investigations of these
steps to study the influence of the byproducts on the kinetics. A process
configuration with recirculation of an ethanol containing stream (Fig. 5) is
also proposed where the ethanol concentration in the feed to the distilla-
tion is increased to 6.7 wt% from 2.5% in the base case. The effect of
ethanol on the hydrolysis kinetics has to be investigated.
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