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Abstract

Fuel ethanol is considered one of the most important renewable fuels due to the economic and environmental benefits of

its use. Lignocellulosic biomass is the most promising feedstock for producing bioethanol due to its global availability and

to the energy gain that can be obtained when non-fermentable materials from biomass are used for cogeneration of heat and

power. In this work, several process configurations for fuel ethanol production from lignocellulosic biomass were studied

through process simulation using Aspen Plus. Some flowsheets considering the possibilities of reaction–reaction integration

were taken into account among the studied process routes. The flowsheet variants were analyzed from the energy point of

view utilizing as comparison criterion the energy consumption needed to produce 1L of anhydrous ethanol. Simultaneous

saccharification and cofermentation process with water recycling showed the best results accounting an energy consumption

of 41.96MJ/L EtOH. If pervaporation is used as dehydration method instead of azeotropic distillation, further energy

savings can be obtained. In addition, energy balance was estimated using the results from the simulation and literature data.

A net energy value of 17.65–18.93MJ/L EtOH was calculated indicating the energy efficiency of the lignocellulosic ethanol.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

One renewable solution concerning the depletion of fossil fuels and the atmospheric pollution derived from
their combustion is the use of solar energy in the form of biomass (bioenergy). The conversion of biomass into
biofuels represents an important option for both the exploitation of an alternative source of energy and the
reduction of polluting gases, mainly carbon dioxide. The most important biofuel is the fuel ethanol, which can
be utilized as an oxygenate of gasoline elevating its oxygen content, allowing a best oxidation of hydrocarbons
and reducing the amounts of polluting gases released into the atmosphere. Fuel ethanol is obtained from
sugarcane in some tropical countries like Brazil and India. Beet molasses are used in some European countries
like France. The main feedstock in the US is starch from corn.

The so-called lignocellulosic biomass includes agricultural residues, forestry wastes, municipal solid waste,
agroindustrial wastes, and food processing and other industrial wastes. The importance of lignocellulosic
e front matter r 2005 Elsevier Ltd. All rights reserved.
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biomass as feedstock for ethanol production is evident. The lignocellulosic complex is the most abundant
carbohydrate in the Earth and it is present in those profuse materials like sugarcane bagasse, wood chips,
sawdust, paper residues and grass. Their use allows either the production of a valuable biofuel and the
utilization of a wide range of residues of domestic, agricultural and industrial activities.

However, the production costs of ethanol from biomass are higher than those ones from corn or sugarcane.
McAloon et al. [1] determined that the production cost of 1L of ethanol obtained from corn was of US$0.88
whereas the production cost for biomass ethanol was of US$1.50. Today, many efforts have been made with
the aim of lowering these costs. To meet this objective, research not only on particular technologies for
biomass pretreatment and increasing fermentation yield, but also on process integration is required. In
particular, the integration of reaction–reaction processes like simultaneous saccharification and fermentation
(SSF) can improve the overall performance of fuel ethanol production.

In the literature, several flowsheets for the production of fuel ethanol from biomass have been reported.
Some of these proposed flowsheets are based on experimental studies carried out at pilot plant scale, but only
information about material balances and reached yields is disclosed without further energy or costs analysis
[2,3]. Gregg and Saddler [4] and Gregg et al. [5] describe a generic ethanol production process from wood,
which has been analyzed from the viewpoint of production costs for the specific case of separate cellulose
hydrolysis and ethanolic fermentation; however, generated models have accounted neither the dehydration of
ethanol nor the evaporation of stillage. Similarly, dehydration and evaporation are not taken into account
during the evaluation of production costs for some flowsheet variants corresponding to the process from pine
[6], or during the simulation of ethanol production processes from woody biomass with increased utilization of
pentoses [7]. In this latter work, performed energy analysis showed that internal recycles allow the increase of
ethanol concentration before distillation reducing the related energy requirements. Wooley et al. [8]
exhaustively describe the global process for ethanol production from wood chips, which is the model process
from biomass designed for the US National Renewable Energy Laboratory (NREL). During the development
of this model, Aspen Plus was used for mass and energy balances. The dehydration stage is done by adsorption
with molecular sieves. Other flowsheets utilizing alternative dehydration processes like pervaporation have not
been analyzed in this model case, although a high degree of integration is considered taking into account the
use of a simultaneous saccharification and cofermentation (SSCF) process.

One important feature to be analyzed is the assessment of the energy efficiency of different process
configurations for bioethanol production. To this end, net energy value (NEV) of ethanol obtained by a
particular process using a specific feedstock should be determined. The NEV is calculated by subtracting the
energy required to produce a liter of ethanol during the whole life cycle from the energy contained in a liter of
ethanol [9]. In this way, several process configurations and feedstocks can be evaluated in order to elucidate
the energy gains attained during the exploitation of determined resource for the production and use of a
biofuel like ethanol.

The aim of this work was to investigate different flowsheet combinations for the biotechnological
production of fuel ethanol from lignocellulosic biomass analyzing them from the energy viewpoint and from
their integration possibilities through process simulation. The objective function used for the analysis was the
energy consumption defined as the thermal and electric energy demanded during the production of ethanol
from biomass and expressed as the amount of MJ required for the production of 1L of anhydrous ethanol.
The energy assessment of the major stages involved during ethanol production, including dehydration and
stillage evaporation is an important tool for the identification of the most energy-consuming steps and for the
proposal of improved technological configurations of the process allowing the reduction of final ethanol costs.
In addition, this work is aimed to the preliminary estimation of the energy balance for the ethanol production
process from biomass based on the results obtained during the simulation of the best flowsheet configuration.
To this end, NEV was calculated in order to compare it with other feedstocks like starch and sugarcane. This
paper is an extension with complementing data and new calculations of the work [10].

2. Process configurations

The lignocellulosic biomass is made up from very complex carbohydrate polymers that do not have use as
food: cellulose, hemicellulose and lignin. For conversion to ethanol, a complex pretreatment process to
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transform the polymers into fermentable sugars is required. Obtained sugars are converted into ethanol by
yeasts or bacteria and dilute aqueous solutions of ethanol are concentrated in order to produce anhydrous
ethanol. Overall fuel ethanol production from lignocellulosic biomass includes five main steps: biomass
pretreatment, cellulose hydrolysis, fermentation, separation and effluent treatment (see Fig. 1).

During the pretreatment, the lignocellulosic matrix is broken down in such a way that cellulose chains
reduce their crystallinity degree and increase the portion of amorphous cellulose, which is the most suitable
form for enzymatic attack. In addition, main part of hemicellulose is hydrolyzed and lignin is released or even
degraded. The hemicellulose hydrolyzate obtained during the pretreatment is separated into liquid and solid
fractions. The liquid fraction of the hemicellulose hydrolyzate contains significant amounts of soluble pentoses
(mainly xylose) that can be utilized as substrate for pentose fermentation. Glucose is also present in this
fraction as a result of hemicellulose degradation. The solid fraction contains mainly cellulose and lignin.

In the hydrolysis step, the cellulose chains are broken down in order to produce glucose for fermentation
step. This process can be done with the use of inorganic acids or enzymes. Cellulose hydrolysis is currently
carried out with microbial cellulolytic enzymes. Enzymatic hydrolysis has demonstrated better results during
the fermentation because no degradation products of glucose are formed although the process is slower.
Nevertheless, enzymes costs are one of the most important factors that contribute to the total costs of the fuel
ethanol from biomass accounting about 20% [11]. Moreover, cellulases experiment inhibition by high
concentrations of glucose, reducing their efficiency.

For the fermentation step, the yeast Saccharomyces cerevisiae is the process microorganism used for the
conversion of glucose into ethanol. However, this microorganism is not enabled to metabolize pentoses
produced during the hemicellulose pretreatment, although it can assimilate the hexoses liberated from this
polysaccharide. For a more complete utilization of all the sugars released during the pretreatment and
Fig. 1. Generic block diagram of fuel ethanol production from lignocellulosic biomass. Possibilities for reaction–reaction integration are

shown inside the shaded boxes: SSF, simultaneous saccharification and fermentation; SSCF, simultaneous saccharification and

cofermentation. Main stream components: C, cellulose; H, hemicellulose; L, lignin; G, glucose; P, pentoses; I, inhibitors; EtOH, ethanol.
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hydrolysis of biomass, pentose fermentation is carried out in addition to the fermentation of the cellulose
hydrolyzate. Pentose-fermenting yeasts like Candida shehatae or Pichia stipitis are used to this end [12]. Before
fermentation, detoxification of liquid streams is required in order to remove the inhibitors formed during the
pretreatment of biomass that can negatively influence on the microorganisms performance in the course of the
fermentation, as shown in Fig. 1.

Once the fermentation has achieved, the culture broth is directed to the separation step. The separation
includes the conventional distillation of the aqueous solutions of ethanol using concentration and rectification
columns, and the dehydration of the distillate to obtain anhydrous ethanol. These processes are energy
consuming, especially when only distillation is used to produce absolute ethanol.

Despite the biotechnological character of the process, the production of fuel ethanol from biomass
generates large amounts of wastewater, which must be processed in order to degrade its organic matter
content. The main effluents produced in the process also include the stillage from the distillation columns,
which is sent to evaporation and solids separation. These solids contain mainly lignin that is burned for
cogeneration of process steam and electricity. Liquid stream is further evaporated in order to obtain a
concentrated liquid effluent, which undergoes wastewater treatment or even incineration.

All these steps have been investigated with intensity on last years, and many technological improvements
have been proposed. In particular, some schemas involving reaction–reaction integration processes are being
studied. Among these processes, SSF has been proposed for fuel alcohol production [2,13]. This process
implies the realization of cellulose hydrolysis and hexose fermentation in the same vessel. The main advantage
of this configuration is to avoid the inhibition of cellulases by glucose. In this way, the glucose produced by
enzymatic hydrolysis is immediately consumed by the yeast that converts it into ethanol. If microorganisms
capable of assimilating pentoses and hexoses (as genetically modified Zymomonas mobilis) are used, the so-
called SSCF process can be implemented for the production of bioethanol from biomass [8]. In this case, both
fractions of the hemicellulose hydrolyzate are unified (after detoxification stage) and utilized for the
conversion of their soluble sugars into ethanol.

The information disclosed in the literature was used for selecting different improvement options in each
process step. Thus, two types of pretreatment and hydrolysis schemas (with deviation of the liquid fraction of
hemicellulose hydrolyzate or without it), three types of fermentation processes (separate hexose and pentose
fermentation, SSF or SSCF), two types of separation technologies (azeotropic distillation or pervaporation)
and three types of effluent treatment schemas (without recycling of water or with two alternatives for recycling
water), were selected for the subsequent simulation. The selection procedure included those technologies that
are more perspective considering the use of qualitative improvements of the process and the viability of their
implementation. For example, all the analyzed configurations in this work include the use of dilute sulfuric
acid for the pretreatment of biomass.

After this selection, a base case configuration of the flowsheet for ethanol production from biomass was
defined. For the simulation of this base case, process data from above-cited sources were used. Main process
data of this basic process configuration can be found in Table 1 and the corresponding flowsheet is shown in
Fig. 2. The goal of given process is the production of anhydrous ethanol to be used as an oxygenate of the
gasoline. Once simulated the base case, a group of six flowsheet variants (configurations) were synthesized
through the combination of the proposed options for each step. The obtained configurations are summarized
in Table 2. The variants with recycles imply the use of wastewater from rectification column and from the
centrifuge for washing the solid fraction of the hemicellulose hydrolyzate (option RW1 in Table 2). In addition
to this recirculation stream, it is proposed the use of condensed water from evaporators as process water for
the pretreatment reactor (option RW2).

3. Simulation procedure

The different flowsheet configurations were simulated using Aspen Plus (Aspen Technologies Inc., USA).
Software especially designed by our research group was used for the synthesis of the distillation train during
dehydration of ethanol. Through short-cut methods based on the principles of the topological
thermodynamics (analysis of the static) [14], this software enables getting information about the behavior
of distillation processes and the definition of their most important specifications, which are needed for the
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Table 1

Main process data for the base case configuration

Feature Value Feature Value

Feedstock Hardwood chips Product Fuel ethanol

Composition (w/w) Cellulose 22.1%, hemicellulose

9.9%, lignin 20.4%, moisture

47.4%

Composition (w/w) Ethanol 499.5%, water 0.3%,

benzene o0.1%

Feed flow rate 160,950 kg/h Flow rate 16,223.4 kg/h

LHV Approximately 17.2MJ/kg LHV 21.2MJ/L EtOH

Pretreatment Hexose fermentation

Agent Dilute H2SO4 Bioagent S. cerevisiae

Temperature 190 1C Temperature 30 1C

Pressure 12.2 atm Ethanol yield 92% of theor.

Residence time 10min Biomass yield 2.7% of theor.

Hemicellulose conversion 75% Convent. distillation

Detoxification Number of columns 2

Type Ion exchange followed by

neutralization with alkali

Pressure of columns 1.77 atm

Eluent Ammonia Azeotropic distillation

Alkali Ca(OH)2 Number of columns 2

Enzymatic hydrolysis Entrainer Benzene

Enzymes Trichoderma reesei cellulases Azeotropic column pressure 1.79 atm

Temperature 40 1C Stripper pressure 1.58 atm

Cellulose conversion 80% Evaporation

Cellobiose conversion 100% Number of stages 3

Pentose fermentation Involved components 22

Bioagent Candida shehatae Blocks 53

Temperature 30 1C Streams 98

Ethanol yield from xylose 85% of theor. Substreams in streams 3

Fig. 2. Simplified flowsheet for production of fuel ethanol from lignocellulosic biomass (base case): (1) pretreatment reactor, (2) separator

for the hemicellulose hydrolyzate, (3) ionic exchange, (4) pentose fermentation, (5) enzymatic hydrolysis, (6) hexose fermentation,

(7) conventional distillation, (8) azeotropic distillation, (9) evaporation train, and (10) centrifuge.

C.A. Cardona Alzate, O.J. Sánchez Toro / Energy 31 (2006) 2447–2459 2451
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Table 2

Process configurations utilized during process simulation and energy analysis

Flowsheet variant DA DLF Det EH HF PF SSF SSCF Dist Az Perv Ev RW1 RW2

Base case Y Y Y Y Y Y — — Y Y — Y — —

Configuration 1 Y Y Y — — Y Y — Y Y — Y — —

Configuration 2 Y — Y — — — — Y Y Y — Y — —

Configuration 3 Y — Y — — — — Y Y — Y Y — —

Configuration 4 Y — Y — — — — Y Y Y — Y Y —

Configuration 5 Y — Y — — — — Y Y Y — Y Y Y

Configuration 6 Y — Y — — — — Y Y — Y Y Y Y

Abbreviations: DA, dilute acid pretreatment; DLF, deviation of liquid fraction of hemicellulose hydrolyzate for pentose fermentation;

Det, ion exchange detoxification; EH, enzymatic hydrolysis; HF, hexose fermentation; PF, pentose fermentation; SSF, simultaneous

saccharification and fermentation; SSCF, simultaneous saccharification and cofermentation; Dist, conventional distillation; Az, azeotropic

distillation; Perv, pervaporation; Ev, stillage evaporation; RW1, recycling of water for washing hemicellulose hydrolyzate; RW2, recycling

of water for washing hemicellulose hydrolyzate and for pretreatment reactor. ‘‘Y’’ indicates that given step is included in the configuration.
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process simulator to describe these separation processes in a rigorous way. The simulations utilized the NRTL
model for the calculations of activities of the liquid phase and the Hayden–O’Connell equation of state for the
gas phase. The rigorous calculation of the operation conditions in the distillation columns was developed
using the RadFrac module based on the inside-out equilibrium method that utilizes MESH equations.

The amount of feedstock (lignocellulosic biomass) was the same for every combination of process
configurations (160,950 kg/h). Wood chips were analyzed as feedstock during the simulations. The objective
function was the energy consumption defined as the thermal and electric energy demanded during the
production of ethanol from biomass and expressed as the amount of MJ required for the production of 1 L of
anhydrous ethanol. Part of the data for the simulation of the physical properties was obtained from [15]. The
description of the chemical and biochemical reactions taking part during the process and that were
incorporated into the simulation can be found in [8,15].

The analysis was made taking into account the best variants of each configuration assuming that no
technological limitations are present for the proposed technologies. For example, it was assumed that the
cellulases used for hydrolysis were purchased to commercial suppliers that guaranteed their availability and
efficiency. On the other hand, it is understood that SSF and SSCF processes are fully developed.

4. Flowsheeting results

The ethanol production process from lignocellulosic biomass requires steam, electricity and a cooling water
supply. Thermal energy in the form of steam is the main type of energy used in this process. Table 3 shows the
ethanol yield and unit thermal energy costs for the base case in comparison with two other modifications. In
the first modification corresponding to configuration 1 of Table 2, the conversion of glucose into ethanol by
yeasts is performed simultaneously with the cellulose hydrolysis in order to increase fractional conversion of
cellulose by cellulases, which can be inhibited if high amounts of glucose are achieved in the medium (SSF
process). In this case, the glucose is immediately consumed by the yeasts. This process is carried out at 30 1C in
a cascade of continuous reactors. In the second modification (configuration 2 of Table 2), the SSCF is carried
out by added cellulases and by the bacterium Z. mobilis, which is able to assimilate both hexoses and pentoses
(SSCF process). As can be observed in Table 3, the process corresponding to configuration 2 has lower energy
consumption in terms of required MJ for the production of 1L of ethyl alcohol (499.5% w/w). It was showed
that energy savings could be reached if the lignocellulosic biomass is not split into two streams for carrying
out two separate fermentation processes. Thus, the thermal energy and the energy consumed for agitation
and maintenance of the continuous regime in one train of bioreactors are considerably lower that for the
case with two separate fermentations. One of the advantages of the SSCF process is that all the pentoses
produced during the pretreatment reach the reaction stage increasing the ethanol yield. When separate
fermentations are performed, the xylose contained in the medium after washing the solid fraction is not
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Fig. 3. Diagram of recovery of fuel ethanol based on azeotropic distillation using benzene as entrainer (base case): (a) concentration

column, (b) rectification column, (c) azeotropic column, (d) stripper, and (e) separator. The reflux stream to the azeotropic column is

enriched with benzene.

Table 3

Comparison of some pretreatment and fermentation alternatives for ethanol production from lignocellulosic biomass

Flowsheet varianta Ethanol yield (L/dry wood

ton)

Unit energy costs

(MJ/L EtOH)

Energy costs (percentage of

the base case)

Base case 246.67 52.50 100.00

Configuration 1 262.68 49.91 95.06

Configuration 2 297.70 43.04 81.98

aSee Table 2 for the description of each configuration.
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converted into ethanol that explains the reduced yield for the base case and for process corresponding to
configuration 1 (involving SSF).

In the same way, the implementation of the SSF process undoubtedly allows a reduction in energy needed
for the hydrolysis process. The obtained results are comparable with those for continuous cofermentation
using a strain capable to assimilate pentoses and hexoses. Again, the separate fermentation scheme gives worse
results.

For the simulation of the product recovery step, a conventional-azeotropic distillation system was utilized in
the base case. This step consists of a concentration column where 45% (w/w) ethanol is obtained in the
distillate followed by a rectification column. The distillate of this column containing 90% (w/w) of ethanol is
fed to azeotropic column where benzene (the entrainer) is added in such a way that the formation of a ternary
azeotrope allows the ethanol withdrawal with more than 99.5% (w/w) purity from the column bottoms. The
distillate is directed to a separator where the heterogeneous azeotrope is fractioned: one fraction (benzene
enriched) is taken back to the azeotropic column as the reflux stream and the other one is fed to the stripper,
where most of the water is collected and the distillate is recycled to the azeotropic column (see Fig. 3).

Due to elevated energy costs of the ethanol recovery through distillation, it is necessary to evaluate those
alternatives that permit a relative higher concentration of ethyl alcohol in the feed of the concentration
column. Table 4 shows how this concentration affects the energy demand for the distillation step. It is evident
that the configurations involving SSCF (2 and 3) offer best results because of the increased utilization of
sugars and their augmented conversion to ethanol. In particular, the energy demand in the distillation step for
the base case is 8% greater than for SSCF process with ethanol recovery based on distillation. This fact is
remarkable considering that the energy costs in distillation are the bigger among the different steps for the fuel
ethanol production.

The integration of the distillation process with the pervaporation gave good results in terms of saved energy,
because of the low operational costs of the pervaporation and the higher yield of dehydrated ethanol
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Table 4

Effect of feed ethanol concentration on energy costs of distillation and evaporation steps

Flowsheet varianta Ethanol concentration before

the distillation step (%, w/w)

Unit energy costs for

distillation step (MJ/L EtOH)

Unit energy costs for

evaporation step (MJ/L EtOH)

Base case 3.1 30.10 11.60

Configuration 1 3.3 28.64 11.14

Configuration 2 6.4 27.89 4.35

Configuration 3 6.4 26.42b 4.35

aSee Table 2 for the description of each configuration.
bCosts include both the distillation and pervaporation steps.
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characteristic for this process. The comparison between the azeotropic distillation using benzene and a
pervaporation system using multiple membranes modules showed that, at similar ethanol production rate and
quality of the product (499.5% w/w), the energy costs are approximately 1

5
of those for azeotropic distillation.

The energy consumption involves the electricity necessary for the maintenance of vacuum conditions and
pumping of material flows, besides the cooling water and the steam. The system operates at 70 1C. Most data
for the simulation of pervaporation were taken from [16]. From the data exposed in Table 4, it is observed that
if the two conventional distillation columns (concentration and rectification columns) are coupled with the
pervaporation (configuration 3), the energy demand can be reduced in 12.2% in comparison with the base case
and in 5.3% in comparison with the dehydration based on azeotropic distillation for the SSCF process
(configuration 2). From Table 4, it is clear again that configurations allowing higher concentrations of ethanol
before the product recovery and effluent treatment steps are more energy saving. In particular, those variants
including SSCF required 2.67 times less thermal energy for evaporation than in the base case.

The analysis of the effect of water recycling on the energy costs of the entire process was made. Thus, from
the multiple recycling configurations, two basic schemas were selected. In the first case, the bottoms of
rectification column were mixed with a fraction of liquid stream from centrifuge in order to utilize this
combined stream for washing the hemicellulose hydrolyzate (configuration 4). This stream contains water and
very small amounts of soluble compounds like glucose, xylose and acetic acid. The second case considered,
besides the above-mentioned recycled water, the additional use of the evaporated water obtained in the
effluent treatment step as process water for the pretreatment reactor (configurations 5 and 6), as suggested in
[8]. The flowsheet corresponding to configuration 5 is shown in Fig. 4. The recycling of water has two main
goals: reduction of the amount of fresh water utilized in the process and increase of ethanol yield through
more complete utilization of remaining fermentable sugars contained in the recycled wastewater. Increased
yields lead to reduced energy consumption for producing the same amount of final product. The effect of
sugar content in the recycled water streams on the overall yield of ethanol and energy costs can be observed in
Table 5.

In addition, the main effluent, the stillage from the concentration column, resulted more concentrated
(10.1% solids) that the stillage corresponding to the base case (5.8% solids) as a consequence of the higher
amounts of fresh water utilized throughout the latter process. Therefore, the recycling of water reduces the
amount of water to be evaporated in the effluent and the cost of treatment of wastewater by anaerobic
digestion. In this case, the simulation shows that the energy consumption during the partial evaporation of
wastewater can be reduced through analyzed recycling from 11.60MJ/L EtOH for the base case to 7.58MJ/L
EtOH for the process corresponding to configuration 5 (34.72% reduction).

In order to evaluate the influence of the amount of recycled water for washing the hemicellulose hydrolyzate
exiting from the pretreatment reactor, a sensitivity analysis was performed. This analysis included as well the
recycling of water to be used as process water for the pretreatment reactor. It was assumed that the whole
stream of bottoms from the rectification column is recycled. One fraction of the liquid stream exiting the
centrifuge is directed to the second and third stages of evaporation and the other one is mixed with the
bottoms and pumped to the filter for washing (see Fig. 4). The split fraction of the liquid stream from
centrifuge that will be recycled was set to 0.2. For the analysis, this fraction was varied from 0.1 to 0.3, as
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Fig. 4. Alternative flowsheet for the production of fuel ethanol from lignocellulosic biomass using recycling of water for the pretreatment

reactor and for washing the hemicellulose hydrolyzate (configuration 5): (1) pretreatment reactor, (2) separator for the hemicellulose

hydrolyzate, (3) ionic exchange, (4) SSCF, (5) conventional distillation, (6) azeotropic distillation, (7) evaporation train, and (8) centrifuge.

Main simulation data for streams labeled in the diagram are shown in the table, where component concentrations are expressed in percent

(w/w).

Table 5

Ethanol yield and unit thermal energy costs for some configurations involving recycling of water in comparison with the base case

configuration

Flowsheet

varianta
Sugar concentration in recycled water

for washing (g/L)

Sugar concentration in recycled water

for pretreatment reactor (g/L)

Ethanol yield (L/

dry wood ton)

Unit energy costs

(MJ/L EtOH)

Glucose Xylose Glucose Xylose

Base case — — — — 246.67 52.50

Configuration 4 5.63 7.06 — — 302.14 42.75

Configuration 5 6.12 7.10 o0.001 6.49 305.34 41.96

Configuration 6 6.60 6.82 o0.001 6.49 308.03 40.45

aSee Table 2 for the description of each configuration.
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shown in Fig. 5. The simulation showed that the unit energy costs decreased as split fraction was being
increased. This result can be explained by the greater utilization of both types of sugars, which allowed the
enhancement of ethanol yield and the corresponding reduction in the costs. In addition, energy costs also



ARTICLE IN PRESS

41.4

41.6

41.8

42.0

42.2

42.4

42.6

0.1 0.15 0.2 0.25 0.3
Split Fraction

E
ne

rg
y 

co
st

s 
[M

J 
/ 

L 
E

tO
H

]

303.5

304.0

304.5

305.0

305.5

306.0

306.5

307.0

E
tO

H
 Y

ie
ld

 [L
 E

tO
H

 / 
D

ry
 w

oo
d 

to
n]

Energy costs

Ethanol Yield

Fig. 5. Influence of the split fraction of the liquid stream from centrifuge used as recycled water for washing hemicellulose hydrolyzate on

the unit energy cost of the process and ethanol yield. Process flowsheet corresponds to configuration 5 (see Table 2).
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diminished because of the lower amounts of water to evaporate. However, inhibitory effects due to increased
concentration of acetic acid and other inhibitors in the fermentation medium were not taken into account in
this case. These effects should be considered when performing future simulations based on new experimental
works.

The above results were expected from the same moment of the design, supported in the assumption that no
technological limitations are present for these configurations. Nevertheless, the technology of SSCF is not
completely developed by far. To consider this fact, some limitations in the proposed technologies were analyzed.

The simulations described above were performed taking into account a glucose conversion of 0.92 and a
xylose conversion of 0.85 [8]. When it was considered a 7.6% reduction in the conversion of glucose and an
8.2% reduction in the conversion of xylose during SSCF due to the accumulation of inhibitors as a
consequence of recycles and cultivation of more complex fermentation broths, the energy demand increased
and ethanol yields decreased linearly. If lower reduction in conversion during SSCF process is considered,
other configurations may become suitable. This is the reason for which many configurations not involving
simultaneous processes are being designed and studied at pilot plant scale. These results can be observed in
Fig. 6, where an increase in the conversions (straight line above the discrete point) is also shown.
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The decreasing concentration of ethanol in the culture broth led to greater energetic costs in the distillation
step with the increasing of total costs for ethanol, especially when azeotropic distillation was used. In this
point, the energy integration is achieved with good results if the membranes are still being considered with
high efficiency. Similarly, if the assumption that the evaporated recycled water does not contain inhibitors for
the fermentation process continues being valid, the recycling approach is a source of energy savings in
comparison with the total evaporation of the stillage and its combustion for generating steam.

5. Discussion

These simulation results for each one of the analyzed process configurations may be useful for the energy
assessment of the overall production of lignocellulosic ethanol. As example of such evaluation, configuration 5
(shown in Fig. 4) was assessed from the point of view of its energy balance. Taking into account the energy
consumption, this configuration showed the best performance, together with configuration 6. The production
of bioethanol according to the simulation of given configuration was about 615,000L EtOH/d. For this
analysis, the energy gain in the effluent treatment step was estimated. The non-fermentable component of
biomass, the lignin that is recovered from centrifuge and sent to the boiler, has an average energy value of
29.54MJ/kg. The different liquid effluents contain water, minerals and residual materials. These liquid streams
have a high biological oxygen demand and must be treated before discharge. Anaerobic digestion is generally
carried out for reducing the organic matter content of the wastewater and releasing biogas. It is estimated that
from 1L of wastewater can be generated approximately 35L of biogas. The biogas, containing about 60%
methane and having an approximate calorific value of 20–24MJ/m3, is fed directly into the boilers for
cogeneration of both thermal and electric energy [17]. The collected wastewater corresponded to the effluent
streams from the ion exchange used for inhibitor removal during the pretreatment step, the aqueous stream
form the bottoms of stripper, the concentrated stream from the evaporators with a high solid content and part
of the condensates from evaporation step that was not recycled to the pretreatment reactor. The simulation
provides the amount of produced lignin and wastewater mass flow rates (28,969 kg/h and 207.7m3/h,
respectively). The amount of electricity cogenerated by the process in the boiler can be estimated from the data
of [8,9] indicating that 0.45 kWh/L EtOH of surplus power are produced in the process from biomass, which
can be sold to the grid for balancing the energy costs. The values of recovered energy in the effluent treatment
step are given away in Table 6.
Table 6

Energy allocation for the production of biomass ethanol and comparison with other feedstocks according to their net energy values (NEV)

Stepa Energy consumption

(MJ/L EtOH)

Energy recovery

(MJ/L EtOH)

Reference

Pretreatment and SSCF 4.23

Distillation and dehydration 27.43

Evaporation 7.58

Effluent treatment 2.72

Released biogas 6.36

Burned lignin 32.62

Electricity credit 1.62 [8,9]

Feedstock handling 0.86–1.06 [9,19]

Transportation 0.05–1.13 [9,19]

Total 42.87–44.15 40.6

Energy use for ethanol production from biomass

(MJ/L)

2.27–3.55 This work

Energy value of ethanol (MJ/L) 21.20 [17]

NEV of biomass ethanol (MJ/L) 17.65–18.93 This work

NEV of corn ethanol (MJ/L) 5.57–6.99 [9]

NEV of sugarcane ethanol (MJ/L) 11.39 [17]

aResults from simulation of flowsheet corresponding to configuration 5 (see Table 2) were used in the calculations.
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The presented results demonstrated that the thermal energy required for the production of biomass ethanol
could be offset by the energy carriers generated or released in the same process (lignin, biogas). During the
flowsheeting analysis, the production of microbial cellulases was not studied since the purchase of all enzymes
involved in the process was assumed. If this step were considered, the overall amount of generated wastewater
would increase the same as the solid wastes to be burned. Therefore, the energy generated by the process could
entirely compensate the energy consumption (thermal and electric), remaining a 15–25% surplus of electric
energy that could sold to the grid as expected by [8,18] for this kind of feedstock during fuel ethanol
production.

Since the combustion of ethanol releases 21.2MJ/L EtOH, a NEV for ethanol produced from a
lignocellulosic biomass of 17.65–18.93MJ/L EtOH was calculated. For the estimation of energy input needed
for ethanol production, literature data on biomass handling and transportation costs were included for
considering the whole life cycle of the fuel [9,19]. These costs are low compared with corn ethanol, because of
the waste nature of biomass that does not require high energy inputs on fertilizers production, among other
factors. The calculated NEV can be compared with those for corn and sugarcane ethanol (see Table 6), and for
cellulosic ethanol from woody biomass estimated by [9] in about 20.9MJ/L EtOH. Consequently, the use of
biomass ethanol could improve the energy balance of the process and even have environmental benefits
because of the reduction in the process requirements of non-renewable sources of energy like oil and natural
gas. Argonne National Laboratory (USA) estimates that an 8–10% reduction in greenhouse gas emissions per
vehicle mile traveled is achieved when biomass ethanol is used in 10% blends with gasoline (E10) and 68–91%
reduction when used in 85% blends (E85) [9]. Nevertheless, it is necessary to emphasize that obtained results
have a determined level of uncertainty because of the parametric uncertainty of the employed models during
simulation. Besides, data used for NEV calculations are based on those reported for specific systems or on
ranges defined by the industrial practice. Stochastic methods (e.g., Monte-Carlo simulation) should be utilized
in order to assess these variations during energy balance calculations.

Finally, it is important to assess the suitability of the use of sugarcane bagasse (a source of lignocellulosic
biomass) for the production of fuel ethanol or for the cogeneration of thermal and electric energy. According
to data of Moreira [20], 80L of ethanol and 280 kg (50% moisture) of bagasse can be obtained from 1 ton of
sugarcane. In addition, 6.7 kg of steam is required for obtaining 1 kWh (assuming 20% efficiency for the
conversion of steam to electricity). If considering that 1 kg of steam requires the combustion of 0.45 kg of
bagasse [17], the amount of electricity that can be generated from 1 kg of bagasse is 0.33 kWh or US$4.64/ton
sugarcane (assuming US$0.05/kWh). Alternatively, if converting the bagasse into fuel ethanol (sale cost
US$0.23/L), the surplus of produced ethanol from 1kg of bagasse would be 25.2 L or US$5.80/ton sugarcane.
It is clear that the conversion of bagasse would be even more attractive if considering the amount of lignin
contained in bagasse that can be burned for the production of additional thermal and electric energy.

Therefore, the integration of an ethanol production facility using bagasse as feedstock with a distillery
producing fuel ethanol from sugarcane can be potentially feasible. The further simulation of such a type of
process will be useful in the preliminary determination of the energy requirements and operation and capital
costs for the bioethanol production. All this information is very valuable when designing new pilot plants for
the development of this technology.
6. Conclusions

The proposed procedure for analyzing the flowsheet configurations for fuel ethanol production
demonstrated to be a powerful tool when several options in each process step must be assessed. Additionally,
the contribution of each proposed modification can be evaluated in terms of energy. From the obtained
information can be deduced significant improvements to the global process.

The energy balance of the production process of biomass ethanol is very outstanding compared with other
feedstocks like sugarcane and corn starch, particularly when integrated flowsheets are considered (combined
processes of hydrolysis-fermentation, coupling of distillation and pervaporation, recycling of water,
cogeneration of heat and power). Besides, the environmental advantages of this technology are higher.
However, for biomass-to-ethanol process presented in this work, the performed analysis showed that
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limitations in the emerging technologies play a critical role when it is necessary to make decisions about
further research at pilot and industrial scale.

The availability of a wide range of lignocellulosic materials in tropical countries like Colombia offers many
possibilities for the development of bioindustries that could support the growth of the international biofuel
market and contribute to the reduction of greenhouse gas emissions worldwide.
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