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INTRODUCTION 
 
The most important biofuel is the fuel ethanol obtained from bioenergy crops and biomass. Fuel 
ethanol can be utilized as an oxygenate of gasoline elevating its oxygen content, allowing a best 
oxidation of hydrocarbons and reducing the amounts of aromatic compounds and carbon 
monoxide released into the atmosphere. The CO2 emissions generated by the combustion of 
bioethanol are compensated by the CO2 absorption during the growth of the crops and biomass 
from which the fuel ethanol is produced.  
 
Among the bioenergy crops used for the fuel ethanol production, cane sugar is the main 
feedstock utilized in such tropical countries like Brazil and India. In North America and 
Europe, the fuel ethanol is mainly obtained from starch from grains. Since USA is the first 
world producer of corn, its ethanol bioindustry is based on this crop. 
 
The overall production process of bioethanol from starch includes the breakdown of this 
polysaccharide in order to obtain an appropriate concentration of fermentable sugars for their 
biological transformation into ethanol by yeasts. The degradation of starch is performed with 
the help of amylases after a gelatinization step is carried out with the intention of dissolving the 
starch chains in a form suitable for the enzymatic attack. The resulting glucose syrup is the 
starting point for the alcoholic fermentation, which yields an aqueous solution of ethanol. This 
solution is separated from biomass and sent to the product recovery stage where different unit 
operations are used to attain the dehydrated ethanol, which is the oxygenating additive for the 
vehicles fuel. 
 
On the other hand, intensive research on the utilization of lignocellulosic biomass as feedstock 
for the fuel ethanol production has been carried out in the last years. The abundance, 
availability and low cost of the lignocellulosic biomass are the reasons for this interest. 
Different countries like USA and Sweden have defined strategic policies for the development 
of this technology with the aim of producing renewable biofuels and diminishing their 
dependence of imported fossil fuels. 
 
Lignocellulosic biomass is made up from three main carbohydrate polymers: cellulose, 
hemicellulose and lignin. The latter is not suitable for its conversion to alcohol, but can be 
utilized as feedstock for the production of power via its burning. For the biomass ethanol 



 
production, as in the case of starch, is necessary the pretreatment of the raw material by 
numerous and expensive processes like steam explosion. During the pretreatment, the 
lignocellulosic complex is breakdown and the hemicellulose is degraded into their components, 
mainly pentoses and hexoses. After this procedure, the cellulose can be hydrolyzed through 
cellulases and the resulting glucose is converted into ethanol. In addition, the pentoses can be 
fermented to ethanol as well through microorganisms capable of assimilating them.  
 
This process is more complex that the corresponding to starch, but the utilization of 
lignocellulosic biomass represents a perspective alternative for the global large-scale 
production of bioethanol as an oxygenate of gasoline all around the world. However, this 
technology cannot be considered mature due to the high ethanol production costs. In particular, 
the largest contributor for this process is the depreciation of capital cost, which is represented 
by depreciation cost on an annual basis, because of the high investment in the enzyme 
production and lignin burning steps. In the starch process, the largest cost contributor is the cost 
of the feedstock, resulting in lower overall production cost than in the biomass process 
(McAloon et al. 2000). This fact has not enabled the implementation of this process at 
industrial level. 
 
In a previous work (Cardona and Sánchez 2004), several flowsheet configurations for the 
biotechnological production of fuel ethanol from lignocellulosic biomass with “standard” 
composition were studied. These configurations were simulated and analyzed from the point of 
view of their energy costs. The obtained results showed that the process intensification via the 
integration of reaction-reaction (i.e. simultaneous saccharification and co-fermentation) and 
reaction-separation (i.e. distillation and pervaporation) steps could play a crucial role for the 
energy savings of the global process. This analysis is a starting point for the identification of 
the best process flowsheets to be implemented at pilot and industrial scale, the same as for the 
improvements proposals in actual ethanol production facilities. 
 
In order to acquire a global panorama oriented to the synthesis of bioethanol production 
processes, it is necessary to complete the abovementioned research through the analysis of the 
overall operation and capital costs. In this way, the simulation of different technological 
configurations involving diverse feedstocks can allow the estimation of cost as a tool for 
making decisions about the best schemas to be researched at further stages.  
 
Similarly, it is necessary to evaluate the behavior of the entire process when changes in the 
composition of the feedstocks occur as a consequence of utilizing different starch or 
lignocellulose containing raw materials. Therefore, the simulation of the different flowsheets 
for the ethanol production framed in the process synthesis procedure should take into account 
this type of variations. The aforesaid is very important in the case of lignocellulosic materials 
due to their variety and composition variability. For example, as a lignocellulosic feedstocks 
can be used such dissimilar materials like grass, sugarcane bagasse, paper waste and wood 
chips. 
 
Another issue to be assessed is the environmental performance of the fuel ethanol production 
processes. The bioethanol production generates large amounts of wastes, especially wastewater 
in the form of stillage. Several environmental indexes like Life Cycle Analysis (LCA) and the 



 
Sustainable Process Index (SPI) have been proposed for the evaluation of the minimization of 
environmental impact at the design stage for biotechnological processes (Steffens et al. 1999). 
The consideration of these types of indexes during the early stages of design can lead to the 
generation of environmentally friendly flowsheets and avoiding the implementation of 
expensive modifications to the future production plants in order to meet environmental 
demands. One of these environmental tools for the environmental assessment of processes is 
the Waste Reduction (WAR) algorithm designed by the US EPA and modified by our research 
group (Cardona et al. 2004). This index has demonstrated its usefulness and facility to use for 
the case of integrated processes. 
 
SCOPE AND OBJECTIVE OF THE RESEARCH 
 
The aim of this work is to compare current and promising flowsheets for fuel ethanol 
production when different lignocellulosic and starch-containing feedstocks are used. The 
variation in the composition of raw materials is analyzed with the aim of preliminary 
comparing the immense number of feedstocks possibilities in tropical countries. 
 
Energy consumption and capital costs are established as comparison criteria for the different 
analyzed flowsheets in the case of the bioethanol production. Additionally, the WAR algorithm 
methodology is applied to the more perspective flowsheets in order to assess their 
environmental impact caused by these technologies. 
 
SIMULATION PROCEDURE 
 
The bioethanol production from both starch and lignocellulosic biomass can be described as a 
process composed of five main steps: Feedstock pretreatment, starch hydrolysis, fermentation, 
separation and effluent treatment. 
 
Bioethanol from Starch 
 
In the case of starch alcohol, the first step corresponds to the conditioning and pretreatment of 
the material raw. After crushing and milling the grains, the starchy material is gelatinized in 
order to dissolve the amylose and amylopectin. Then, these polymers are undergone 
liquefaction. This step is considered a pretreatment step because of the partial hydrolysis of the 
starchy polymers using thermostable bacterial α-amylase to yield a starch hydrolyzate with an 
approximately 10% degree of hydrolysis and which has a reduced viscosity. Then, this 
liquefied starch is hydrolyzed by microbial glucoamylase in order to obtain a syrup with a high 
content of glucose (starch saccharification). The glucose syrup is fermented by the yeast 
Saccharomyces cerevisiae and converted into ethanol. The culture broth contains 8-10% 
ethanol that should be recovered in the separation step. Several configurations can be used for 
the separation of ethanol. Most of them include one or two distillation columns for the 
concentration of ethanol near the azeotropic point. The dehydration of the ethanol is achieved 
through non-conventional separation operations like the use of azeotropic distillation, extractive 
distillation, molecular sieves or pervaporation. The stillage from the distillation step is 
evaporated and the obtained solids are separated by centrifugation. These solids are dried for 



 
producing the so-called Distiller’s Dried Grains with Solubles (DDGS), a co-product used for 
animal feed due to its high content of protein and vitamins. 
 
Utilizing a procedure similar to that used for the generation of different variants of flowsheets 
for the production of ethanol from lignocellulosic biomass (Cardona and Sánchez 2004), a base 
case consisting of the following unit operations and processes was obtained: dry milling, 
washing, liquefaction, saccharification, fermentation, azeotropic distillation, evaporation of 
stillage, centrifugation and drying of DDGS. Other alternative flowsheet configurations were 
generated and analyzed according to the proposed criteria and taking into account the 
possibility of integrating the process by combining reaction-reaction processes. 
 
For the evaluation of different grains used as feedstocks for the bioethanol production, three 
starch-containing crops were tested during the simulations runs (corn, wheat and cassava). 
 
Bioethanol from Lignocellulosic Biomass 
 
Lignocellulosic complex is broken down by means of dilute acid pretreatment including the 
addition of sulfuric acid at high pressure. In this step, the polymers of the pretreated biomass 
are separated from the lignocellulosic matrix and the hemicellulose is hydrolyzed yielding a 
mixture of soluble pentoses (mainly xylose) and a small amount of hexoses (mainly glucose). 
The soluble fraction is then directed to the fermentation of pentoses, where special strains of 
yields or genetic-engineered assimilate them and produce ethanol. The solid fraction from the 
pretreatment reactor is washed and sent to the hydrolysis reactor. In this reactor, the cellulose is 
hydrolyzed by fungal cellulases. The resulting glucose syrup and the other solids (mainly 
lignin) are directed to the fermentation step where the yeasts convert the glucose into ethanol. 
The two streams of ethanol are unified and sent to the product recovery step. The simulation of 
this step is performed in the same way that in the case of starch alcohol. 
 
The base case configuration includes: dilute acid pretreatment, washing, enzymatic hydrolysis, 
separate pentose and hexose fermentation, azeotropic distillation, evaporation of stillage, 
centrifugation and recovery of lignin. The different alternative configurations were generated 
considering the process integration for the reaction-reaction steps and evaluated according to 
the proposed criteria. 
 
For taking into account the variety of the lignocellulosic biomass when it is used used as 
feedstocks for the bioethanol production, the following lignocellulose-containing materials 
were tested during the simulations runs: grass, sugarcane bagasse, paper waste and wood chips. 
The average compositions of these materials are available in the literature (Sun and Cheng 
2002). 
 
Analysis of Flowsheets 
 
The different flowsheet configurations for the fuel ethanol production from the two studied 
feedstocks were simulated using Aspen Plus (aspen Technologies, Inc., USA). It was also used 
software specially developed by our research group for simulation of specific unit operations. 
The analysis considered that there are no technological limitations in the studied technologies, 



 
especially when reaction-reaction processes were proposed. Thus, it was contemplated that the 
simultaneous saccharification and fermentation processes and the adsorption by molecular 
sieves are mature technologies. In the same way, it was considered that the different enzymes 
utilized in both processes were purchased to commercial suppliers that guaranteed their 
availability and efficiency.  
 
For the synthesis of the distillation train were used the principles of the topological 
thermodynamics (analysis of the statics). The simulation of the phase equilibria was performed 
using software designed by our research group. This simulation utilized the NRTL model for 
the calculations of activities of liquid phase and the Hayden-O’Connell equation of state for the 
gas phase. 
 
For the generation of perspective variants of the flowsheets were preferred those configurations 
including the integrations of two or more reaction processes. With this aim, the simultaneous 
saccharification and fermentation process (SSF) was simulated for both types of feedstocks. For 
the case of the lignocellulosic biomass, it was analyzed the simultaneous saccharification and 
co-fermentation process (SSCF) where a combined fermentation of pentoses and hexoses is 
carried out together with the enzymatic hydrolysis of cellulose as proposed by the US National 
Renewable Energy Laboratory (Wooley et al. 1999). 
 
The more perspective flowsheets were evaluated using the software Aspen Icarus Process 
Evaluator in order to estimate the operation and capital costs corresponding to each 
configuration. Selected flowsheet configurations were compared by the use of the WAR 
algorithm (Environmental Protection Agency, USA). 
 
RESULTS AND DISCUSSIONS 
 
Once generated and simulated several technological schemas for the production of fuel ethanol 
from starch, the flowsheet involving SSF process and molecular sieves demonstrated the best 
indicators evaluated in preliminary form (energy consumption and capital costs). This 
configuration offers the advantage of higher starch conversion and increased ethanol yield, 
since the formed glucose is immediately consumed by the fermenting microorganisms 
increasing the conversion rate of starch to glucose. The energy consumed for the agitation of 
the reactor in the SSF process is less than the required for the agitation of separate reactors for 
the enzymatic hydrolysis and the fermentation. Additionally, the corresponding capital costs are 
reduced. 
 
This configuration has a lower energy consumption in the product recovery step in comparison 
with the azeotropic distillation schema using benzene as entrainer. On the other hand, the 
implementation of water recycling contributes to the reduction of energy and capital cost due to 
the reduced requirements of process water. The recycling implies lower energy and capital cost 
in the drying step. 
 
Taking into account these results of the preliminary evaluation, the selected flowsheet for 
further evaluation consists of the following operations: dry milling, washing, liquefaction, 
simultaneous saccharification and fermentation, distillation, adsorption with molecular sieves, 



 
evaporation of stillage, centrifugation, drying of DDGS, recycling of condensed water from 
evaporators for the liquefaction step and recycling of water from centrifuge and rectification 
bottoms for SSF. Part of the data for the simulation of physical properties was obtained from 
the work of Wooley and Putsche (1996). 
 
The simulation of this selected flowsheet varying the starch-containing feedstock was 
performed considering the following compositions (wet basis) for corn, wheat and cassava. 
Corn: moisture 15.50%, starch 60.59%, protein 8.70%, lipids 3.64%, fiber 8.31%; wheat: 
moisture 13.70%, starch 57.25%, protein 14.53 %, lipids 3.50%, fiber 7.79%; cassava: moisture 
70.00%, starch 26.5%, protein 0.80%, lipids 0.30%, fiber 0.60%. The results presented in the 
table 1 showed, as expected, that the higher ethanol yield corresponded to corn because of its 
elevated starch content. The largest DDGS yield corresponded to wheat due to its higher 
protein content. In the case of cassava, the recycling of condensed water to the liquefaction step 
was not possible because of the high content of moisture in the feedstock, which obligates to 
feed larger amounts of material raw. On the other hand, the solids obtained after evaporation 
and drying (equivalent to DDDS) had reduced protein content. This fact makes necessary the 
addition of a supplementary source of nitrogen in order to use these solids as animal feed.  
 
Table 1. Comparison of three starch-containing feedstocks for the fuel ethanol production in a 

process with SSF. The mass flow of starch in each feedstock is 30675 kg/h. 

Feedstock 
Mass flow 

of feedstock, 
kg/h 

Produced 
EtOH, 
kg/h 

Ethanol 
yield, 

L/t  feedst. 

Produced 
DDGS, 

kg/h 

DDGS 
yield, 

kg/t feedst. 

Protein content 
in DDGS, 

% 
Corn 50,630 13,589.76 350.85 12,023.38 237.48 36.59 
Wheat 53,828 13,366.05 24.58 16,288.69 302.61 47.66 
Cassava 115,755 14,771.96 166.80 4,084.91 35.29* 22.66* 
*Solids equivalent to DDGS 

 
The generation and simulation of flowsheets for the fuel ethanol production using 
lignocellulosic biomass as feedstock showed that the implementation of integration of reaction-
reaction processes is an appropriate strategy of design allowing the synthesis of more effective 
processes from the point of view of capital costs and energy consumption (see Cardona and 
Sánchez 2004). In particular, the process involving SSCF process lead to higher conversion of 
cellulose by the same reasons that in the case of SSF process for starch. Moreover, the 
possibility of converting both pentoses and hexoses in a same unit allows a more effective 
utilization of fermenting sugars and the reduction of energy and capital costs. To reach these 
benefits, it is necessary utilize genetic engineered bacteria like Zymomonas mobilis. The 
selected configuration consists of the following operations: dilute acid pretreatment, 
detoxification of liquid stream from the pretreatment reactor by ion exchange, SSCF process, 
azeotropic distillation, evaporation of stillage, centrifugation and recovery of lignin, recycling 
of condensed water from evaporators for the pretreatment reactor and recycling of water from 
centrifuge and rectification bottoms for washing the pretreated hydrolyzate. In the figure 1 is 
shown the flowsheet of this process. Part of the data for the simulation of physical properties 
was obtained from the work of Wooley and Putsche (1996). 
 
The simulation of this selected flowsheet varying the lignocellulose-containing feedstock was 
performed considering the following materials: grass, sugarcane bagasse, paper waste and 



 
wood chips (see table 2). Herbaceous feedstocks like grasses showed lower ethanol yield due to 
their high content of moisture, which makes unnecessary the recycle of water to the 
pretreatment reactor and the addition of supplementary recycled water in the washing step. On 
the other hand, sugar cane bagasse demonstrated to be a perspective feedstock considering its 
availability in tropical sugar-producing countries. The simulation showed that the use of paper 
waste (newspaper, waste paper of chemical pulps) can be a potential feedstocks for fuel ethanol 
production taking into account its higher cellulose content, but it is necessary the evaluation of 
the separation and classification of paper from, for example, municipal solid wastes. 
 

 
 

Figure. 1 Simplified flowsheet for the fuel ethanol production from lignocellulosic biomass. 
The separation step is based on the azeotropic distillation using benzene as entrainer. 

 
In general, higher ethanol production can be obtained from starch, particularly from corn. The 
yields for lignocellulosic feedstocks are less than the corresponding ones for starchy materials. 
This fact can be explained if considering that the technology for bioethanol production from 
biomass is not yet completely developed due to the lower cellulose conversions, high cost of 
cellulases, complexity of pretreatment step, difficulty in the development and handling of 
genetic-engineered strains capable of assimilating both pentoses and hexoses, among other 
factors. 
 

Table 2. Comparison of four lignocelulose-containing feedstocks for the fuel ethanol 
production in a process with SSCF. The mass flow of cellulose in each feedstock is 35556 kg/h. 

Feedstock 
Mass flow of 

feedstock, 
kg/h 

Produced EtOH, 
kg/h 

Ethanol yield, 
L/t  feedst. 

Cellulose content 
in the feedstock, 

% (wet basis) 
Grass 475,400 29,144.89 80.139 7.48 
Wood chips 160,948 20,638.56 167.62 22.09 
Sugar cane bagasse 142,226 21,323.00 195.98 25.00 
Waste paper 66,648 20,510.16 402.27 53.35 

 
From the performed analysis of the different flowsheets for bioethanol production from both 
types of feedstocks, two representative and efficient technological configurations were selected 
for more detailed evaluation using Aspen Icarus Process Evaluator. The first process implies 



 
the use of SSF process for converting starch into ethanol and molecular sieves for recovering it. 
The second one includes the conversion of wood chips to ethanol by dilute acid pretreatment 
and SSCF process. For this process was analyzed the azeotropic distillation as the main 
separation stage. The results of this evaluation are shown in the table 3. The cost of process 
utilities is shown in the table 4 for both processes. Only the main equipment of each flowsheet 
was taken into account during the analysis of operating and capital costs. Considering the total 
annual production of ethanol, the unit operation costs (excluding the cost of the feedstock) for 
the process using starch were estimated in 106.9 $/ton EtOH, and the corresponding costs for 
biomass were estimated in 120.5 $/ton. 

 
Table 3. Comparison of total capital and operating cost of two processes for fuel ethanol 

production. 
Results summary Units Ethanol from corn 

starch 
Ethanol from 

lignocellulosic biomass 
Product rate ton /year 108,610 164,943 
Total capital cost $ 26,078,573 75,486,008 
Total operating cost $/year 11,613,469 19,876,350 

Utilities cost $/year 8,132,212 14,102,350 
     Operating labor $/year 920,000 1,215,000 
     Maintenance cost $/year 674,000 2,160,000 
     Operating charges $/year 230,000 384,000 
     Others $/year 1,657,257 2,015,000 

 
The obtained results showed that the capital costs are considerably greater for the ethanol 
produced from lignocellulosic biomass due to the more complex technology of processing. In 
particular, the cost of pretreatment reactor is too high in comparison with the equipment for 
liquefaction and saccharification of starch. The pretreatment step involves the use of larger 
amounts of steam at high pressure leading to increased operating costs. In addition, the 
azeotropic distillation implies greater energy consumption in comparison with the molecular 
sieves (see table 4). 
 
The final part of the simulation includes the assessment of environmental impact of both 
technologies for bioethanol production. With this aim, the WAR algorithm demonstrated to be 
a powerful tool for analyzing different flowsheet configurations. The WAR algorithm is based 
on the determination of the Potential Environmental Impact (PEI) of a chemical or biochemical 
process by analyzing eight environmental indexes applied to the performance of given 
flowsheet. These indexes are calculated either for output streams or for generated streams in the 
process. 
 
The overall potential environmental impact (PEI) of a chemical is determined by summing the 
specific potential environmental impact of the chemical over all the possible impact categories. 
The greater PEI, the more negative is the impact of the studied process. These categories fall 
into two general areas of concern with four categories in each area: global atmospheric and 
local toxicological. The four global atmospheric impact categories are global warming potential 
(GWP), ozone depletion potential (ODP), acidification or acid-rain potential (AP), and 
photochemical oxidation or smog formation potential (PCOP). The four local toxicological 
impact categories are human toxicity potential by ingestion (HTPI), human toxicity potential  



 
by either inhalation or dermal exposure  (HTPE), aquatic toxicity potential (ATP), and 
terrestrial toxicity potential (TTP) (Cardona et al. 2004). 
 
 
 
 

Table 4. Utilities cost of two processes for fuel ethanol production.  
Ethanol from corn starch Utilities Cost Units Rate Units Fee Units 

Electricity 410,150.06 $/year 1,448.27 KW 0.04 $/KW 
Steam 7,196,286.29 $/year 109.97 ton/h 8.18 $/ton 
Cooling water 525,776.15 $/year 4,532.55 M3/h 0.01 $/m3 

Ethanol from lignocellulosic biomass Utilities Cost Units Rate Units Fee Units 
Electricity 749,805.98 $/year 2,647.62 KW 0.04 $/KW 
Steam 12,768,959.06 $/year 195.32 ton/h 8.18 $/ton 
Cooling water 583,585.43 $/year 7,302.12 m3/h 0.01 $/m3 

 
The total output rate of environmental impact for three selected processes (from corn starch, 
from lignocellulosic biomass using azeotropic distillation and from lignocellulosic biomass 
using molecular sieves for dehydration of ethanol) is shown in the figure 2. It is evident that the 
production of ethanol from starch has lower impact on the environment that the biomass 
ethanol process. If comparing two kinds of separation technologies for a same feedstock 
(lignocellulose), the utilization of molecular sieves for recovery of the product has slightly 
lower PEI than the process involving azeotropic distillation, due to the release of relative small 
amounts of benzene in the output streams. In this sense, the adsorption with molecular sieves is 
a more clean separation technology and it is being used in the bioethanol industry currently, the 
same as the azeotropic and extractive distillation techniques. 

 

 
Figure 2. Potential environmental impact per mass of product streams for different ethanol 

production flowsheets according to the eight categories of evaluation. 
 
 



 
CONCLUSIONS 
 
The proposed simulation procedure for analyzing different flowsheet configurations for fuel 
ethanol production from two types of feedstocks, demonstrated to be a useful methodology for 
process synthesis and can allow making decision for further experimental studies at pilot scale 
and industrial levels. The performed analysis showed how the different configurations of 
technological schemes for different feedstocks influence techno-economical and environmental 
indexes of the studied biotechnological process. 
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