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Abstract: The 2nd generation plants producing ethanol from lignocelluloses demand risky and
high investment costs. This paper presents the energy- and economical evaluations for integrating
lignocellulose in current 1st generation dry mill ethanol processes, using filamentous fungi. Dry mills
use grains and have mills, liquefactions, saccharifications, fermentation, and distillation to produce
ethanol, while their stillage passes centrifugation, and evaporation to recycle the water and dry
the cake and evaporated syrup into animal feed. In this work, a bioreactor was considered to
cultivate fungi on the stillage either before or after the centrifugation step together with pretreated
lignocellulosic wheat bran. The results showed that the integrated 1st and 2nd generation ethanol
process requires a capital investment of 77 million USD, which could yield NPV of 162 million USD
after 20 years. Compared to the fungal cultivation on thin stillage modified 1st generation process,
the integrated process resulted in 53 million USD higher NPV. The energy analysis showed that the
thin stillage modified 1st generation process could reduce the overall energy consumption by 2.5%
and increase the ethanol production by 4%. Such modifications in the 1st generation processes and
integration concepts could be interesting for the ethanol industries, as integrating lignocelluloses to
their existing setup requires less capital investment.
Keywords: process design; techno-economic analysis; process integration; lignocelluloses; ethanol

1. Introduction
The current low cost of fossil fuel represents a barrier to the adoption of biofuels requiring they be
extremely competitive. This limits the price of the biofuels, so for such industries to be economically
sustainable, the need for additional revenue from the valorization of the byproducts plays a pivotal
role. Ethanol is the dominant biofuel in the global market. Ethanol production can be divided
into different generations based on the raw materials used. The first generation ethanol production
uses simple sugar- and starch-based raw materials such as corn, grains, and sugarcane, which are
currently common in the industrial setups [1]. The choice of raw material depends on its availability.
For instance, sugarcane is available in abundance in Brazil, making it probably the cheapest ethanol
producing country in the world at a production cost of 0.18 USD/L [2–4]. The second-generation
ethanol production includes the use of cellulosic materials such as lignocelluloses to produce ethanol.
Unlike the first generation, which has readily available sugars, the lignocelluloses to ethanol process
requires an additional pretreatment step, in order to allow for the release of the sugars from the
celluloses as well as higher enzyme costs [5,6].
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In addition, the profit margin from the ethanol and the byproducts is relatively small, meaning
that any small fluctuation could adversely affect the profitability of the plant [7]. For this purpose, the
concept of biorefineries is necessary. One possibility is using ascomycetes or zygomycetes fungi to
produce fungal biomass for animal feed [8]. This biomass contains high levels of protein, and it could
be sold as a feed, thus, the demand for such products is increasing steadily. Other possible products
from integrated fungal processes are dietary supplements, and superabsorbents [9]. This study exploits
such biorefinery options.
Although the first generation ethanol production is industrialized, this process could be optimized
further for an efficient recovery of the leftovers after fermentation and distillation, called stillage.
This slurry usually ends up as distiller’s grains, a low value byproduct. Recently, Ferreira et al. [10]
developed a process concept to utilize the fungus Neurospora intermedia to consume the leftover sugars
in the thin stillage to produce additional ethanol and biomass. The biomass could still be counted as a
byproduct, and the additional ethanol could improve the overall economics of the process.
On the other hand, starting a second-generation ethanol production from lignocelluloses
represents a drawback from the point of view of the capital investment and economic returns. For this
purpose, Lennartsson et al. [7] proposed different options of integrating the first- and second-generation
ethanol production, which can actually reduce the overall investment risk and cost, as most of the
required downstream operations are already in place in the first generation ethanol plants. Some of the
possible options for an integrated process are a mixed fermentation of the first- and second generation
raw materials, where the first generation process enters the fermenter after the liquefaction, while
for lignocelluloses it could be after the pretreatment and hydrolysis. Other integration methods
include the combined processing of pretreated lignocelluloses, along with the thin stillage from the
first generation process using fungal cultivation for additional ethanol and biomass production. This
shows the importance of biorefinery concepts for the future [7].
Previously, certain techno-economic studies reported modifications performed in the
first-generation ethanol production. Arora et al. proposed a micro-filtration process for thin stillage to
increase the solids concentration. This modification resulted in a reduction of the operating costs by
50%, while the capital investment increased by 47% [11]. Sosa et al. performed a conceptual modeling
of the distillation columns for a corn to ethanol process, including the effect of corn contamination with
fumonisins [12]. Some other modifications include the recycling of Dried Distillers Grains with Solubles
(DDGS) after pretreatment and hydrolysis with corn to go through fermentation to increase the ethanol
yield, which results in 32% increase in NPV [13,14]. Some experimental works have been proposed
to improve the first generation processes, including the production of co-products from condensed
distillers solubles to a protein-mineral fraction and glycerol fractionation using a chemical method [15].
Another retrofitting analysis included the comparison of conventional corn grind processes and the
quick-germ process, in which the quick germ process yielded an additional 4 million USD in NPV [16].
Similarly, many techno-economic studies have been proposed for lignocellulosic ethanol production.
Some of the substrates considered were corn stover [17–21], rice straw [22,23], softwood [24,25], and
bagasse [26]. In addition, the techno-economic possibility of integrating the first and second-generation
ethanol processes was explored using sugar cane bagasse and leaves integrated with a sugar-based
process [27].
In this study, retrofitting the thin stillage and the whole-stillage to the ethanol and biomass
production was studied through a simulation approach based on laboratory data using the Aspen
Plus® software. Furthermore, the integration of the first- and second- generation ethanol production
was considered for the modified thin stillage process. Wheat bran with phosphoric acid pretreatment
was considered in the integration process for the second-generation ethanol production. Integrating
the first- and second-generation ethanol production through a techno-economic analysis and process
design has never been attempted before, which shows the significance of this work.
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2. Methods
2.1. Process Description
This study was carried out based on a reference ethanol plant located in Norrköping, Sweden,
which uses grains as a feedstock. The data for the simulation was obtained from the ethanol plant,
and the improvement data such as thin stillage/stillage to ethanol and lignocelluloses to ethanol was
based on the laboratory data from Ferreira et al. and Nair et al. [28,29]. The process simulation was
carried out using Aspen Plus® (v.8.4) (Aspentech: Burlington, MA, USA). In this ethanol plant, 18.8
t/h grains are dry milled to obtain coarse flour. The coarse flour is mixed with the processing water
in a mixing tank, followed by the liquefaction process. The two-step liquefaction step is operated
at 73 ˝ C and 88 ˝ C, during which the starch is converted into oligomers. Thereafter, the yeast along
with the glucoamylase converts it into ethanol and carbon dioxide in the fermentation units at 33 ˝ C,
at a flow rate of 5.4 t/h and 5.1 t/h, respectively. Subsequently, through the distillation process, the
mash flows to separate the ethanol from the stillage and dehydrates it to obtain 99% pure ethanol.
Thereafter, the stillage undergoes the centrifugation process (decanter) to recover the solids that are
sent to the drier. After centrifugation, the thin stillage passes through a series of evaporators to recover
the leftover solids, while the evaporated liquid is recycled as processing water. The syrup collected
from the evaporator, along with the solids from the stillage is dried to obtain 7.7 t/h distiller’s grains
named DDGS [30].
2.1.1. Thin Stillage Modification (Scenario A)
In the base case, after distillation, the leftovers, referred to as whole-stillage were sent through a
decanter to remove the solids. This supernatant stream, called thin stillage, entered the evaporation
process, while the solid cake was sent to the dryer to obtain the distiller’s grains byproduct. The thin
stillage was then evaporated to recycle the water back to the process. The Total Solids (TS) concentration
of the thin stillage was about 10%, with a total stream flow rate of 40 t/h, which was obtained after
processing 150,400 tons of grains annually. In the modified process, the thin stillage was sent through
a fungal cultivation process, where it was converted into ethanol and biomass [28]. The biomass
was separated and dried as a fungal animal feed, while the ethanol produced flowed through the
evaporator and was recycled back to the process, for further purification. Figure 1 shows the block
flow diagram of all the modifications considered in this study, and scenario A shows the thin stillage
modified process in the first generation ethanol production.
The following data were used for the simulation purposes, using thin stillage to ethanol and
biomass production. The fungal bioreactor was operated continuously at 35 ˝ C and had a dilution
rate of 0.1 h´1 . The flow rate of the thin stillage was 40 t/h; hence, it required a reactor of 400 m3
working volume. Air was sparged through the reactor in order to mix and fluidize the contents at a
rate of 0.5 VVM. From the fungal cultivation on the thin stillage, 5 g/L ethanol, 7.9 g/L CO2 , and 4 g/L
biomass was obtained. After harvesting the fungi, the liquid, containing mainly water, was recycled to
the process in two parts: (1) 85% of the material was sent to the evaporator and (2) the remaining 15%
was recycled to the beginning of the process directly. The carbon dioxide was separated and sold as
another byproduct, as mentioned in the base case scenario [10].

stream with less solids passed through the second bioreactor. In the second step, the objective was to
convert the remains to produce biomass. It is worth mentioning that the carbon dioxide from both
the reactors was to be collected and sold as a byproduct. The operating conditions for the production
of the stillage into ethanol and biomass were as follows: temperature 35 °C and air 0.2 VVM. In the
second2016,
reactor,
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was produced, in addition to the 7 g/L carbon dioxide and the 0.7 g/L ethanol [10].
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2.1.2. Whole-Stillage Modification (Scenario B)
2.1.3. Integration of Lignocelluloses (Scenario C)
Similar to the conversion of the thin stillage into fungal biomass and ethanol, the possibility of
Wheat bran, the outer layer of the grain, is a lignocellulose used as a substrate for the integration
converting the whole-stillage into ethanol and biomass was exploited. The whole-stillage possessed
of the first‐ and second‐generation ethanol production. Table 1 shows the composition of
higher TS, in the range of 15%–16%; however, it contained more sugars compared to the thin stillage,
lignocelluloses (wheat bran) used in this study. Figure 1 (scenario C) shows the block flow diagram
in which a higher conversion rate to ethanol and biomass could be expected. Since the stillage has
of the integrated process, and Figure 2 shows the process flow diagram for the integrated process,
higher sugar content, and the cost of the ethanol as a product was higher compared to the biomass, it
with the first generation modification from the thin stillage to ethanol and biomass. The flow rate of
was important to recover most of the ethanol before the production of the biomass byproduct.
the grains was 18.8 t/h; for the base case, the lignocellulose integration of 10 t/h wheat bran was
For this purpose, a two-step fungal cultivation process was employed (Figure 1 Scenario B). The
considered. Wheat bran had a particle size of <10 mm; thus, no crushing unit operation was required.
objective behind the two-step process is to remove the excess solids from the first bioreactor after the
The wheat bran had 88% TS, while the pretreatment method required a solid loading of 15% TS;
production of ethanol to cultivate fungi in the second step. In the first step, the stillage was sent to a
reactor, where the sugars in the stillage were mainly converted into ethanol. The operating conditions
for the two-step fungal fermentation for the production of ethanol and biomass from the stillage were
as follows: temperature 35 ˝ C and air 0.2 VVM. In addition, 1-FPU/g cellulase enzymes were added to
facilitate the breakdown of the sugars with ease. The ethanol production from the first reactor was
6.9 g/L, while the carbon dioxide and biomass productions were 7 g/L and 0.4 g/L, respectively [28].
After the production of the ethanol, the solids were separated using a decanter, and the rest of the
stream with less solids passed through the second bioreactor. In the second step, the objective was to
convert the remains to produce biomass. It is worth mentioning that the carbon dioxide from both
the reactors was to be collected and sold as a byproduct. The operating conditions for the production
of the stillage into ethanol and biomass were as follows: temperature 35 ˝ C and air 0.2 VVM. In the
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second reactor, the dominant reaction was the conversion of the biomass. Around 5.8 g/L biomass
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that the choice of the pretreating acid was dictated by the properties of the feed, as the common
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sulfuric acid could not be used.
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process, and Figure 2 shows the process flow diagram for the integrated process, with the first
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Figure 2. Process flow diagram of the integrated lignocellulose to the thin stillage modified first ethanol
Figure 2. Process flow diagram of the integrated lignocellulose to the thin stillage modified first
production (Scenario C). The modified unit operations from the base case are highlighted.
ethanol production (Scenario C). The modified unit operations from the base case are highlighted.
Table 1. Wheat bran composition used for the simulation.

After the pretreatment process, the simultaneous saccharification and fermentation (SSF)
process was employed to convert the pretreated lignocellulose into ethanol. For the hydrolysis step,
Component
Weight (g/g Dry Basis)
cellulase enzyme was added in the concentration of 10 FPU/g. During the hydrolysis process, most
Arabinan
0.078 ˘ 0.013
of the cellulosic parts of the lignocelluloses had been released and converted into simple sugars such
Galactan
0.006 ˘ 0.009
as glucose, arabinose, and xylose. Subsequently,
the fermentation
process occurred in the same vessel
Glucan
0.249 ˘ 0.005
with the addition of fungi at 35 °CMannan
with a residence time of
48 h,
0.001
˘ where
0.003 the ethanol yield was 0.12 g/g
Xylan during the fermentation
0.152 ˘ 0.01was sold along with the carbon
dry biomass. Carbon dioxide produced
Starch
˘ 0.004 All the data for this simulation
dioxide produced from the grains to
ethanol process, as a0.193
byproduct.
were based on the laboratory data from a previous work [29].
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After the pretreatment process, the simultaneous saccharification and fermentation (SSF) process
was employed to convert the pretreated lignocellulose into ethanol. For the hydrolysis step, cellulase
enzyme was added in the concentration of 10 FPU/g. During the hydrolysis process, most of the
cellulosic parts of the lignocelluloses had been released and converted into simple sugars such as
glucose, arabinose, and xylose. Subsequently, the fermentation process occurred in the same vessel
with the addition of fungi at 35 ˝ C with a residence time of 48 h, where the ethanol yield was 0.12 g/g
dry biomass. Carbon dioxide produced during the fermentation was sold along with the carbon
dioxide produced from the grains to ethanol process, as a byproduct. All the data for this simulation
were based on the laboratory data from a previous work [29].
2.2. Energy and Economics
The energy analysis was conducted using the Aspen Energy Analyzer (Aspentech: Burlington,
MA, USA), while the economical evaluations were carried out using the Aspen Process Economic
Analyzer. The energy analyzer was integrated as part of the AspenPlus (Aspentech: Burlington, MA,
USA), where the energy was calculated based on the flow-rate and unit-operation used. For the Aspen
Process Economic Analyzer (Aspentech: Burlington, MA, USA), the simulated data were first exported,
and the sizing and specification of the equipment were mentioned. The economic assumptions were
fed to the analyzer, and a detailed project report was obtained. The obtained report contains the
technical and economic parameters, which were reported here. All the calculations were based on
the 2013 first quarter pricing, and the economic assumptions were based on Rajendran et al. [30].
Table 2 shows the economic assumptions carried out in this study. The important parameters including
investment, net present value (NPV), cash flow, payback period (PBP), and operational costs were
indexed according to Turton et al. [31]. The energy consumption was organized into sections such as
liquefaction, fermentation, distillation and dehydration, evaporation and drying, energy for fungi
reactor and lignocellulose processes.
Table 2. Economic indicators used in this study.
Type

Assumption

Annual processing capacity
Cost index
Annual operating time
Depreciation method
Working capital
Tax rate
Interest rate
Lifetime of the plant
Salvage value
Electricity
Water
Waste water treatment
Steam
Grains
Wheat Bran
Carbon dioxide
Ethanol cost
DDGS cost
α-Amylase
Glucoamylase
Cellulase

150,400 tons grains/year
2013 1st quarter
8000 h
Straight line
15%
33%
6%
20 years
5%
0.067 USD/kWh
0.5 USD/m3
0.1 USD/m3
0.01 USD/kg
300 USD/ton
70 USD/ton
0.1 USD/kg
875 USD/ton
370 USD/ton
4.6 USD/kg
5.3 USD/kg
10 USD/kg

2.3. Sensitivity Analysis
For the lignocellulose integration process, a sensitivity analysis was carried out. In the base
case, the lignocellulose that integrated with the first generation ethanol production was 10 t/h. In the
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sensitivity analysis, different percentages of the lignocellulose integration to the first generation ethanol
production were examined. For this purpose, the intake of the lignocelluloses was altered by 50%,
100%, and 200%, i.e., 5 t/h, 10 t/h, and 20 t/h, respectively. This suggests how much lignocelluloses
could be integrated in the first generation ethanol production. The profitability indexes such as
Energies 2016,
9, 359
of 12
capital
investment,
PBP, NPV, and cash flow were analyzed. In addition, the energy consumption7 was
also studied.
3. Results and Discussion
3. Results and Discussion
3.1. Thin Stillage and Stillage Modification
3.1. Thin Stillage and Stillage Modification
3.1.1. Technical Analysis
3.1.1. Technical Analysis
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The objective for using the thin stillage to produce the ethanol and the biomass is that the energy
consumption in the evaporator and the drying process is higher in the base case (existing industrial
amount of solids
solids entering
entering [30].
[30]. The ultimate goal is to reduce the solids content
setup) due to the amount
the conventional
conventional
entering the evaporation process. It is also worth mentioning that the viscosity of the
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andfungal
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reduce the energy consumption and will not yield additional revenue in the form of ethanol and
products. However, in the current study, the modification through the filamentous fungi resulted in
reducing the energy consumption as well as the additional ethanol and byproducts, which improved
the overall economics substantially [11].
In contrast, for the whole‐stillage to ethanol and biomass process, the energy consumption was
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consumption and will not yield additional revenue in the form of ethanol and products. However,
in the current study, the modification through the filamentous fungi resulted in reducing the energy
consumption as well as the additional ethanol and byproducts, which improved the overall economics
substantially [11].
In contrast, for the whole-stillage to ethanol and biomass process, the energy consumption was
higher by 20% than with the thin stillage modifications. The overall energy consumption for the
Energies 2016, 9, 359
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whole-stillage process was 22.7 GW (Figure 3 Scenario B). The main reason for the increase in the
energy consumption was that in the stillage modification, the TS of the stillage was 15%, and after
the biomass and ethanol production the solids concentration was still >10%, which shows that the
the biomass and ethanol production the solids concentration was still >10%, which shows that the
overall TS concentration did not decrease to less than the base case. This resulted in the overall energy
overall TS concentration did not decrease to less than the base case. This resulted in the overall energy
increase. Although the ethanol production and biomass was higher, this did not have a positive effect
increase. Although the ethanol production and biomass was higher, this did not have a positive effect
on the economics, due to the increase in the energy consumption.
on the economics, due to the increase in the energy consumption.

Capital Cost
$200

Operating Cost

Product Sales
15

$150
10
$100
5

PBP (years)

Cost (USD) Millions

3.1.2. Economic Analysis
3.1.2. Economic Analysis
Compared to the existing first generation ethanol productions, which had an investment around
Compared to the existing first generation ethanol productions, which had an investment around
69 million USD, for the thin stillage (A) modifications, the increase in the capital investment was
69 million USD, for the thin stillage (A) modifications, the increase in the capital investment was
around 1.2 million USD, while the NPV was increased by 31 million USD. Comparing this data to a
around 1.2 million USD, while the NPV was increased by 31 million USD. Comparing this data to a
similar study which explored the possibility of recycling DDGS after pretreatment and hydrolysis
similar study which explored the possibility of recycling DDGS after pretreatment and hydrolysis with
with corn for a fermentation to additional ethanol production resulted in 32% additional NPV. This
corn for a fermentation to additional ethanol production resulted in 32% additional NPV. This thin
thin stillage modification to ethanol and DDGS resulted in an increased NPV to 40%, which is 8%
stillage modification to ethanol and DDGS resulted in an increased NPV to 40%, which is 8% higher
higher than the study reported by Perkis et al. [14].
than the study reported by Perkis et al. [14].
In contrast, for the whole‐stillage modification process, the investment was higher than the thin
In contrast, for the whole-stillage modification process, the investment was higher than the thin
stillage modification, while the NPV was less than the existing industrial setup. Figure 4 shows the
stillage modification, while the NPV was less than the existing industrial setup. Figure 4 shows the
different economical evaluations for the modifications considered in this study, and Figure 5 shows the
different economical evaluations for the modifications considered in this study, and Figure 5 shows the
cash flow diagram over the years. The PBP for the thin stillage and the whole stillage modifications was
cash flow diagram over the years. The PBP for the thin stillage and the whole stillage modifications
11.5 years and 14 years, respectively. It is noteworthy that in the base case, the PBP was 13 years. This
was 11.5 years and 14 years, respectively. It is noteworthy that in the base case, the PBP was 13 years.
shows that a thin stillage retrofit improves the overall economics of the process. The thin stillage
This shows that a thin stillage retrofit improves the overall economics of the process. The thin stillage
modification was energy efficient, high product yielding, and an economically attractive process,
modification was energy efficient, high product yielding, and an economically attractive process,
suggesting an improved scenario for the first generation ethanol production.
suggesting an improved scenario for the first generation ethanol production.

$50
0

$0
Scenario A

Scenario B

Scenario C

Figure 4. Economical evaluations for the different scenarios considered
considered in
in this
this study.
study.

3.2. Integration of Lignocelluloses
Thin stillage modification had better energy and economic consequences, compared to the
whole‐stillage modification. Therefore, the integration of the lignocelluloses, i.e., wheat bran using
phosphoric acid pretreatment, was examined on the optimized thin stillage modification process.
Lignocelluloses with a flow rate of 10 t/h were integrated to the thin stillage modified first generation
ethanol processes. The lignocelluloses integration processes consumed 33% of the total energy, which
was 63.4 GW (Figure 3, Scenario C). From 10 t/h wheat bran, 2.1 t/h ethanol was obtained in addition
to the ethanol from the first generation and the thin stillage modification.
The capital investment for the integrated lignocellulose process was 77 million USD, while the
NPV was 162 million USD (Figures 4 and 5). The cost of the additional investment from the thin
stillage modification was 6.8 million USD, while the investments could be recovered in 10.5 years,
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be high for a short period of time.

Energies 2016, 9, 359

Figure
Cash flow
flow diagram
Figure 5.
5. Cash
diagram for
for the
the different
different scenarios.
scenarios.

3.2. Integration
Lignocelluloses
In anotherofstudy
[32], it was reported that to produce 207,000 tons ethanol/year, the capital
investment
was
220.1
million
USD,
using
corn
stoverand
as a lignocellulosic
material by compared
employing to
dilute
Thin stillage modification
had
better
energy
economic consequences,
the
sulfuric
acid
pretreatment.
The
capital
investment
to
produce
one
ton
of
ethanol
was
106
USD,
while
whole-stillage modification. Therefore, the integration of the lignocelluloses, i.e., wheat bran using
a similar calculation
to the integrated
process using
bran
and phosphoric
acid pretreatment
phosphoric
acid pretreatment,
was examined
on the
optimized
thin stillage
modification resulted
process.
in
130
USD.
This
cost
was
calculated
only
in
comparison
to
ethanol,
and
the
revenue
from the
Lignocelluloses with a flow rate of 10 t/h were integrated to the thin stillage modified
first generation
byproducts
was not
for, integration
which would
have consumed
reduced the
production
cost.
ethanol
processes.
The accounted
lignocelluloses
processes
33% overall
of the total
energy, which
The
cost
was
22%
higher
in
the
current
study;
however,
it
is
worth
mentioning
that
it
also
included
was 63.4 GW (Figure 3, Scenario C). From 10 t/h wheat bran, 2.1 t/h ethanol was obtained in addition
thethe
integrated
first the
generation
and second‐generation
processes,
which could yield a higher NPV
to
ethanol from
first generation
and the thin stillage
modification.
fromThe
a long‐term
perspective.
capital investment
for the integrated lignocellulose process was 77 million USD, while the
NPV was 162 million USD (Figures 4 and 5). The cost of the additional investment from the thin
3.3. Sensitivity
Analysiswas 6.8 million USD, while the investments could be recovered in 10.5 years,
stillage
modification
which
one year
less than
the
optimum
thinthe
stillage
processes.
Most of the
ethanol industries
are
Awas
sensitivity
analysis
was
carried
out on
different
percentages
lignocellulose
integration
finding
it difficult
to employ
complete new
process
for theof
lignocellulose
based
ethanolwere
production,
to the first
generation
ethanola production.
The
percentages
lignocellulose
integration
altered
as
the50%
totaltoinvestment
is extremely
However,
by integrating
theimpact
first- and
second-generation
from
200% for scenario
C. Thehigh.
sensitivity
analysis
revealed the
of integrating
a greater
ethanol
the investment
be greatly
however,
the economic
returns
be
amountproduction,
of lignocelluloses
to the could
existing
ethanolreduced;
production
facility.
In the base
case,could
10 t/h
high
for a short were
periodintegrated
of time. to the modified first generation ethanol production. The different
lignocelluloses
In another study
[32], itsuch
was as
reported
that to produce
tons
ethanol/year,
capital
techno‐economic
parameters
capital investment,
PBP,207,000
operating
cost,
and productthe
sales
were
investment
was
million
USD, using
corn 6stover
as the
a lignocellulosic
material
employing
estimated for
the220.1
different
sensitivities.
Figure
shows
cash flow diagram
andbythe
different
dilute
sulfuric
acid pretreatment.
The
investment
to produce
one tonshowed
of ethanol
106
USD,
economical
evaluations
considered
forcapital
the sensitivity
analysis.
The results
thatwas
there
was
no
while
a similar
calculation
to the
process
using bran as
and
acid
significant
difference
between
theintegrated
payback for
the sensitivities,
thephosphoric
payback for
all pretreatment
the scenarios
resulted
in 130
USD.
was calculated only in comparison to ethanol, and the revenue from
was between
10.2
andThis
10.7cost
years.
the byproducts
was
not
accounted
for,different
which would
have reduced
the overall
cost. The
The capital investment for the
sensitivities
50%, 100%,
and production
200% lignocellulose
cost
was 22%
the currentethanol
study; production
however, it was
is worth
mentioning
that itUSD,
also included
the
integration
to higher
the firstingeneration
73, 77,
and 82 million
respectively.
integrated
first generation
andwas
second-generation
processes,
which value
could and
yieldthe
a higher
from a
The cumulative
cash position
the ratio between
the net present
capital NPV
investment,
long-term
perspective.
where a higher
CCP suggests higher economic returns. For the lignocellulose integration sensitivities,
the CCP was the highest for 100% lignocellulose integration, which was 2.41, suggesting that the
3.3.
Sensitivity
Analysis
process
was viable
for the ethanol plants operating on starch and carbohydrate based raw materials
to shift
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A sensitivity
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carriedraw
outmaterials
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the first generation ethanol production. The percentages of lignocellulose integration were altered from
50% to 200% for scenario C. The sensitivity analysis revealed the impact of integrating a greater amount
of lignocelluloses to the existing ethanol production facility. In the base case, 10 t/h lignocelluloses
were integrated to the modified first generation ethanol production. The different techno-economic
parameters such as capital investment, PBP, operating cost, and product sales were estimated for the
different sensitivities. Figure 6 shows the cash flow diagram and the different economical evaluations
considered for the sensitivity analysis. The results showed that there was no significant difference
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4. Conclusions
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In addition,
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impactand
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Utilizing
filamentous
fungi on thin stillage
whole stillage
to be
produce
ethanol
and biomass
was exploited in the first generation ethanol production from grains. The thin stillage to ethanol and
biomass was energy‐ and economically efficient, returning a NPV of 108 million USD after 20 years
of operation. This efficient, thin stillage modified first generation process was integrated with
lignocellulosic ethanol production with phosphoric acid pretreatment. The results showed that the
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energy balance and environmental stress throughout the system. This study has considered only the
process level information, but it is worth looking at it on a systems level. Moreover, exploiting the
process using the pinch analysis methodology could yield optimized heat integration for the plant.
4. Conclusions
Utilizing filamentous fungi on thin stillage and whole stillage to produce ethanol and biomass
was exploited in the first generation ethanol production from grains. The thin stillage to ethanol
and biomass was energy- and economically efficient, returning a NPV of 108 million USD after
20 years of operation. This efficient, thin stillage modified first generation process was integrated with
lignocellulosic ethanol production with phosphoric acid pretreatment. The results showed that the
integration process increased the investment by 6.8 million USD, while the NPV was increased further
by 53 million USD. The energy consumption for the lignocellulose-integrated processes was 63 GW,
while it was 18.9 GW for the thin stillage modified first-generation process. About 33% of the energy
consumption in the integrated process was utilized for the lignocellulosic ethanol production.
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