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Abstract: With the development of agricultural biorefineries and bioprocessing operations, under-
standing the economic efficiencies and environmental impacts for these have gradually become
popular for the deployment of these industrial processes. The corn-based ethanol and soybean oil
refining industries have been examined extensively over the years, especially details of processing
technologies, including materials, reaction controls, equipment, and industrial applications. The
study focused on examining the production efficiency changes and economic impacts of integrat-
ing products from the enzyme-assisted aqueous extraction processing (EAEP) of soybeans into
corn-based ethanol fermentation processing. Using SuperPro Designer to simulate production of
corn-based ethanol at either 40 million gallons per year (MGY) or 120 MGY, with either oil separation
or no oil removal, we found that indeed integrating soy products into corn ethanol fermentation may
be slightly more expensive in terms of production costs, but economic returns justify this integration
due to substantially greater quantities of ethanol, distillers corn oil, and distillers dried grains with
solubles being produced.
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1. Introduction

As a renewable energy resource, bio-based ethanol has been successful as a partial
replacement to gasoline fuel over the last few decades. It has been shown to be relatively
benign to the environment, provided many jobs to rural economies in the USA, made
substantial contributions to the global feed industry, and provided improved energy
security for U.S. agriculture [1]. In fact, the corn-based ethanol industry and related
upstream and downstream industries have been very dynamic in recent years and have
been developing various new technologies to increase economic returns. To obtain better
efficiency and lower production costs, it may be prudent to combine the corn-based ethanol
process with other processes. For example, if a biorefinery operation can make several
types of products simultaneously, it may have lower costs for the combined products
rather than producing the same products at different facilities. Soybean processing may
be one type of bioprocessing system that might make sense to incorporate into corn
processing operations. In the soybean oil extraction process, enzyme-assisted aqueous
extraction processing (EAEP) is a new method to obtain soybean oil, which uses water as
an extraction media to remove oil from ground soybeans. However, to date, it is not yet
commercialized extensively.

Due to cell walls and membranes around oil and protein bodies, which create barriers
to freeing oils and proteins in soybeans, EAEP utilizes the insolubility of oil in water and
uses water as a media to fractionate oil, protein, and fiber. Enzymes can be added to assist
in breaking down cell walls [2]. EAEP denatures some proteins and destabilizes the cream
(oil), which can increase the final oil extraction yield to nearly 90% [3]. The enzymes in the
skim can be recycled in the extraction process. Soy skim has the potential to be used as a
partial water replacement in the corn-based ethanol process. Actually, in addition to being
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used as a water source, soy skim has been shown to be an effective nutrient source and
has increased ethanol yield and the protein content in final coproducts in laboratory-scale
fermentations [4,5]. The high fiber content of soybean fiber from the extraction process is
another advantage of EAEDP, which can potentially be pretreated and then used directly
in saccharification prior to ethanol fermentation. During soybean EAEP, fiber fractions
contained 60-70% moisture, and the solids were mainly cellulose, hemicellulose, and
insoluble proteins. There may also be some advantages to using soy fiber in terms of
resulting DDGS value.

Laboratory-scale research [6] was conducted using coproducts from EAEP on ethanol
production in laboratory-scale fermentations. This study indicated that adding soy skim
and untreated insoluble fiber from EAEP significantly increased ethanol production rates
and ethanol yields. Thus, integrating EAEP products (fiber and skim) into corn-based
ethanol production might improve the efficiency for producing ethanol as well as the value
of the DDGS.

The composition of skim has been found to be 9% solids (91% muoisture content), 6.3%
(db) lipids, 57.6% (db—dry basis) protein, 10.1% (db) ash, and 26% (db) carbohydrates; the
composition of insoluble fiber has been found to be 15.1% solids (85% muoisture), 4.7% (db)
lipids, 7.7% (db) protein, 4.0% (db) ash, and 83.6% (db) carbohydrates [6].

Even though integrating corn-soybean fermentation has effectively used for corn-
based ethanol production on a lab scale, there is a lack of economic information on efficiency
and profit at larger scales. In order to determine if this type of biorefining is economically
viable, a techno-economic analysis for combining corn and soybean biorefinery processes
is necessary. The objective of this study was to use techno-economic analysis (TEA) for
developing complete estimates of all costs associated with the construction and operation
of this type of integrated system. In addition, this study compared an integrated corn and
soybean biorefinery with an original corn-based ethanol process in economic performance,
to explore the effect of new applications on the corn-based ethanol production under 40-
and 120-million-gallon ethanol production scales.

2. Materials and Methods
2.1. Computer Model

SuperPro Designer v8.5 (Intelligen, Inc., Scotch Plains, NJ, USA) was utilized to model
biofuels processing for an integrated corn and soybean biorefinery. This industrial design
software facilitated modeling, evaluation, and optimization of integrated processes for a
wide range of industries [7]. Based on the structure of a modified model [8,9], this model
was updated by adding operations for integrating soy insoluble fiber (UIF) and soy skim,
thus developing an integrated corn and soybean biorefinery. Due to the UIF and skim
added as raw material, the energy and mass balances for the individual unit operations
were reset, and the recycling index was also updated so the system obtained the mass and
economic balances for the entire manufacturing process.

This study utilized 330 working days per year to mirror real industrial processing
operations, which generally operate 24 h per day year-round. All annual calculations were
based on these factors and were included in the range of reports available by the program.
After setting basic data into the model, SuperPro produced a variety of reports based on
simulation data changes for each scenario and facilitated judging the economic feasibility
of the various scenarios. These reports were produced and compared for each year for each
processing scenario, as well as sensitivities for each affected factor. The model framework
and structure of dry grind ethanol from corn processing is shown in Figure 1.

2.2. Simulation Scenarios

Scenarios were updated and modified based on the basic corn-based ethanol process
plant model, which was developed by [8] and expanded by [9]. Two scenarios were
set below:
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e Integrated EAEP with corn-based ethanol process producing 40 million gallons ethanol
per year with distillers corn oil removal vs. no oil separation.

o Integrated EAEP with corn-based ethanol process producing 120 million gallons
ethanol per year with distillers corn oil removal vs. no oil separation.

Based on the pilot scale research of [5], 75 kg of raw soybeans in the EAEP process
could yield 14.28 kg oil, 50.64 kg UIF, and 363.81 kg soy skim. According to previous
studies, [6] indicated maximum ethanol production could be achieved when UIF and skim
were mixed together with at a rate of corn-to-UIF ratio 1:0.16 and skim-to-UIF ratio 6.5:1.
To be appropriate for the scales of 40 and 120 million gallons ethanol production, the 75
kg per hour soybean pilot scale with EAEP process was scaled up to commercial scales,
which were 17 million and 51 million kg annual soybean oil production, respectively [10].
This equated to UIF of 7596 kg per hour and soy skim of 54,572 kg per hour for the 40
MGY; while large (120 MGY) scale equated to UIF of 22,788 kg per hour and soy skim of
16,3716 kg per hour. After adding UIF and soy skim in the process at these rates, the ratio
of water-to-solids in the fermenter increased from 2.0:1 to 2.5:1, which obtained optimal
ethanol yield and maximum ethanol production (based upon information from [5,8]).
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Figure 1. Process flow diagram used to model integrated corn-EAEP ethanol fermentation processing. Note that soy
skim is added directly to the fermentor, but soy insoluble fiber is added to the saccharification step immediately prior to
fermentation. This SuperPro model was adapted from [8,9].

In this model, operating cost included raw material cost, labor cost, facility cost and
utility cost. Corn, UIF and skim were the main raw materials used, which made a significant
contribution on materials costs. The market price of corn was USD 145.67 per metric ton,
and untreated insoluble fiber was USD 30.66 per metric ton in 2015 [11,12]. The market
price of soy skim was unavailable due to lack of data and was generally disposed of as
waste trash—since commercial production of EAEP has not really begun yet. In this model,
the price of soy skim was treated as water with a price of USD 0.04 per metric ton in 2015
and was mainly used to reduce the water requirement in the fermentation process [13]. For
the utility cost, steam was mainly utilized as a heat transfer agent, while natural gas and
electricity were used as the energy resource. In this model, steam was set as USD 12.86
per metric ton, while the industrial price of natural gas and electricity in 2015 was set as
USD 4.4533 per MBtu (million British Thermal Units) and USD 0.0691 per kW-h [13,14].
Labor cost and inflation rate were set according to data form the U.S. Department of Labor.
Installation cost depended on various types of equipment. Loan interest was set at 7.0%
per year as a common assumption.
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Similar to previous studies, the facility costs in this study were composed of mainte-
nance costs, equipment depreciation, interest on debt, insurance, taxes, and other industrial
expenses. Based on basic parameters set by [8], maintenance expenses were determined as
3% of total capital costs, while insurance and other industrial expenses were set to 0.8%
and 0.75% of the capital cost. Depreciation was set as an initial index, and taxes were set as
24%, because corn-based ethanol plants belong to green and renewable energy industrial
sectors, which have a lower tax rate than basic chemical industrial plants [15].

The cost of labor was determined based upon a lump estimate of number of working
hours per year (330 day per year). The hourly wage was based on U.S. Department of
Labor minimum wage data [16]. This model multiplied the minimum wage by available
workers and automatically created labor costs for all scenarios.

Ethanol was the main product of the entire process, with DDGS and DCO extracted
from DWG, both of which were treated as coproducts for revenue estimation. The market
prices of ethanol (USD 594.91 per metric ton) and DDGS (USD 157.64 per metric ton)
were collected from the USDA database in 2015. Corn distillers oil (USD 611.32 per
metric ton) from the oil extraction process was collected from The Jacobsen Company [17].
In addition, physical properties, material combinations, and other basic indices were
maintained at a similar level as the original corn-based ethanol model [8,9]. Among
profitability analyses parameters, unit production cost, unit production revenue, net profit,
and payback time were the most important results to explore between the various scenarios.
Specific information about how costs, profits, payback, etc. were calculated in this model
have been provided elsewhere [10].

3. Results
3.1. Capital Costs

In this study, the total capital cost was composed of the following individual process
operations: grain handling and milling, starch to sugar conversion, fermentation, ethanol
processing, coproduct processing, and common support systems. For each individual
process’s capital cost, the final result was determined based on the equipment purchase
price, setting a material factor by the model, and an installation factor [8,9]. For simplifying
some indirect support equipment, steam generation and cooling water equipment were
not included in capital cost and were treated as purchased utilities. All settings were based
on previous data provided by [8,9], which reflected commonly used technologies at US
corn-based ethanol plants.

The effect that each of these scenarios had on total capital costs are presented in
Figure 2. The simulation data indicated that the cost of starch to sugar conversion decreased
in the integrated EAEP models due to soy skim partially replacing the water requirement,
which caused a decrease in reactor size requirements. In contrast, the capital cost in
fermentation, ethanol processing and coproduct processing increased, which was caused by
more products being produced by the additional UIF and skim from EAEP. Overall, the total
capital cost required increased at both scales (40 and 120 million gallon) ethanol production
which integrated EAEP products and increased to 95.27 million and 162.78 million USD.
Coproduct processing represented the largest portion of fixed capital costs in both the
40- and 120-million-gallon ethanol plant models. For the 40-million gallon plant, the
coproduct processing costs were 56.5 million USD with the integrated EAEP scenario, were
26.2 million USD for the traditional corn-only processing, and were 37.8 million USD for
corn ethanol processing using oil separation systems. For the 120-million gallon plant,
the coproduct processing costs were, respectively, 84.4, 68.9, and 68.9 million USD. It was
apparent that factory scale clearly impacted the proportion of processing costs that were
due to coproduct processing.
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Figure 2. Capital costs for integrated corn-soy ethanol fermentation processing. Scenarios include a 40 million gallon per

year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn oil separation, and a
40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.

3.2. Annual Operating Costs

Similar to previous studies, annual operating costs in this study consisted of labor,
facility, utility costs, and raw material costs in all three scenarios. In this model, con-
sumables, advertising, royalties, and failed product disposal were not estimated in this
techno-economic analysis. Due to added skim and UIF from the EAEP process, integrated
EAEP with a corn-based ethanol process required greater operating costs. The 40- and
120-million-gallon integrated EAEP with corn-based ethanol production required 86.71 mil-
lion and 233.80 million dollars per year, respectively which was around 8% more than
the models which did not integrate EAEP products (Figure 3). Differently from origi-
nal corn-based ethanol models and corn-based ethanol with oil extraction processes, the
corn-based ethanol process with integrated EAEP had lower portions of operating costs in
raw materials, but higher rates in facility costs and utility costs. The reason for this was
that integrating EAEP into corn-based ethanol production required higher liquid-to-solid
conditions in fermentation, which meant more DDGS was produced in the coproduct
processing operation.

3.2.1. Facility and Labor Costs

A portion of the facility in the EAEP 40 MGY scenario was 15.98%, and the portion of
the facility in EAEP 120 MGY scenario was 10.13% (Figure 3). Both scenarios were around
3% higher than other scenarios.

Compared to other indexes of operating costs, labor cost was relatively stable in all
scenarios, and was around 2% of total operating cost (Figure 3).

3.2.2. Material Costs

Differently from previous studies, the raw materials for integrated EAEP into a corn-
based ethanol plant included corn, water, yeast, caustic, lime, octane, ammonia, sulfuric
acid, gluco-amylase, alpha-amylase, as well as untreated insoluble fiber and soy skim
from the EAEP process. All material prices were set using marketing prices of 2015. The
simulation results are shown in Figure 4. Differently from other scenarios, untreated
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insoluble fiber made a significant contribution to the annual material cost in the 40 and
120 MGY with integrated EAEP products. The corn portion cost was decreased in those
two scenarios, as it was replaced by the coproducts from EAEP.
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Figure 3. Operating costs for integrated corn-soy ethanol fermentation processing. Scenarios include a 40 million gallon per
year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn oil separation, and a
40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.

For the 40-million gallon plant, the raw material costs were 59.6 million USD/year
with the integrated EAEP scenario, were 57.6 million USD/year for the traditional corn-
only processing, and were 57.6 million USD/year for corn ethanol processing using oil
separation systems. For the 120-million gallon plant, the raw material costs were, respec-
tively, 178.1,172.1, and 172.1 million USD/year. It was apparent that factory scale clearly
impacted the proportion of annual operating costs that were due to raw materials.

3.2.3. Utility Costs

Similar to previous studies, utility costs were mainly from electricity, natural gas,
steam, and chilled water. The price of electricity was set at USD 0.0691 per kW h, and
natural gas was set at USD 4.4533 per MBtu (million British thermal unit). According to
Figure 3, utility costs increased slightly in the two EAEP scenarios, which was required to
treat more DDGS coproducts which were being produced. Due to the relatively stable rate
of composition for utilities, integrating EAEP within a corn-based ethanol process had only
a slight effect on the portion of utility in annual operation costs.

3.3. Annual Revenues

In this study, annual revenues were defined as the total income from all of the final
products and coproducts, which included ethanol, distillers corn oil (DCO) and DDGS. The
average corn price was USD 594.91 per metric ton in 2015, and the average DDGS price
was USD 157.64 per metric ton in 2015 [11]. According to data from [17], the marketing
price of DCO was USD 611.32 per metric ton in 2015.

3.3.1. Ethanol

For these simulations, ethanol was approximately 30% of the total mass produced
annually by the ethanol process but contributed more than 70% of the total annual revenues
in all scenarios. Compared with corn-based ethanol models and corn-based ethanol with
oil extraction processes, 40 and 120 MGY with integrated EAEP produced more ethanol,
which was a 7.5% increase for ethanol production (Figure 5). The main reason for this
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Figure 4. Material costs for integrated corn-soy ethanol fermentation processing. Scenarios include a 40 million gallon per
year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn oil separation, and a
40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.

3.3.2. Distillers Dried Grains with Solubles (DDGS)

DDGS made up about 55% of the total mass produced by the ethanol plant. Sales price
was determined using [11]. Comparing corn-based ethanol models and corn-based ethanol
with oil extraction processes, the revenues for DDGS in the 40 and 120 MGY with integrated
EAEP products significantly increased, which was a 20% increase for DDGS annual revenue
(Figure 5). The main reason for this increase was that skim and UIF supplied more DDGS
mass and thus resulted in more DDGS sales.

3.3.3. Distillers Corn Oil (DCO)

Similar to previous studies, oil extraction rates for this model were set at 80%, which
was a reasonable rate for current industrial production. Compared to corn-based ethanol
with an oil extraction process (both production scales), the revenue for oil in the 40 and
120 MGY with integrated EAEP products scenarios significantly increased, which was
around a 23% increase for the oil annual revenue (Figure 5). The main reason was skim
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and UIF from the EAEP process supplied extra oil content, which facilitated oil extraction
from the thin stillage.
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mETHANOL mDDGS CORN OIL oil

Figure 5. Annual total revenues for integrated corn-soy ethanol fermentation processing. Scenarios include a 40 million
gallon per year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn oil
separation, and a 40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.

3.4. Gross Operating Margins and Payback Time

Similar to previous studies, gross profit was defined as the annual revenues minus
the annual operating costs. The payback period was the length of time required to recover
the cost of an investment. Gross operating margins are seen in Figure 6, which contains
capital costs, operating costs, revenues, and profits in millions of dollars per year. Figure 6
clearly indicates that the 40 and 120 MGY with integrated EAEP products scenarios had
higher amounts in capital investment and operating cost, which was directly affected
by the addition of soy skim and UIF from the EAEP process. However, due to more
resources for fermentation and coproduct processes, the corn-based ethanol process with
integrated EAEP obtained more revenues from the higher amounts of ethanol, DDGS and
distillers corn oil production. The 40 MGY with EAEP scenario obtained USD 23.33 million
per year at the scale of a 40 million gallons ethanol per year, while the 120 MGY with
integrated EAEP scenario obtained USD 77.17 million per year for the 120 million gallons
per year ethanol process. The net profit results indicated that the 40 and 120 MGY with
integrated EAEP products scenarios had better performance, while corn-based ethanol
models with oil extraction also obtained more profit than the original corn-based ethanol
process (i.e., without oil separation).

The annual operating costs and annual revenues were then divided into dollar per
kg ethanol basis, which directly reflected the efficiency of how costs are related to each
kilogram of ethanol produced by the plant. Unit production cost, unit production revenue,
and payback time are shown in Figure 7. Not surprisingly, due to economies of scale,
the unit production cost decreased when increasing the production scale. The corn-based
ethanol process with integrated EAEP required more equipment and utility capacity,
causing small increases in unit production. Due to the addition of UIF and skim from
EAEP, unit production revenues increased with more ethanol and other coproducts being



Fermentation 2021, 7, 82

9of11

Profit Analysis (millions $ per year)

produced. Payback time also indicated that integrating EAEP with a corn-based ethanol
process had economic feasibility in industrial applications. In addition, larger scales owned
a higher efficiency for unit production.

350.0

3143

300.0 279.6
269.8,
250.0 218.8
233.8
218.6
200.0
162.8
134.0
150.0
133.9
105.0
100.0 ‘ 95.3 w7
: 733 g
78.4
61.7
50.0
s ﬁ I
0.0 N . . - - N . . - - I . . - - ——————
Total Revenues Capital Investment Operating Cost Net Profit

=40 MGY with EAEP
=40 MGY Corn Based Ethanol with oil
® 120 MGY Corn Based Ethanol

=40 MGY Corn Based Ethanol
=120 MGY with EAEP
#1120 MGY Corn Based Ethanol with oil

Figure 6. Profitability analysis for integrated corn-soy ethanol fermentation processing. Scenarios include a 40 million

gallon per year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn oil

separation, and a 40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

408 4.09 o

2.57
2.26
2.1 I

Payback Time
(Years)

0.82 076078082 0.76 0.78

Unit Production Revenue
($/kg Ethanol)

0.68 0.66 067061

Unit Production Cost
($/kg Ethanol)

=40 MGY with EAEP m40 MGY Corn Based Ethanol
m40 MGY Corn Based Ethanol with oil m120 MGY with EAEP
m 120 MGY Corn Based Ethanol m 120 MGY Corn Based Ethanol with oil

Figure 7. Unit analysis and payback time for integrated corn-soy ethanol fermentation processing. Scenarios include a

40 million gallon per year (MGY) ethanol plant with or without corn oil separation, a 120 MGY ethanol with or without corn

oil separation, and a 40 or 120 MGY ethanol plant, without corn oil separation but with EAEP products used for fermentation.



Fermentation 2021, 7, 82 10 of 11

4. Conclusions

To perform economic calculations for integrating EAEP products into a corn-based
ethanol processes, SuperPro Designer was used for techno-economic analysis on two
industrial scales—40 and 120 MGY ethanol production—both without and with corn oil
separation operations. According to the simulation results, integrating EAEP with corn-
based ethanol processing required more capacity for equipment and utilities, causing small
increases in unit production costs. Due to the addition of UIF and skim from EAEP, unit
production revenues increased by generating more ethanol and other coproducts. Payback
time also indicated that integrating EAEP with corn-based ethanol processing has economic
feasibility for industrial applications. Even though economic analyses look promising, to
date, this integration has not yet been commercially realized. In fact, EAEP soy processing
has not been widely commercially deployed either. Future research should aim to optimize
process efficiencies and lower production costs in order to make this type of processing
more economically attractive.
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