
fermentation

Article

Techno-Economic Analysis of Bioethanol Plant
By-Product Valorization: Exploring Market
Opportunities with Protein-Rich Fungal
Biomass Production

Gülru Bulkan 1 , Jorge A. Ferreira 1 , Karthik Rajendran 2 and Mohammad J. Taherzadeh 1,*
1 Swedish Centre for Resource Recovery, University of Borås, 50190 Borås, Sweden; gulru.bulkan@hb.se (G.B.);

jorge.ferreira@hb.se (J.A.F.)
2 Department of Environmental Science, SRM University-AP, Amaravati 522502, India;

rajendran.k@srmap.edu.in
* Correspondence: mohammad.taherzadeh@hb.se; Tel.: +46-(0)33-435-5908

Received: 14 September 2020; Accepted: 19 October 2020; Published: 21 October 2020
����������
�������

Abstract: The feasibility of dry-grind bioethanol plants is extremely dependent on selling prices
of ethanol and by-products, known as Dried distillers grains with solubles (DDGS), and sold as
animal feed. Increasing the amount and quality of the by-products can widen potential feed and
food markets and improve the process economy and robustness to price fluctuations of ethanol and
grain. In this study, the techno-economic analysis of a bioethanol plant was investigated. Integration
of edible filamentous fungi into the process leading to the conversion of sidestreams into ethanol
and protein-rich fungal biomass for food and feed applications was considered, and its impact was
investigated. Sensitivity analysis considered variations on process capacity, on the price of grain
and ethanol, and on the price of fungal biomass considering its use for various animal feed (e.g., pig
and fish) and human food markets. Selling the fungal biomass in the human food market resulted
in 5.56 times higher NPV (net present value) than the base case bioethanol plant after 20 years.
Integration of a low-performing strain towards ethanol, followed by the usage of the fungal biomass
in the food sector, was found to be the most resistant scenario to the low ethanol selling price and
increasing grain price. This study showed that the competitiveness of ethanol plants in the fuel
market could be reinforced while meeting the increasing demand for protein sources.

Keywords: bioethanol process; grains: filamentous fungi; feed; food; thin stillage

1. Introduction

The increasing population and demand for sustainable energy and material sources for transportation,
the industry, as well as heating, are among the biggest problems that need to be solved in the current
century [1]. As a sustainable energy source, biofuels have gained importance. Bioethanol, with a
worldwide production of 114 billion liters in 2019, has the biggest share among liquid biofuels [2].
Bioethanol can lead to up to 85% less greenhouse gas emission in comparison to that of gasoline,
based on the raw material [1]. Besides, the photosynthesis process by plants closes the CO2 cycle of
bioethanol with zero net CO2 emission [1].

On the industrial scale, bioethanol is produced as 1st and 2nd generation depending on the
substrate used, although the latter has some challenges that need to be overcome in order to become
economically feasible and widespread. First-generation bioethanol can be produced from either a
sugar-rich source, such as molasses and sugarcane juice, or a starchy source, such as wheat or corn
grains. Non-food lignocellulosic substrates, such as agricultural residues or wood, are used for the
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production of 2nd generation ethanol [3,4]. In addition to ethanol and CO2, DDGS (distiller’s dried
grains with solubles) is produced in grain-based 1st generation bioethanol plants [3,5] as another
product of the facility, which has significant importance on the economic feasibility of the plant [6].
DDGS is produced from whole stillage, the residual stream from the fermentation process leaving the
bottom of the distillation column during ethanol separation, and sold as animal feed [5]. The whole
stillage is composed of proteins, oil, yeast cells, fibers, and other unfermented residuals of grains [5,7].
Considering that 10 to 20 L of whole stillage are produced per liter of ethanol, more than a billion liters
of whole stillage are produced annually [5,8,9]. In a dry-grind ethanol plant, whole stillage is sent to
the decanter (centrifuge) where the solid fraction, known as wet distillers’ grain (WDG), and liquid
fraction, called thin stillage, are separated [5,7]. Approximately two million m3 of thin stillage are
potentially available at a facility producing 200,000 m3 ethanol annually [10]. Thin stillage is normally
evaporated, and the concentrated stream, known as syrup, is obtained. Syrup and WDG are mixed and
dried to obtain DDGS [11]. The production of DDGS from whole stillage is an energy-intensive process
due to the evaporation and drying processes, which contribute to 40–45% and 30–40% of thermal and
electrical energy of the total energy consumption of the plant, respectively [12]. Therefore, strategies
have been investigated to reduce the energy consumption of the process. Biological treatment has
been one of the most studied approaches for the valorization of whole stillage or thin stillage, where a
number of research studies are available using particularly edible filamentous fungi [5,10,13].

Filamentous fungi can grow on various media and produce a vast range of products, such as
nutritious fungal biomass, organic acids, antibiotics, enzymes, small molecule drugs, etc. [8]. Moreover,
both the production of a vast array of enzymes, which can be used in saccharification of lignocellulosic
materials in bioethanol production [14], and their pentose consumption ability, unlike that of wild
Saccharomyces cerevisiae [5], increase their application potential in the biofuel industry [14]. In a 1st
generation ethanol plant, pentose and raffinose sugars are not consumed during common baker’s
yeast (S. cerevisiae) fermentation. Hence, the unfermented sugars end up in whole/thin stillage [8,15].
These sugars, together with other stillage components, such as proteins, residual starch, and minerals,
can be further converted by filamentous fungi into value-added products [10]. It has been stated in
previous researches that Neurospora intermedia, an edible filamentous fungus commonly used in the
production of the Indonesian human food called oncom [8], can be applied to valorize thin stillage by
producing ethanol and protein-rich fungal biomass [10,13]. The increasing population on Earth results
in protein depletion regarding food and feed sources. Protein-rich biomass, which can be obtained
from, e.g., edible yeast, bacteria, and filamentous fungi, represents a potential alternative protein source
for feed and food applications [16,17]. In the previous studies, it has been stated that N. intermedia,
a GRAS (generally regarded as safe) microorganism, can be used for the production of nutritious
food products from stale bread and brewers spent grains [17,18]. The product made in the form of a
burger has led to general acceptance during sensorial analysis in terms of taste and structure but also
regarding waste valorization perspectives [17,18]. The same fungus and four other filamentous fungi
strains were studied by Ferreira et al. [10] for thin stillage valorization and concluded that biomass
production and composition, as well as ethanol production, were highly influenced by the strain used.

In a previous study, the techno-economic analysis of filamentous fungi integration into a 1st
generation ethanol plant in order to valorize thin stillage has been studied [19]. This integration
has changed the process profits, where a higher NPV (net present value) by 31 million USD in
comparison to the conventional 1st generation ethanol plant (base case) has been reported. This output
is related to the production of additional ethanol and protein-rich fungal biomass as well as to
lower energy consumption due to the reduction of total solids going into the evaporators and dryers.
The reduction of solids is due to the conversion of thin stillage into CO2 and fungal biomass; the latter
is a macroscopic filamentous structure easily recovered from the medium, leading to the reduction of
the organic/inorganic load of thin stillage [19].

In Rajendran et al. [19] model, the economic analysis of filamentous fungi integration into a 1st
generation ethanol plant was reported; however, no further analysis of market opportunities was carried
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out. In this study, an updated version of filamentous fungi-integrated bioethanol plant was analyzed
considering the end applications of the fungal biomass in feed and food sectors. Sensitivity analysis was
carried out to observe the effect of capacity changes and the fluctuation of raw material/product prices
on the economy of the process. Special focus was on fungal biomass price alterations, targeting various
feed/food markets, and its effect on the process economy. Furthermore, the effect of using different
fungal strains, leading to different ethanol and fungal biomass concentrations on the process economy,
was analyzed. A comparison of different scenarios regarding their resistance to the fluctuation of
ethanol and grain prices was also performed.

2. Materials and Modeling

2.1. Process Description

A 1st generation ethanol plant, which uses wheat grains as feedstock, located in Norrköping,
Sweden, was considered as the base case process. Simulation of this process was prepared, according
to Rajendran et al. [20] and Vathsava Rajoli [21]. Two alternative processes were investigated in
comparison to the base case, based on experimental and literature data from the previous studies.
Both of these processes included filamentous fungi integration into the base case process in order to
valorize thin stillage through conversion into ethanol, CO2, and protein-rich fungal biomass. The fungi
integrated process was designed according to Rajendran et al. [19] with some modifications. The main
difference was related to biomass and ethanol yields obtained from the fungal cultivation in thin
stillage. Case A and Case B differed regarding the type of fungal species used. In Case A, a fungus that
could produce 16 g/L biomass and 5 g/L ethanol from thin stillage was used, while in Case B, a higher
biomass and lower ethanol producer fungus was introduced into the process [10]. Aspen Plus® (v.11)
(Aspentech, Bedford, MA, USA) simulation program was used. Metric units were used throughout
this study.

2.1.1. Base Case

In the base case process, 18.8 ton/h of wheat grains were fed to the crusher, where the particle
size was reduced to 0.5 mm. The milled wheat flour was mixed with water, and then the slurry was
fed consecutively into the first (70 ◦C) and second (88 ◦C) liquefaction tanks, where α-amylase was
added for dissolution and partial hydrolysis of starch. A heat exchanger cooled down the outlet of
the liquefaction unit to the fermentation temperature (33 ◦C). The feed was sent to five fermenters
with glucoamylase addition for the completion of starch hydrolysis into glucose. The retention time
of the fermenter was 2.78 days. Following ethanol fermentation with yeast, CO2 was separated by a
scrubber to be sold. The fermentation mash was fed into two distillation columns where the ethanol
was concentrated to 45% and further concentrated to 80% in the 3rd distillation column. Tray pressures
of distillation columns were 0.3, 0.7, and 1.52 bar, respectively. In order to remove the water from
ethanol further than the azeotropic point and obtain the final product, namely, 99% ethanol, the vapor
stream from the 3rd distillation column was sent to the dehydration columns. The purified ethanol
obtained from the dehydrator was cooled down to 30 ◦C and stored in storage vessels for 3 days.
The bottom stream of the distillation columns, called whole stillage, was sent to the decanter, where
the supernatant, thin stillage, was separated from the solid cake (wet distillers’ grain). Thin stillage
was concentrated into syrup through a series of three evaporators, while 15% of the initial thin stillage
was used as backset water in the process. Multi-effect evaporators were simulated by modifying
the conditions in Franceschin et al. [22], to keep a minimum ∆T of 10 ◦C for each evaporation unit.
The syrup and the solid fraction coming from the evaporators and decanter, respectively, were sent to
the dryer, which worked at 103 ◦C at 1 atm, to obtain the main side product, DDGS, which is sold as
animal feed [20]. Storage vessels for grain and products were assumed to have 3 days retention time,
except CO2, which was assumed to be sold directly.
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2.1.2. Filamentous Fungi Integration into Base Case

Integration of N. intermedia (Case A)

In this process, thin stillage, the liquid fraction following the solid–liquid separation of whole
stillage in the decanter, was used as the nutrient medium for fungal cultivation. Fungal cultivation was
carried out at 35 ◦C with a 0.1 h−1 dilution rate in a reactor with 10 h retention time. Air was provided
to the reactor at 0.5 vvm (volume per volume per minute), functioning as mixing agent and O2 source
for the aerobic filamentous fungi. After the cultivation, the medium was sent to the decanter, where
the fungal biomass was separated from the liquid fraction. The liquid fraction containing ethanol
was partly reused in the process. Similar to the base case, where 15% of thin stillage was used as
backset water, 15% of this liquid fraction was sent to the mixing tank prior to the 1st liquefaction
unit. The remaining part of the liquid was used as cooling water in the heat exchanger and then sent
to the evaporators. The concentrated stream, syrup, was sent to the dryer together with the fungal
biomass, constituting 1.4% of the total solids in dried fungal biomass. The vapor streams coming
from evaporators were reused as process water. It was sent to the slurry tank, where milled wheat
was mixed with water. As all the liquid fraction coming from fungal cultivation was reused in the
process, the ethanol content produced by filamentous fungi passed through the process units, such as
liquefaction, saccharification, and fermenter, where it joined to the ethanol produced by S. cerevisiae
and separated in the following process units distillation columns and dehydrator. During the fungal
cultivation of thin stillage, additional ethanol, fungal biomass, and CO2 of 5 g/L, 16 g/L, and 10.28 g/L,
respectively, were produced according to the experimental study carried out by Ferreira et al. [10].
Hence, in addition to the main product ethanol, protein-rich biomass as a potential feed/food product,
fiber-rich DDG (dried distillers’ grains) as animal feed, and CO2 were also produced. Figures 1
and 2 show the block flow diagram and Aspen Plus process flowsheet of this process, respectively.
It should be noted that in a previous study [19], DDG and fungal biomass have been considered as one
single product.
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process where fungal cultivation was carried out by Neurospora intermedia in Case A and by Aspergillus
oryzae in Case B.
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Integration of A. oryzae (Case B)

In this scenario, the effect of using another filamentous fungal species, which produced higher
biomass and less ethanol than the fungus used in case A, was analyzed in terms of process economics.
While the process conditions were kept the same as those in case A, using A. oryzae in fungal cultivation
resulted in 19 g/L biomass, 2 g/L ethanol, and 8.44 g/L CO2 [10]. In the fungal cultivation reactor,
the stoichiometry of the bioconversion reaction was modified, according to the production rate in
experimental results.

2.2. Economic Analysis

In order to carry out the economic analysis, Aspen Process Economic Analyzer (v.11) (Aspentech,
Burlington, MA, USA) was used. The simulation prepared in Aspen Plus was imported to Aspen Process
Economic Analyzer (APEA), where the investment analysis settings were defined. For the reactors and
storage tanks, the interactive sizing was used in order to set the retention times. All equipment was
made of stainless steel, except the crusher, which was made of carbon steel.

In Table 1, the investment parameters are presented [19], and the remaining parameters were
used as the default values of the program. Raw material and product prices, as well as the utility unit
costs, are shown in Table 1. Raw material costs and product prices were according to current prices,
and the utility costs were according to Turton et al. [23]. The cost index used in this study belongs to
2018 (Chemical Engineering Plant Cost Index).

Table 1. Settings used for economic analysis.

Type Assumption

Annual processing capacity 150,400 tons grains/year

Cost index 2018

Annual operating time 8000 h

Depreciation method Straight line

Working capital 15%

Tax rate 30%

Interest rate 6%

Lifetime of the plant 20 years

Salvage value 5%

Electricity 1 0.0674 kW/h

Cooling water 1 0.177 USD/m3

Low Pressure Steam 1 0.00422 USD/kg

Medium Pressure Steam 1 0.00556 USD/kg

Grains 2 195.3 USD/ton

Water 2 0.4 USD/m3

Carbon dioxide 2 0.1 USD/kg

Ethanol cost 2 1.1571 USD/kg

DDGS cost 2 0.4 USD/ton

α-amylase 2 10 USD/kg

Glucoamylase 2 3.5 USD/kg

Wastewater treatment 1 0.041 USD/m3

1 According to Turton et al. [23]; 2 Current prices.
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2.3. Sensitivity Analysis

Sensitivity analysis was performed on the filamentous fungi integrated process with the higher
ethanol producer (Case A) fungal strain. The capacity of the process was changed in the range of
50–250%, where 100% was the initial capacity. Besides, the effect of price variation for grains, ethanol,
fungal biomass, and DDG was analyzed for both Case A and Case B. The potential of different markets
was presented, and how the economy of the process is affected by targeting different market options
was analyzed with a special focus on fungal biomass.

3. Results and Discussion

In dry-grind ethanol plants, co-product production is necessary for plant feasibility [24]. Two main
products of dry-grind ethanol plants are ethanol (fuel) and DDGS (animal feed). The existence of two
products contributes to the process feasibility as the cost of the process is distributed over them. In the
previous studies, the economic evaluation of a conventional dry-grind ethanol plant is shown to be
profitable [19,20]. Similarly, in this study, the economic evaluation of the base case scenario, which is a
currently operating dry-grind ethanol plant, resulted in 51.4 million USD capital cost, 363 million USD
NPV after 20 years, and 4.72 years of payback period (PBP).

The introduction of new by-products can improve the economy of the process. There is a manifold
of experimental studies on the improvement of the co-products of dry-grind ethanol plants; however,
few studies are available, which focus on techno-economic analysis. In a previous study, thin stillage
has been valorized through filamentous fungi cultivation [19]. In this study, the analysis of market
opportunities was investigated further. The effect of selling the cost of co-products, depending on the
end market, within the feed and food sectors was analyzed. Moreover, the effect of using a different
fungal strain with different product yields was investigated. In the sensitivity analysis, the process
capacity and the price of raw material and products were altered. A comparison of the robustness of
these processes towards the price fluctuations was performed.

3.1. Integration of Filamentous Fungi to Ethanol Process (Case A)

In this process, the sidestream of the ethanol plant is valorized by filamentous fungi cultivation.
In the bioethanol process, the fermentation mash goes into distillation columns, where the ethanol and
the residuals (whole stillage) are separated. Filamentous fungi cultivation can be carried out, either
on whole stillage or the liquid fraction of whole stillage (thin stillage). In this study, thin stillage was
sent to a reactor, where the fungi, in this scenario, N. intermedia, converted the residual sugars into
ethanol and protein-rich fungal biomass. On the other hand, the solid fraction of the whole stillage
was sent to the drier to produce dried distillers’ grain (DDG). Hence, the common single product
DDGS was replaced by two by-products. DDG is rich in fibers, and it can be used in the formulation of
cattle feed [7]. On the other hand, the fungal biomass contains high levels of protein. In this study,
the chosen fungi gave rise to biomass containing around 50% protein on a dry weight basis.

This food-grade and high protein content fungal product can be used in different applications.
It can be used as a protein-rich animal feed ingredient, e.g., pig feed, fish feed, etc. Shi et al. [25] stated
that Aspergillus niger improved the nutrient quality of rapeseed meal and wheat bran as well as their
digestibility when fed to pigs. Considering the need for replacement of fishmeal in fish feed and
appropriate protein content of fungal biomass for this replacement [26], the fish feed market is another
potential application of this fungal product. Moreover, other fungal biomass compounds, such as
fatty acids, vitamins, essential amino acids, and immunostimulants, such as chitin and chitosan, make
fungal biomass an interesting replacement for fishmeal. Besides, the pigment production capability of
certain filamentous fungi, such as N. intermedia [26,27], makes the fungal biomass a potential alternative
to fishmeal, concomitantly replacing the need for synthetic pigments addition in fish feed. On the
other hand, if the fungal biomass is mixed with the cultivation medium, the fiber content of the end
product should be appropriate for fish consumption due to the negative effect on digestion [26].



Fermentation 2020, 6, 99 8 of 17

If this ethanol plant is classified as a food producer, and the fungal biomass can be obtained in
high quality, fungal biomass can be used as human food, similar to the commercial examples [28].
On the other hand, prior to consumption by a human, the product should go through downstream
processing in order to reduce the nucleic acid content. Unlike fish, in mammals, such as pigs, humans,
etc., high nucleic acid content may cause health problems, such as kidney stone formation, due to the
lack of uricase enzyme production [26].

Integrating the fungal cultivation into the ethanol plant led to a 46.7 million USD increase in NPV
after 20 years and PBP of 4.40 years, while the capital cost increased by 1.94 million USD. The results
showed a similar trend, as reported by a previous study [19], where the NPV after 20 years and PBP
are reported as 78 million USD and 13 years and as 109 million USD and 11 years for the base case
and fungi integrated case, respectively. Furthermore, the capital cost increased by 1.2 million USD
following integration. However, the difference is mainly because of the prices used in this process.
The raw material and product prices were updated according to current prices. The utility prices, such
as electricity, steam, and cooling water, were used according to Turton et al. [23]. The results in terms
of the changes in PBP and NPV were in accordance with Rajendran et al. [19] when the same prices
were used.

Economic analysis results of the base case and fungi integrated case were not very different;
however, a higher NPV and slightly shorter PBP were obtained from the same process, even though
1.94 million USD additional capital investment was needed. Similarly, Wood et al. [29] reported that
additional co-products, such as corn oil, distillers’ wet grains (DWG), and DDGS, provided higher
profit. In a similar study, Wood et al. [24] stated that the existence of co-products as of 80% of corn oil
extraction and 33% DWG production increased profitability. In this study, gross profit (total product
sale-annual operation cost) was 14% higher for Case A than that of the base case.

3.2. Sensitivity Analysis

Effect of Capacity Changes

The same process, but in different capacities, exhibits different results in terms of investment
parameters. The location of the plant and ease of access to raw materials and utilities and the potential
of selling products reaching the target market can be effective factors upon deciding the plant capacity.
On the other hand, the capital investment of the plant, which changes by the capacity, and the length of
time that the money invested that can be gained back are significant decision parameters for investors.
Hence, a capacity change analysis was carried out to present the opportunities for various conditions.
The capacity changes applied were a reduction of 50% in capacity and an increase of capacity by 150%,
200%, and 250%. Capacity with 100% refers to the initial process, which operates 8000 h/year and has
150,400 tons of grain annual processing capacity. In Table 2, the capacity change is shown in detail.
Besides, the investment analysis results for each different capacity is shown in Figures 3 and 4.

Table 2. Impact of capacity changes on the output from filamentous fungi integrated process (Case A)
into an ordinary dry-grind bioethanol plant.

Capacity
Change

Annual Grain
Processing Capacity

(ton/year)

Annual Ethanol
Production
(ton/year)

Annual Protein-Rich
Fungal Biomass

Production (ton/year)

Annual DDG
Production
(ton/year)

Annual CO2
Production
(ton/year)

50% 75,200 21,475.08 19,334.31 12,291.41 19,755.98
100% 150,400 42,950.16 38,668.62 24,582.82 39,511.95
150% 225,600 64,425.25 58,002.93 36,874.23 59,267.93
200% 300,800 85,900.33 77,337.24 49,165.64 79,023.90
250% 376,000 107,375.41 96,671.55 61,457.05 98,779.88
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The increasing capacity also caused an increase in capital investment. The results showed that
with 37.21 million USD capital investment, a profitable plant could be operated with 5.94 years of PBP
and 171.5 million USD NPV after 20 years of operation. In other words, the investment required for
producing one kilogram of ethanol was 1.73 USD/kg ethanol. On the other hand, if the conditions
were available and 101.1 million USD could be invested, NPV reached 2.74 times higher than the initial
capacity, and the capital investment could be gained back within 3.67 years. Although the capital cost
increased by increasing capacity, the investment required for producing 1 kg of ethanol was reduced to
0.94 USD/kg ethanol. Similar to the results obtained in the study carried out by Rajendran et al. [20],
where the effect of the capacity change on base case process was investigated, the more the capacity
was increased, the more the process became profitable. The cash flow diagram of processes with
different capacities is shown in Figure 4.
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3.3. Effect of Price Changes on the Process Economy

The cost of raw materials and product selling prices has a significant impact on the process
economy. Raw material and product price fluctuations depend on various reasons, such as the yield
of crops per hectare [30]. Climate changes and cereal diseases are also potential factors affecting the
yield of crops [31], specifically wheat grains in this study. On the other hand, the factors affecting grain
prices, such as unexpected global economic instabilities, due to exceptional conditions, were not in the
scope of this study.

The price changes, as presented in Table 3, were applied to Case A and Case B. Inconstancy
of raw material prices, in particular grain prices, has the potential to change severely the process
profitability. Rajendran et al. [20] stated that increasing the cost of grains by 50 USD/ton (initial grain
price is 300 USD/ton) in the process, which corresponded to the process of base case scenario in this
study, resulted in a non-profitable process. In the last 8 years (2010–2018), the grain prices changed
up and down in the range of 131.8 USD/ton and 195.3 USD/ton in Sweden [32]. Hence, a bioethanol
process should be robust to increasing grain prices, at least of up to 64 USD/ton increase, reported
for a time period, which is half of the process operation time. Thus, in this study, the sensitivity of
the process to the grain prices was analyzed by changing the prices from the current price, namely
195.3 USD/ton, to the potential changes, such as 100 USD/ton and 300 USD/ton. The economic analysis
results, such as NPV and PBP, are shown in Figure 5a. When the grain price was 100 USD/ton, NPV
after 20 years reached 574 million USD, and PBP was of 3.28 years. When the grain price was increased
to 300 USD/ton, PBP became longer, of up to 7.25 years, and NPV reduced to 44% less than the
initial process. Wood et al. [29] stated that increasing the grain price two times higher resulted as
non-profitable, supporting the significant effect of grain prices.

The process economy is also affected significantly by the changes in product selling prices.
Especially the changes in the main product prices have a higher effect on profitability. As the main
product of this biorefinery, the effect of the ethanol selling price was analyzed. The selling price of fuel
ethanol also differs from one country to another. While the selling price of fuel ethanol is 1.119 USD/liter
in Sweden [33], it is sold at 0.468 USD/ liter in the USA [34]. The current price in Sweden was used
in the initial process. However, the sensitivity of the process to the ethanol price was analyzed by
decreasing and increasing the ethanol prices by 50%, simulating the scenario when the ethanol prices
decreased approximately to the selling price in the USA or reached a higher price in the same ratio.
The results are shown in Figure 5b. When the ethanol was sold at 0.58 USD/kg, the process was still
profitable; however, the NPV after 20 years decreased by 72% in comparison to that of the initial case,
and the PBP became the longest in all scenarios, namely, of 10.3 years. When ethanol was sold at
1.74 USD/kg, the NPV increased 1.72 times, and the PBP was reduced to 3.07 years.

Table 3. Price changes of raw material and products in each scenario in the sensitivity analysis.

Material Scenario Price (USD/kg)

EtOH
(−50%) 0.5785305

Case A and Case B 1.157061
(+50%) 1.7355915

Fungal Biomass

Pig feed market 0.4
Case A and Case B 0.5
Fish feed market 1

Human food market 4

DDG
(−) 100 USD/ton 0.2

Case A and Case B 0.3
(+) 100 USD/ton 0.4

Grain
Lowest price 0.1

Case A and Case B 0.1953
Highest price 0.3
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The effect of DDG price change on the economy of the process was also analyzed. The price
of DDG was varied in the range of 200–400 USD/ton. According to the results shown in Figure 5c,
changing the selling price of DDG had a minor effect on the process economy, comparing to price
changes of other products. The NPV, after 20 years, changed by ± 7.14%.

The protein-rich fungal biomass has the potential to reach various markets. Indeed, the high
protein content of the product has the potential to carry the biomass from by-product to the main
product category of the process. This high protein-containing product can find a place in various
animal feed markets, such as fish feed, pig feed, etc., as well as in the human food market. Using
protein-rich biomass obtained from fungi or bacteria as fish feed ingredient has been a topic of interest
in research, and there is even industrial production [35–37]. Bacterial protein meal (BPM) obtained
from natural gas-consuming bacteria can be used as a fish feed ingredient in the EU legally since
1995 [37]. Norferm is an example of a microbial protein-rich animal feed product, which is already on
the market. The same BPM is also appropriate for chicken, pigs, and foxes, in addition to fish [37].
Considering the protein content requirement of fishmeal [26], fungal biomass with approximately 50%
of protein content can also be a good substitute as a fish feed ingredient [6,10]. If the fungal biomass can
be produced in high quality, it can also be sold in the human food market. Similar to the commercial
product QuornTM mycoprotein [28,38], which is obtained from Fusarium venenatum, the filamentous
fungi used in this study are also edible and had been a part of traditional cuisine for a very long
time [39,40]. Unlike the commercial examples, the product to be sold is produced from a sidestream of
the bioethanol process, where the low-value product is converted to a value-added product.

In the sensitivity analysis, the effect of reaching various markets with various selling prices on the
process economy was analyzed, and the results are shown in Figure 5d. In Table 3, the potential market
and price assumption are shown. The price range for fungal biomass was assumed to be varying in
the range of 0.4–4 USD. If the biomass was sold as a protein-rich ingredient for pig feed, NPV after
20 years obtained was of 364 million USD, and the PBP was 4.79 years. If the biomass was sold in the
fish feed market as a protein-rich fish feed ingredient, NPV after 20 years increased by 56%, while the
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PBP decreased to 3.27 years. If high-quality protein-rich biomass was sold in the human food market,
NPV after 20 years was 4.93 times higher than the initial value, while the PBP was 1.79 years. With the
current price of ethanol, in any market, where biomass is sold above 1.3 USD/kg, the biomass is the
main contributor product to the process economy.

3.4. Using an Alternative Fungus with Different Biomass and Ethanol Yields (Case B)

Each fungal strain has its own optimum conditions, and each can provide different results
regarding the growth profile and metabolites they produce. Ferreira et al. [10] studied various
filamentous fungi in order to valorize thin stillage. Among them, N. intermedia was the best ethanol
producer, while A. oryzae provided higher biomass but less ethanol concentrations. Since the total
product sales have a significant effect on the process economy, this higher biomass producer fungus
was used in this scenario (Case B) in order to analyze the effect. A. oryzae can produce 19 g/L biomass
and 2 g/L ethanol [10] under the same conditions as the fungus used in Case A. The reaction in the
fungal cultivation reactor was changed according to the experimental results, while the rest of the
process conditions were kept the same wherever it is applicable. This resulted in an annual increase of
1318 ton/y fungal product, while the annual ethanol production decreased by 963 ton/y in comparison
to that of Case A. The comparison of investment analysis results of Case A and Case B is shown
in Table 4.

Table 4. Investment analysis results of the fungi integrated process (Case A and Case B).

Scenario Case A Case B

Capital cost (million USD) 53.32 53.21
Operating cost (million USD)/year) 47.52 47.22
Product sale (million USD)/year) 80.36 79.90
NPV after 20 years (million USD) 409.59 407.28

PBP (years) 4.40 4.40

Increasing the fungal biomass concentration and reducing ethanol concentrations did not cause
a big change in the process economy. The total revenue and the NPV after 20 years decreased by
0.46 million USD and 2.3 million USD, respectively, while the PBP was not affected. This result
indicated that the decrease in ethanol production was compensated by increased fungal biomass
production up to a certain point; however, it could not prevent the decrease in total revenue and NPV
with the current prices. Although the investment analysis results were not very different among these
two cases, Case B had the potential to make a difference in process profitability if the biomass was sold
at a higher price.

In order to observe the effect of reaching various markets for the fungal product and analyzing
the sensitivity of the process towards price changes in raw material and product prices, the price
fluctuations shown in Table 3 were applied to Case B. The most striking results were for ethanol
and biomass price changes. When the ethanol was sold at a 50% lower price, it was observed that
4.44 million USD higher NPV than that in Case A was obtained at the end of 20 years. On the other
hand, increasing the ethanol price resulted in 9 million USD lower NPV after 20 years. The reason
for being more robust to the ethanol price decrease but getting more affected by the higher ethanol
prices was the lower ethanol production and higher fungal biomass production, contributing to the
process economy.

When the fungal biomass was sold in different markets, the profitability of the process showed
differences between Case A and Case B. The results indicated that if the target market was pig feed,
Case A became more favorable, with 3.88 million USD higher NPV after 20 years. On the other hand,
if the target markets were fish feed or human food, Case B provided 5.53 million USD and 52.6 million
USD higher NPV at the end of 20 years, respectively. Since fungal biomass production was higher in
Case B, the alteration in fungal biomass selling price originated a stronger impact. Although it might
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not be favorable in lower selling prices, the process benefitted from selling in high-value markets.
In Case B, a selling price above 1.23 USD/kg made the fungal biomass the main product of the process.
In Figure 6, the best scenarios of Case A and Case B are shown in comparison to the base case. While the
base case had 363 million USD NPV after 20 years, Case A and Case B, both considering the human
food scenario, provided 5.56 and 5.71 times higher NPV, respectively. Case A, considering the human
food scenario, had 485% higher gross profit than the base case.
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In addition to all scenarios with the single price change, the comparison of the base case, Case A,
Case B and the prominent scenarios of these cases (Case A and Case B considering human food
scenario) was carried out regarding the resistance of the processes towards ethanol and grain price
changes. Increasing grain price influenced the process economy significantly. Hence, the resistance
to the grain price change of the five scenarios was compared. Each scenario was compared to its
sub-scenario, where the grain price was increased to 300 USD/ton. When each scenario was compared
to their sub-scenarios, the percentage decreased in NPV after 20 years, presented in Figure 7. The most
critical change was observed in the base case with a 49% decrease in NPV after 20 years, while the least
affected scenario was Case B human food scenario with an 8.7% decrease.

The lowered selling price of ethanol resulted in the least preferable economy. In order to compare
the sensitivity of the processes to ethanol selling price, a scenario, which had the lowest ethanol price
and the highest fungal biomass selling price in the human food market, was analyzed. The results are
shown in Figure 8a,b. In Figure 8a, four scenarios are compared. A reduction of 50% in the ethanol
price in Case A led to a decrease of 72% in NPV after 20 years. However, if the fungal biomass was
sold in the human food market, the same change in ethanol price resulted in only a 15% decrease in
NPV. Figure 8b shows the same changes for Case B, which had similar results with Case A, only with
slightly higher robustness to ethanol selling price change. Selling the ethanol at a lower price affected
the initial Case B by a 71% decrease in NPV after 20 years, while it decreased 14% when the fungal
biomass was sold in the human food market. Hence, selling the co-product in a higher value market
increases the total revenue, which results in a more robust system towards the ethanol price fluctuation.
In other words, it can make ethanol more competitive in the fuel market.
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Figure 7. Comparison of the robustness of scenarios to the grain price increase. Each scenario (base
case, fungi integrated process (Case A), fungi integrated process (Case B), fungi integrated process
(Case A) human food scenario, fungi integrated process (Case B) human food scenario) was compared
to their sub-scenarios where the grain price was increased to 300 USD/ton, and the percentage decrease
in NPV is shown for each of them.
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selling price by 50% on fungi integrated process (Case B) and fungi integrated process (Case B) human
food scenario.

First-generation ethanol production has been the focus of the “Food vs. Fuel” debate for a long.
Now with this strategy, not only ethanol with an increased concentration but also feed/food is produced.
The amount of feed/food ingredient produced does not compensate for the amount of grain used;
however, the high protein content of the product might bring another dimension to this debate since
the demand for protein sources is increasing in line with an increasing world population.

4. Conclusions

Based on different evaluated scenarios in this work, the integration of filamentous fungi into 1st
generation bioethanol plant improved the process economy. Depending on the target product, the most
suitable fungal strain should be chosen. If the focus was on additional ethanol production with current
prices initially set, the process using N. intermedia was the more favorable option. However, using
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A. oryzae for fungal biomass production provided the most profitable result when the product was sold
in the human food market. This was also the most robust system against the change in ethanol and
grain prices. The proposed systems could both allow the ethanol to take a competitive place in the fuel
market due to lower selling price made possible and concomitantly provide an alternative source of
protein for the increasing demand for food/feed.
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30. Denčić, S.; Pejin, D.; Zekić, V.; Mojović, L.; Pejin, J.; Vukoje, V.; Nikolić, S. A comparison of the costs of
bioethanol production from triticale, wheat and maize. Rom. Agric. Res. 2012, 29, 261–269.

31. Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The global burden of
pathogens and pests on major food crops. Nat. Ecol. Evol. 2019, 3, 430–439. [CrossRef]

32. Statista: Producer Prices of Winter Wheat in Sweden from 2010 to 2018 (in SEK per 100 Kilograms). Available
online: https://www.statista.com/statistics/564554/producer-prices-of-winter-wheat-in-sweden/ (accessed on
23 May 2020).

33. Sweden Ethanol Prices. Available online: https://www.globalpetrolprices.com/Sweden/ethanol_prices/
(accessed on 23 May 2020).

34. USA Ethanol Prices. Available online: https://www.globalpetrolprices.com/USA/ethanol_prices/ (accessed
on 23 May 2020).

35. Bankefors, J.; Kaszowska, M.; Schlechtriem, C.; Pickova, J.; Brännäs, E.; Edebo, L.; Kiessling, A.; Sandström, C.
A comparison of the metabolic profile on intact tissue and extracts of muscle and liver of juvenile Atlantic
salmon (Salmo salar L.)—Application to a short feeding study. Food Chem. 2011, 129, 1397–1405. [CrossRef]

36. Bhandari, R.K.; Ushikoshi, I.; Fukuoka, H.; Koide, N.; Yamauchi, K.; Ueda, H. Effects of Rhizopus extract
administration on somatic growth and sexual maturation in lacustrine sockeye salmon Oncorhynchus nerka.
Fish. Sci. 2002, 68, 776–782. [CrossRef]

37. Storebakken, T.; Baeverfjord, G.; Skrede, A.; Olli, J.J.; Berge, G.M. Bacterial protein grown on natural gas in
diets for Atlantic salmon, Salmo salar, in freshwater. Aquaculture 2004, 241, 413–425. [CrossRef]

http://dx.doi.org/10.3923/ajft.2011.103.116
http://dx.doi.org/10.1080/21655979.2020.1768694
http://www.ncbi.nlm.nih.gov/pubmed/32449450
http://dx.doi.org/10.3390/foods9081112
http://dx.doi.org/10.3390/en9050359
http://dx.doi.org/10.1007/s00449-014-1278-2
http://dx.doi.org/10.1016/j.cherd.2008.01.001
http://dx.doi.org/10.1111/asj.12457
http://www.ncbi.nlm.nih.gov/pubmed/26434567
http://dx.doi.org/10.3390/su10093296
http://dx.doi.org/10.3390/fermentation4010011
http://dx.doi.org/10.1007/s00253-002-0931-x
http://dx.doi.org/10.1016/j.indcrop.2014.03.001
http://dx.doi.org/10.1038/s41559-018-0793-y
https://www.statista.com/statistics/564554/producer-prices-of-winter-wheat-in-sweden/
https://www.globalpetrolprices.com/Sweden/ethanol_prices/
https://www.globalpetrolprices.com/USA/ethanol_prices/
http://dx.doi.org/10.1016/j.foodchem.2011.05.081
http://dx.doi.org/10.1046/j.1444-2906.2002.00493.x
http://dx.doi.org/10.1016/j.aquaculture.2004.07.024


Fermentation 2020, 6, 99 17 of 17

38. Wiebe, M.G. Quorn TM myco-protein-overview of a successful fungal product. Mycologist 2004, 18, 17–20.
[CrossRef]

39. Kobayashi, T.; Abe, K.; Asai, K.; Gomi, K.; Juvvadi, P.R.; Kato, M.; Kitamoto, K.; Takeuchi, M.; Machida, M.
Genomics of Aspergillus oryzae. Biosci. Biotech. Biochem. 2007, 71, 646–670. [CrossRef]

40. Sastraatmadja, D.D.; Tomita, F.; Kasai, T. Production of high-quality oncom, a traditional Indonesian
fermented food, by the inoculation with selected mold strains in the form of pure culture and solid inoculum.
J. Fac. Agric. Hokkaido Univ. 2002, 70, 111–127.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1017/S0269915X04001089
http://dx.doi.org/10.1271/bbb.60550
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Modeling 
	Process Description 
	Base Case 
	Filamentous Fungi Integration into Base Case 

	Economic Analysis 
	Sensitivity Analysis 

	Results and Discussion 
	Integration of Filamentous Fungi to Ethanol Process (Case A) 
	Sensitivity Analysis 
	Effect of Price Changes on the Process Economy 
	Using an Alternative Fungus with Different Biomass and Ethanol Yields (Case B) 

	Conclusions 
	References

