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Abstract: The stimulation of renewable fuel production is related to the environmental issues
resulting from the extraction and utilization of fossil fuels. Although corn-based ethanol is one of
the leading renewable fuels and promises to mitigate these environmental impacts, it generates
large volumes of wastewater with high concentrations of organic material (CODcr > 30,000 mg/L)
and low pH (3.5–4.5), which leads to serious environmental concerns. A common method of
treatment of distillery wastewater is the Dry Distilled Grain Soluble (DDGS) process, which
separates liquid and solid fractions; however, a disadvantage of this process is its high energy
consumption. Other commonly implemented methods are often costly and not environmentally
safe. To minimize these problems, a flocculation process can be applied as a potential lower energy
consumption process utilizing bioflocculants, which have been proven harmless to the
environment. Therefore, the main goal of this study was to analyze the economic and environmental
impacts of using bioflocculants instead of evaporation process in a corn-based ethanol plant. The
procedures were evaluated by analyzing the Life Cycle Assessment (LCA) and Techno-Economic
Analysis (TEA). From the results, it can be seen that the flocculation system can be an alternative
process for effectively minimizing energy consumption during the production of DDGS, Distilled
Wet Grains with Solubles (DWGS), and corn oil. The flocculation process achieved a significantly
(28%) lower utility cost when compared to the conventional system. However, the overall fixed costs
and annual operating costs for the flocculation system were higher than those of the conventional
system. Additionally, both processes resulted in negative profit and a sensitivity analysis showed
that the feedstocks cost substantially impacted the DDGS, DWGS, and corn oil production costs.
Related to environmental aspects, the LCA results showed that the flocculation process achieved
the lowest Global Warming Potential (GWP) of the several electricity supply technologies analyzed
and presented a significant reduction in CO2 equivalent emissions when compared to a conventional
system. The flocculation process resulted in approximately 57% lower greenhouse gas emissions.
Keywords: ethanol; wastewater; bioflocculants

1. Introduction
Consumption of liquid fuels has increased significantly over the last few decades, with annual
global oil consumption expected to reach 100 million barrels per day by 2019 [1]. Researchers have
therefore expended their efforts toward developing sustainable technology for producing liquid fuels
with features such as energy source diversity, mitigation of greenhouse gas (GHG) emissions, and
minimization of other pollutants that can negatively impact both the environment and inhabitants’
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health [2]. Among the “first-generation biofuels,” ethanol, biodiesel, and pure plant oil (PPO) are the
most common biofuels [3].
Ethanol is produced from the fermentation and distillation of sugar- or starch-based raw
materials, and can be used either as a pure fuel or blended with gasoline for spark-ignition vehicles
[4]. Many feedstocks can be used as raw material to produce ethanol. However, for producing ethanol
of the first generation, corn, sugarcane, and wheat are the most common feedstocks used. The two
major global ethanol producers, the United States and Brazil, use corn and sugarcane as feedstocks,
respectively [5].
Because of doubts related to the extent to which ethanol as a replacement for fossil fuels can
minimize greenhouse gas (GHG) emissions, several studies focusing on the biofuel life cycle have
been conducted to address this question [2,6–11].
The environmental impact of products and services in ethanol production can be evaluated
using Life Cycle Assessment (LCA), considering the whole product life cycle in addressing the
environmental issues of the product system. To evaluate the whole chain of one product or service
(cradle to grave), goal and scope definitions, inventory analysis, impact assessment, and
interpretation have to be considered as the four main LCA stages [12]. A Techno-Economic Analysis
(TEA) can be used for estimating the costs of a new technology.
With respect to ethanol production, the amount of wastewater produced and the techniques
used to manage its treatment are a consistent environmental concern. To achieve lower costs and
minimization of environmental impacts, different treatments have been tested, focusing on more
effective use of innovative treatment technologies [13].
Since the evaporation process is associated with high energy consumption, flocculation might
be an effective alternative for minimizing energy consumption and the consequent environmental
impact. Therefore, the main objective of this study was a life cycle assessment (LCA) and technoeconomic analysis (TEA) of the flocculation process as a replacement for an evaporation process in
ethanol production.
2. Ethanol and coproducts production
Distillers’ Wet Grains (DWG), Condensed Distillers’ Solubles (CDS), also known as “syrup,” and
the combined product Distillers’ Dried Grains with Solubles (DDGS) are the main coproducts
associated with corn ethanol production [14]. Nonfermentable coproducts, produced from a dry
grind process, are commonly in the form of distillers’ wet grains (DWG) or distillers’ dried grains
with solubles (DDGS), while coproducts in a wet milling process are in the form of corn gluten meal
or corn gluten feed [15].
For producing ethanol from corn, the corn must first be processed to break down its starch into
usable sugars. Dry grind processing, most commonly used to convert corn into ethanol, consists of
grinding the corn, using enzymes to convert the resulting starch into sugar, and using yeast to
ferment the sugar into ethanol [15,16]. Since in this process it is necessary to minimize the capital
investment, it is desirable to exploit the production of coproducts with low value [16].
Coproducts are considered to be additional sources of revenue to ethanol plants. DDGS usually
contains about 86%–93% (db) dry matter, 26%–34% (db) crude protein, and 3%–13% (db) fat, although
DDGS composition can vary among plants [17]. After examining the compositional differences in
DDGS from U.S. plants from 12 states, [18] stated that the ranges were: for dry matter, 87.9% to 90.6%:
for ash content, 4.2% to 6.6%; for protein content, 29.4% to 32.6%; for fat content, 9.6% to 12.8%; and
for crude fiber content, 6.7% to 9.3%.
3. The Flocculation process as a treatment for wastewater
A considerable amount of wastewater is generated in ethanol production from the corn ethanol
plant. Whn manufacturing each liter of ethanol, around 13 liters of wastewater are produced, which
presents a biological oxygen demand (BOD) of 18,000–37,000 mg/L, depending on the specific type
of plant production [19].
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Wastewater is typically compounded by solids not recovered either as primary products or
coproducts. A lack of wastewater treatment can be reflected in lost products or coproducts because
the wastewater from most food processes contain protein, vitamins, and minerals, possible sources
of animal feed [16].
Both physicochemical and biological methods have been developed for treating wastewater,
which presents a high chemical oxygen demand (COD), biochemical oxygen demand (BOD), organic
contaminants content, and dark color. These methods offer some disadvantages and limitations, such
as a minor effect on color removal and the high energy involved. However, some alternative methods
such as flocculation, coagulation, an advanced oxidation process, bacteria and fungi, and membrane
technology have been investigated [20].
Knowledge of wastewater properties is essential in designing a treatment process. For domestic
and industrial wastewater, a biological wastewater treatment, using microorganisms to degrade
pollutants under anaerobic or aerobic conditions is frequently considered a feasible and cost-effective
treatment method. In a biological treatment process, organic and inorganic compounds are
transformed into H2O, CO2, N2, etc., to accomplish the complete mineralization of wastewater
pollutants [21].
Mechanical removal of suspended particles, anaerobic treatment, aerobic treatment, and
recycling are other techniques that can be used to minimize the number of organic pollutants
contained in wastewater [4]. For a cellulosic biorefinery waste stream, [22] affirmed that lignin is the
main constituent remaining in the waste stream, in addition to 15 L of process water per liter of
ethanol produced. A study by [23] found remaining constituents of 79 wt % lignin, 8.3 wt % cellulose,
and 3.6 wt % hemicellulose. Wastewater also contains nonutilized fermentable sugars and process
chemicals, in addition to solid fractions, that form stillage [22].
The flocculation process could be a potential alternative to wastewater treatment from the
perspective of using the remnants efficiently. The main objective of the flocculation process is to form
aggregates that can be removed by a sedimentation or flotation process. The aggregates are originated
from the combination of individual destabilized colloidal particles, combined with others and with
the precipitate formed by the coagulant. Some crucial considerations in this process are the
flocculation time that governs the floc formation, and the flow velocity, which must be higher than
0.15 and lower than 0.5 m/min with a retention time of at least 30 min [24].
4. Flocculants in the flocculation process
In most cases, chemical flocculants can negatively impact the environment and health. Bio-based
flocculants, a type of biodegradable macromolecular flocculants, can advantageously replace
chemical flocculants by being biodegradable and less harmful to the environment [25,26].
Piazza et al. [27], based on their research, pointed out that flocculants can be used in a large
variety of processes to accomplish various objectives such as wastewater clarification, paper
manufacturing, dewatering and thickening in mineral operations, and filtration and centrifugation
aids.
Bio-based flocculants can either be produced by microorganisms such as bacteria and fungi, or
extracted from natural resources, such as trees [28]. Zhao et al. [25] studied the production and
optimization of bio-based flocculants by using wastewater supernatant from corn straw and molasses
wastewater from anaerobic digestion (AD) to remove heavy metals. They produced relevant results
and concluded that such wastewater could be used to produce bio-based flocculants for effectively
removing heavy metals from electroplating wastewater.
Studies have shown that animals’ blood, such as bovine and porcine blood, and purified bovine
hemoglobin can serve as effective flocculants of clay at pH values lower than the protein isoelectric
point, which indicates that protein must have a net positive charge [29,30]. Chicken blood was tested
as a substitute for synthetic flocculants by Piazza et al. [27], with results showing that chicken blood
fractions performed similarly to or better than the anionic polyacrylamide (PAM), a polymeric
flocculant widely used because of its low toxicity to aquatic life. These authors analyzed various
fractions of chicken blood: the supernatant from centrifugation of whole blood at 5200 × g (2 × 10
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min), the supernatant from centrifugation of heated whole blood was stirred on a hot plate at about
1 °C per minute, until the temperature reached 75 °C, when coagulation occurred, subsequently
centrifuged at 5200 x g (2 x 30 min), followed by a dehydration process. The authors estimated the
production costs of flocculants from chicken blood to be $0.77 per pound ($1.77/kg).
5. Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA)
For ethanol processes, life cycle assessment (LCA) has been used to assess the environmental
impact of its products and services, focusing on greenhouse gas (GHG) emissions and energy balance,
with less attention paid to the wider range of environmental impacts [11,31,32]. Depending on the
purpose of such analysis and interpretation, the life cycle assessment (LCA) of greenhouse gas (GHG)
emissions calculations should conform to International Standards Organization (ISO) standards
guidelines ([32]. The ISO has defined both principles and a framework (ISO 14040, 2006) , set
requirements, and provided guidelines for LCA (ISO 14044, 2006).
Quantification and evaluation of the environmental performance of a product, process, or
activity from “cradle to grave” is a principal objective of life cycle assessment (LCA); another aim is
to help decision-makers in choosing among alternative products or processes to achieve minimum
levels of greenhouse gas (GHG) emissions [33].
Techno-economic analysis is a tool used to reveal the total cost of a process, and can be used for
analyzing optimization efficiency of a new process or technology applied in a system. Some common
criteria used in techno-economic analysis are cash flow, discounted cash flow, net present value
(NPV), internal rate of return (IRR), payback period (PP), and sensitivity analysis [34]. Thus, when
related to potential environmental impacts, techno-economic analysis and assessment can be used to
identify the most promising technologies that can be applied to the system under study [35].

6. Methodology
A corn-based ethanol plant was used in this study, simulating the replacement of evaporation
process by the flocculation process as a new technology for minimizing energy consumption and
consequently minimizing the end-user cost of the products. The USDA model for a 40 million gal/y
dry grind corn ethanol plant, created by Kwiatkowski et al. [36] using SuperPro Designer (Intelligen,
Inc., Scotch Plains, NJ, USA), was utilized as a basis for conducting the simulation.
Two scenarios were used to conduct a life cycle assessment (LCA) and techno-economic analysis
(TEA); simplified flow diagrams of both are shown in Figures 1 and 2. The first scenario was based
on a conventional corn-based ethanol plant that utilizes an evaporation process (Figure 1), and the
second scenario considered the substitution of the evaporation process by a flocculation process,
aiming to mitigate the energy consumption and maximize the environmental benefits when
compared to the first scenario (Figure 2).
Life cycle assessment was conducted considering the “gate-to-gate” environmental impacts of
producing corn-based ethanol coproducts, and the studied system includes whole stillage from
distillation to coproducts from ethanol production using the dry milling technology associated with
flocculation technology.
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Figure 1. Simplified flow diagram of a conventional corn-based ethanol plant flow chart (Scenario I).
The system boundary includes tanks, splitter, centrifuge, mixers, dryer, evaporator, and storage
systems.
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Figure 2. Simplified flow diagram of a corn-based ethanol plant with flocculation process (Scenario
II). The system boundary includes tanks, splitter, centrifuge, mixers, dryer, flotation, filter, and
storage systems.

7. Computer modeling
SuperPro Designer v10 (Intelligen, Inc.) was used to perform the economic model for
quantifying the processing characteristics, energy requirements, and equipment parameters,
considering each operating scenario. This industrial designing software determines the mass and
economic balance of each unit operation and of the whole system by providing the flow rate, chemical
composition, physical and economic properties of each stream. Techno-economic analysis (TEA) for
each scenario was conducted by using spreadsheet (MS-Excel) software based on SuperPro economic
outputs.
In the first scenario, the system boundary includes tanks, splitter, centrifuge, mixers, dryer,
evaporator, and storage systems. In the second scenario, the system boundary includes tanks, splitter,
centrifuge, mixers, dryer, flotation, filter, and storage systems, considering a corn-based ethanol
plant. The functional unit for greenhouse gas emissions in both scenarios was related to ton of whole
stillage processed (kgCO2eq/t of whole stillage processed) due to whole stillage being considered the
raw material used for both scenarios.
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8. Assumptions and Data Collection
Economic costs were calculated based on capital, variable, and fixed costs. Capital costs include
equipment costs, installation costs, electrical costs, piping costs, and construction costs, while variable
costs are associated with utility costs, labor costs, raw materials costs, maintenance and repair costs,
and other supply costs. Fixed costs include expenses related to insurance, depreciation, interest,
overhead, and taxes.
For both scenarios, the model was set up to operate on the basis of 330 d/y with a work schedule
of 24 h/d, considering time for maintenance and repairs and using a common ethanol plant
operational system [15]. The nominal capacity of the plant in the model was taken to be 2000 dry tons
(t) per day of raw material, similar to that in the study conducted by Dutta et al. [37].
For conducting the simulation, the thin stillage composition was based on the values published
by [38] and by [17]. It was assumed that the whole stillage contained 15% solids and the thin stillage
contained 10% solids. Chicken blood (CKB) was used as the flocculant in the flocculation process
used in the second scenario. The CKB blood composition values were based on the values stated by
Del Rio De Reys et al. [39]. Thin stillage and CKB blood compositions are listed in Table 1.
Table 1. Thin stillage and chicken blood compositions utilized to conduct the simulations, adapted
from values published by [17,38,39].

Nutrient
Starch
Crude
protein
NDF
Fat
Ash
Ethanol
Dry matter
Carbohydra
te

Thin stillage
(% DM
basis)
22.0

Chicken
blood
(% DM basis)
-

16.8

80.21

11.7
8.1
5.9
12.2
5.0

0.2
4.6
-

-

14.99

The required amount of CKB flocculant was calculated based on the thin stillage volumetric
flow, considering that 1 g of CKB flocculant was needed for each liter of thin stillage to be processed.
For the TEA model, the assumptions were: 20 years of plant lifetime, 30 months of construction
time, six months of startup time, 35% income tax, a 10-year depreciation period with 5% salvage value
of direct costs, 10% per year interest rate for debt financing, and 100% equity. The detailed material
and energy flow presented by the model and the unit costs used in the design report were used to
determine operating costs.
To estimate total capital costs for both scenarios (Table 2), the methodology utilized by Brown
and Brown [40] was followed.
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Table 2. Methodology and assumptions used for total capital cost investment estimations.

Parameter
Total Purchased Equipment (TPEC)
Purchased equipment installation
Instrumentation and controls
Piping
Electrical systems
Buildings (including services)
Yard improvements
Service facilities
Total Installed Equipment Cost (TIEC)
Total Indirect Cost (TIC)
Engineering
Construction
Legal and contractors’ fees
Total Installed Equipment and Indirect
Costs
Contingency
Fix Capital Investment (FCI)
Working Capital (WC)
Land Use
Total Project Investment (TPI)

Assumptions
100%
39% of TPEC
26% of TPEC
10% of TPEC
31% of TPEC
29% of TPEC
12% of TPEC
55% of TPEC
TPEC × sum of installation factors
(302%)
TPEC × sum of IC factors (89%)
32%
34%
23%
TIEC + TIC
(TIEC + TIC) × 20%
(TIEC + TIC + contingency) × Local
Factor
15% of FCI
6% of TPEC
FCI + WC + Land

Source: [40]

Fixed capital investment (FCI) was determined by the full cost of the facility that could be
depreciated, and was calculated considering the purchased equipment costs, installation costs,
indirect costs, and contingency, multiplied by a location factor (LF). According to [40], the location
factor reflects differences in dominating costs in other regions and countries by assuming that the
simulated facility is located in a region or country without an established refining industry. For this
study, the location factor was taken as 1.0 for both scenarios.
Variable costs were estimated based on [40] methodology. The raw materials cost ($/y) was
calculated according to Equation (1). Whole stillage and CKB blood were the raw materials
considered in the models; however, the cost for CKB blood was included only in Scenario II. While
[27] estimated the cost of flocculant production from CKB blood to be $0.77 per pound ($1.70 per
kilogram), since information about the whole stillage cost could not be found in the literature, in
conducting the TEA, the whole stillage price was calculated based on the protein‒fiber (%PF) ratio of
DDGS and the whole stillage, acknowledging that the DDGS price is based mainly on the protein
and fiber content. Thus, considering that DDGS had a 35% PF with an average price of $150.00/t in
January [41] and whole stillage had a 1.5% PF, the whole stillage price estimation was $6.43/t.

The capacity factor ( f 0 ) shown in the raw material cost equation was the fraction of time a facility
operates on an annual basis, which was calculated based on 330 working d/y.

𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡

$
= 𝐶 𝑥 𝑚 𝑥 31.5 𝑥 10 𝑥 𝑓
𝑦

(1)
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– unit cost of raw material ($/kg); 𝑚– feed rate (kg/s) of raw material into plant; 31.5 × 106

s/year corresponds to the total of seconds per year; 𝑓 – capacity factor of a facility.
The operating labor cost was considered to be $13.12 per hour [42] and the supervisor labor cost
was calculated as 10% of the operating labor cost. Utility cost was taken as the output value from the
economic report generated by the modeling simulation. Maintenance and repairs costs were
estimated as 2% of the total project investment (TPI). The variable costs subtotal was the sum of all
direct operating expenses. The standard electrical power cost was taken as $0.058/kW-h, by observing
the electricity price for the Iowa industrial sector [43].
Fixed costs included overhead, local taxes, and insurances, with overhead taken as 50% of the
sum of operating labor, supervision, and maintenance and repairs; local taxes were 1% of TPI; and
the insurance cost was calculated based on 0.4% of TPI. The annual capital charges represent the
annual payment of interest and principal on loan for total capital, calculated according to Equation
(2) [40].
𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒𝑠

where: 𝐶

$
= 𝐶
𝑦

𝑖 1 + 𝑖 /[ 1 + 𝑖

− 1]

(2)

– loan of capital (in the form of TPI); 𝑖 - annual interest rate of the loan (expressed as a

decimal fraction); 𝑛 - the payment period of the loan (years).
Annual operating costs are the sum of direct costs, indirect costs, and annual capital charges,
while the product cost represents the annual operating cost divided by the annual production output
[40]. The production cost of each coproduct (DDGS, DWGS, and corn oil) was calculated for both
scenarios.
Fixed capital estimate summary, a process summary, and profitability analysis are the most
important outputs from the model, pointing out that the unit production cost and unit production
revenue are the most significant results of the profitability analysis.
To estimate the profitability of each scenario, the profit/loss values were determined by
calculating the difference between the gross income and the total costs (Equation (3)). For each
coproduct, considering each scenario of production, the gross profit was estimated by assuming the
sale price, equal to the [41] market price multiplied by the production volume, and the total costs
were taken as the sum of total variable costs and total fixed costs.
𝑃𝑟𝑜𝑓𝑖𝑡/𝐿𝑜𝑠𝑠

$
= 𝐺𝑟𝑜𝑠𝑠 𝐼𝑛𝑐𝑜𝑚𝑒 − 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠
𝑦

(3)

The disposal of whole stillage from a corn-based ethanol plant at a wastewater treatment plant
was also considered. To conduct those calculations, some assumptions were made, such as choosing
the Des Moines Metropolitan Wastewater Reclamation Authority (WRA) as the location for stillage
disposal. Carbonaceous biochemical oxygen demand (CBOD), total suspended solids (TSS), and total
Kjeldahl nitrogen (TKN) were considered to be the most likely pollutants. According to the WRA, the
pollutants rate can be calculated using Equation (4). Pollutant costs were assumed to be consistent
with WRA values (CBOD equal to $0.11/lb, TSS equal to $0.16/lb, and TKN equal to $0.61/lb). Other
assumptions were that the whole stillage was to be disposed of at the wastewater treatment plant at
the rate of 2000 ton/d, 1 lb of carbohydrates equated 0.9 lb of CBOD, the whole stillage TSS was equal
to 25%, and the whole stillage TKN was 5,300 mg/L [44].

𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑟𝑎𝑡𝑒

𝑙𝑏
𝑚𝑔
= 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
∙ 8.34 ∙ 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑀𝐺𝐷)
𝐿
𝑑

(4)
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where: MGD is million gallons per day.
To evaluate the economic assessment, both the conventional system and flocculation system
were tested through a sensitivity analysis that varied the price of variable cost, fixed cost, and raw
materials (whole stillage and chicken blood flocculants) cost, one at a time, from ‒30% to +30%, and
DDGS, DWGS, and corn oil prices one at a time over the market price range. Sensitivity analyses are
commonly used to identify which process parameters have the most impact on the overall economics
of the process when costs and selling prices related to the evaluated parameters fluctuate under
economic and market conditions [42,45].
For conducting a life cycle assessment (LCA), the outputs from the SuperPro model related to
energy sources were used to calculate the carbon dioxide equivalent for each scenario by using a
Greenhouse Gas Equivalencies Calculator [46] and an emission conversion factor for greenhouse gas
inventories [47]. The environmental impact of DDGS, DWGS, and corn oil production processes were
considered. The LCA inventory includes detailed input and output amounts of substances.
Additionally, the Global Warming Potential (GWP) generated for each scenario, conventional system
and flocculation system, in kgCO2eq/kWh, was determined by comparing different energy sources
(coal, gas, biomass, geothermal, hydropower, nuclear, solar power, and wind).
9. Results and Discussion
Capital costs, the initial investments in the facility, were developed from the costs of individual
equipment items, instrumentation and control, process piping, insulation/electrical work,
engineering/construction costs, yard improvements, and services facilities. The capital costs for both
scenarios are shown in Figure 3. The costs per year related to the equipment values were provided in
2019 dollars.
Figure 3 shows that the overall fixed costs for Scenario I were about 10% lower than the overall
fixed costs of Scenario II because of the flocculation system cost in Scenario II. The calculated ratio of
the overall fixed costs for the flocculation system versus an evaporation system was determined to
be 1.10 for each parameter considered that contributed to the overall capital costs. Although the
evaporator, used in Scenario I, is considered an expensive piece of equipment, the flocculation
process actually requires more equipment such as a flotation tank, a heat exchanger, and a filter
instead of the evaporator. The costs related to the equipment in Scenario II were 20% more than those
of the conventional system (Table 3). The 20% difference between the equipment costs of the two
scenarios was calculated by the differences in the evaporation and flocculation equipment.
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Table 3. Equipment costs for conventional ethanol production (Scenario I) and flocculation system
(Scenario II).

Scenario I
Equipment
Blending tank
Blending tank
Component
Splitter
Rotary Dryer
Flow Splitter
Decanter
Centrifuge
Evaporator
Unlisted
Equipment*

TOTAL

Scenario II
Unit Cost
($)
251,000
236,000

Blending tank
Blending tank

Unit Cost
($)
251,000
236,000

458,000

Component Splitter

464,000

1,131,000
100,000

Rotary Dryer
Flow Splitter
Decanter
Centrifuge
Flotation Tank
Plate and Frame
Filter
Heat Exchanger
Unlisted
Equipment*
TOTAL

1,163,000
100,000

230,000
1,265,000
918,000

4,589,000

Equipment

230,000
722,000
846,000
14,000
1,007,000
5,033,000

*Unlisted equipment accounts for other secondary equipment that is not considered explicitly in the model.

30.000.000,00

Capital cost investments ($)

25.000.000,00
20.000.000,00
TPEC
TIEC
TIC
TDIC
FCI
TPI

15.000.000,00
10.000.000,00
5.000.000,00
-

1

2
Scenario

Figure 3. Overall fixed capital costs for Scenario I (evaporation process) and Scenario II (flocculation
process. TPEC—Total Purchased Equipment Cost; TIEC—Total Installed Equipment Cost; TIC—Total
Indirect Cost; TDIC—Total Direct and Indirect Costs; FCI—Fixed Capital Investment; and TPI—Total
Project Investment).

The total purchased equipment cost (TPEC) was $4,589,000 for Scenario I and $5,033,000 for
Scenario II; the Total Project Investment (TPI) for Scenario I was $25,036,700, while that for Scenario
II was $27,459,100. Considering the evaporator cost and the unlisted equipment cost for Scenario I,
and the flotation tank cost, the filter cost, the heat exchanger cost, and the unlisted equipment cost
for Scenario II, it can be observed that the cited equipment costs for Scenario I are about 85% of the
listed equipment costs for Scenario II.
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The annual operating costs for both scenarios can be seen in Figure 4; they reflect the impact of
the expenses associated with the facilities, labor, materials, and utility required for operation process
on the overall annual operating cost.
Figure 4 shows that the material and facility costs had a substantial impact on the overall annual
operating costs, followed by utility costs and labor costs for both scenarios. In Scenario II, material
costs represented 44.5% of annual operating costs, while in Scenario I it was around 32%. For both
models, the largest amount of material used was whole stillage, while for Scenario II, the CKB blood
flocculants reflected an additional material cost. Wood et al. [15] reported similar annual operating
costs results by analyzing 12 different scenarios of a TEA that considered a corn-based ethanol plant
in 2011‒12. Facility costs accounted for 45% and 40% of the annual operating costs for Scenario II and
Scenario I, respectively.

Proport o
i n of annual operat n
i g costs (% Total)

100
90
80
70
60

Material
Labor
Facilit ei s
Ut liit ei s

50
40
30
20
10
0

Scenario I

Scenario II

Figure 4. Proportion of annual operating costs for Scenario I (evaporation process) and Scenario II
(flocculation process).

Besides material and facility costs, utility costs had the greatest impact on the overall annual
costs of the facilities, especially for Scenario I. In the models, utility costs indicated the costs related
to cooling/chilled water, steam, and electricity (Figure 5).
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Figure 5. Proportion of annual utility costs for Scenario I (evaporation process) and Scenario II
(flocculation process).
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For Scenario I, steam had the most significant impact on the overall utility costs, representing
almost 73% of total utility costs, followed by electricity (18%); for Scenario II, steam accounted for
about 55% and electricity about 28% of utility expenses. Cooling/chilled water had the least overall
impact in both scenarios, contributing about 8% and 16% for Scenario I and Scenario II, respectively.
The evaporator was responsible for the most substantial power consumption in Scenario I, while
the dryer had the most significant impact on the annual utility costs in Scenario II. This may be related
to the high moisture content of the input stream into the dryer under Scenario II conditions, which
did not occur in Scenario I.
The total amount of main product and coproduct produced from Scenarios I and II can be
observed in Table 4. The main product was Dried Distillers’ Grains with Solubles (DDGS), and the
coproducts were Wet Distillers’ Grains with Solubles (DWGS) and corn oil.
Table 4 shows that the total production of DWGS and corn oil were about the same for both
scenarios, with a slightly higher production of DWGS in the flocculation process, while conventional
corn-based ethanol production resulted in a corn oil production that was slightly higher than in the
flocculation system. However, the DDGS production from the flocculation scenario was lower than
that from the conventional system.
Table 4. Total coproducts produced from the ethanol plant considering the conventional ethanol
production (Scenario I) and the flocculation system (Scenario II).

Scenario I
Scenario
II

Coproduct
DDGS
DWGS
Corn Oil
DDGS
DWGS
Corn Oil

Mass (t/y)
10,240.64
42,516.38
883.63
8,041.57
42,691.81
848.63

Note: DDGS: Distillers’ Dried Grains with Solubles; DWGS: Distillers’ Wet Grains with Solubles.

DWGS production for Scenario II contributed almost 83% of the total output, while in Scenario
I it represented 79% of the total production. In Scenario I, DDGS production was equal to 19% of the
total, while in Scenario II it was about 16% of the total output. For both scenarios, corn oil contributed
nearly 2% of the total production.
For both scenarios, the annual revenue was determined as the income received from the sale of
the main product and the coproducts. DDGS is commonly used for feeding animals, and the market
value is generally determined based on its protein content. According to the USDA Daily Ethanol
Report of January 2019, the selling price of DDGS in Iowa-Western was an average of $150.00/t and
the average selling price of DWGS was $40.00/t. Corn oil is known to represent the most significant
market price compared to other coproducts from the ethanol facility. The USDA Daily Ethanol Report
of January 2019 stated that the selling price for corn oil was $0.245 per pound, corresponding to
$544.44/t. Therefore, by assuming the [41,48] prices to be the market prices for these products, the
profit/loss was as in Figure 6a.
Results show that gross income related to the product sales and total costs were higher for
Scenario I ($3,717,900 and $7,967,300) than for Scenario II ($3,376,000 and $7,106,200). Furthermore,
none of the scenarios were profitable because of the high production cost, and low production and
market price of DDGS, DWGS, and corn oil, for the given modeling conditions. Ratios of the gross
income, total costs, and profit/loss for comparing the flocculation system to the evaporation system
were determined and had values of about 0.9, meaning that the flocculation system (Scenario II)
represented the best scenario for these assumed parameters (Figure 6b). The losses for the
conventional system were higher than the losses for the flocculation system by a magnitude of 12%.

Processes 2020, 8, 271

14 of 20

a
Profit/Loss ($)

Total costs ($)

Gross Income ($)

(7,000,000.00)

(3,000,000.00)

1,000,000.00

Scenario II

5,000,000.00

9,000,000.00

Scenario I

b

RATIO OF FLOCCULATION PROCESS OVER
EVAPORATION PROCESS

1.00

0.95
0.91
0.89

0.90

0.88

0.85

0.80
Gross Income

Total costs

Profit/Loss

Figure 6. (a) Profitability of an ethanol plant, considering conventional ethanol production (Scenario I) and a
flocculation system (Scenario II). The numbers between parentheses are negative. (b) Ratio of the profitability of
Scenario II to Scenario I.

Flocculation systems are not widely used in ethanol production, but have recently been
developed to provide additional value and efficiency to the production of ethanol coproducts.
Harvesting Technology LLC, a U.S. company involved in ethanol production, has recently begun
exploring this alternative technology to eliminate the high maintenance and power consumption
associated with centrifuges for extracting corn distillers’ grain and thin stillage. Moreover, the
company uses dissolved air flotation (DAF) and a tricanter to separate the remaining solids and
liquids. The company named the developed systems the CoProMaxTM Process [49]. No information
is available about the economic and environmental impacts of that technology applied on an
industrial scale.
Since both simulated scenarios did not reflect profitability, the alternative of disposing the whole
stillage from a corn-based ethanol plant at Des Moines Metropolitan Wastewater Reclamation
Authority (WRA) was considered. The total cost of that process was calculated as $30.8 million/y,
with the TSS and CBOD pollutant costs representing 86% and 12% of the total costs, respectively.
While the stillage handling process for producing DDGS, DWGS, and corn oil is considered one of
the major limitations of corn ethanol plants, based on the results of this study, the stillage process
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may be a cheaper solution to using corn ethanol plant residues rather than disposal of the whole
stillage in a wastewater treatment plant.
A sensitivity analysis shows that variable cost is the parameter with the most significant
sensitivity for both the conventional system and the flocculation system (Figures 7 and 8). The raw
material prices (whole stillage and chicken blood flocculants) may be the main underlying reason for
the variable cost sensitivity impact in both scenarios. In addition to variable cost and raw materials
cost, the output market price for DWGS is a highly sensitive parameter, and the output market price
for corn oil represents the least sensitivity for the two scenarios. Brown and Brown [40] stated that
feedstock cost, process yield, and output market value are parameters commonly reported to be
highly sensitive.

Scenario I - Conventional system
Variable Cost ($/yr)
Whole Stillage cost ($/ton)
Sale DWGS price ($/ton)
Pessimistic (130%)

Sale DDGS price ($/ton)

Optimistic (70%)

Fixed cost ($/yr)
Sale Corn Oil price ($/ton)
(7,000,000)

(5,000,000)

(3,000,000)

(1,000,000)

Profit ($)

Figure 7. Sensitivity analyses of conventional system as a function of DDGS, DWGS, and corn oil
prices from ‒30% (pessimistic case) to +30% (optimistic).

Figure 8. Sensitivity analyses of flocculation system as a function of DDGS, DWGS, and corn oil prices
from ‒30% (pessimistic case) to +30% (optimistic).
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The raw materials cost significantly affected the production cost of DDGS, DWGS, and corn oil,
resulting in a direct increase in the cost of production when the price of feedstock increases, and
greatly impacting system profitability.
Life cycle assessment (LCA) based on the life cycle inventory was performed to quantify the
magnitude of the environmental impact for Scenarios I and II. Greenhouse gas emissions (GHG) were
calculated by using the greenhouse gas equivalencies calculator [46] and the emission conversion
factor for greenhouse gas inventories [47] Scenario I presented a higher amount of greenhouse gas
emissions, with 63 kgCO2eq/t of whole stillage processed as opposed to Scenario II, which presented
16 kgCO2eq/t of whole stillage processed for the overall process.
Collotta et al. [50] evaluated the environmental impact of the two scenarios based on the
application of two different microalgae harvesting technologies for biofuel production. The first
scenario considered flocculation and centrifugation, while the second used direct centrifugation
(without flocculation). Their results showed that using flocculation technology resulted in the lowest
impact in almost all of the impact categories analyzed, except for agricultural land occupation and
natural land transformation.
Additionally, a comparison of the GWP emissions from a variety of electrical sources was also
performed using the life cycle emissions factor [47] Figure 9a shows the emissions for different
sources used to generate electricity, showing that coal, nuclear power, hydropower, natural gas, and
oil are most typically used to generate electricity [51].
Not only the energy cost but also the scarcity or emissions may affect the energy source decision.
From Figure 9a, it can be observed that emissions follow the same trend in both scenarios, showing
onshore wind to be the electric source with lower emissions impact than the other sources, followed
by offshore wind, nuclear, hydropower, concentrated solar power, and geothermal. On the other
hand, coal had the greatest impact on the environment, with the highest emissions level for the two
scenarios (Table 5).
Table 5. Emissions from a variety of electricity supply technologies for the conventional system
(Scenario I) and flocculation system (Scenario II).

Electricity source
Coal—PC
Gas—Combined Cycle
Biomass—cofiring
Biomass—dedicated
Geothermal
Hydropower
Nuclear
Concentrated Solar Power
Solar PV—rooftop
Solar PV—utility
Wind onshore
Wind offshore
Average of GWP considering all electricity
sources

Scenario I
kgCO2eq/kWh
4157
2484
3752
1166
193
122
61
137
208
243
56
61

Scenario II
kgCO2eq/kWh
1778
1063
1605
499
82
52
26
59
89
104
24
26

1053

451

Note: PC: Pulverized Coal; PV: Photovoltaic; GWP: Global warming potential.

The average GWP emissions, considering all electricity supply technologies listed for the
conventional system, was 0.002 kgCO2eq/kWh, while the flocculation system presented an average of
0.001 kgCO2eq/kWh. The flocculation system presented the lowest emissions of all the electricity
sources analyzed, about 43% of the total emissions from each electricity source compared to the
conventional system (Figure 9b).
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Figure 9. (a) Global Warming Potential (GWP) emissions in kgCO2eq/t of whole stillage processed for
the conventional system (Scenario I) and flocculation system (Scenario II) using different electricity
supply technologies. (b) Ratio of the GWP emissions in kgCO2eq/t of whole stillage processed for the
conventional system (Scenario I) and flocculation system (Scenario II) using different electricity
supply technologies.

10. Conclusions
The flocculation system (Scenario II), simulated as a substitute for an evaporation system in a
conventional corn-based ethanol plant (Scenario I), can be an alternative system for minimizing the
amount of energy consumed during DDGS, DWGS, and corn oil production, because it presents a
significantly lower utility cost compared to a conventional system, and represents less than 28% of
the utility cost of Scenario I. However, both the overall fixed costs and the annual operating costs for
Scenario II were higher than those for Scenario I. Even though the evaporator is considered expensive
equipment, Scenario I presented a total project investment about 10% lower than Scenario II due to
the need for more equipment for the flocculation system. Additionally, both scenarios reflected
negative profit, and from a sensitivity analysis it could be concluded that the feedstocks cost
substantially impacted the DDGS, DWGS, and corn oil production cost.
With respect to environmental aspects, the LCA results show that the flocculation system
presented the lowest GWP emissions among the several electricity supply technologies analyzed.
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Scenario II presented a major reduction of CO2 equivalent emissions, about 57% lower than the
conventional system.
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