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ENERGY AND WATER SUSTAINABILITY IN THE U.S. BIOFUEL 
INDUSTRY  

 
May Wu 

Argonne National Laboratory 
 
 

EXECUTIVE SUMMARY 
 
 
 The progress of technology development for conventional and advanced biofuel 
production processes in the U.S. has been reviewed by several groups over the last two decades 
(Warner et al. 2017; Mueller and Kwik 2013; Wu et al. 2009; Wu 2008; Shapouri and Gallagher 
2005). Together, these surveys have demonstrated a continuous improvement of productivity, 
diversified product portfolio, and progress in resource conservation. Data gathered on production 
capacity, yield, energy use, and product portfolio help to establish industrial benchmarks and to 
evaluate the environmental sustainability of the industry, which is critical to addressing the 
Food-Energy-Water (FEW) nexus that is closely linked to bioenergy production. In 2018, 
Argonne National Laboratory, with support from the U.S. Department of Energy, Office of 
Energy Efficiency and Renewable Energy, Bioenergy Technologies Office, conducted a survey 
of biofuel producers in the United States. The survey covered a full range of plant operation 
parameters, including plant capacity, feedstock, product, production volume, coproducts, water 
resources, water treatment, water usage, wastewater management, and process fuel and 
electricity consumption, as reflected in 2017 plant operation data. This report presents the most 
up-to-date analysis of commercial-scale plants in the U.S., including facilities producing fuels 
from both starch and cellulosic materials. As of this time, this is the first survey that includes the 
comprehensive recording of water resources, water use, and water and wastewater management 
for the U.S. biofuel industry at the facility level. Data presented in this study reflect primarily 
information on full-scale ethanol production from dry mills that was available at the time of 
survey. Results highlight the complexity of energy and water resource use in process steps and 
the role of water conservation, recycling, and reuse in advancing the production of biofuel and its 
contribution to the bioeconomy and the FEW nexus. 
 
 In this study, we analyze technology factors and management approaches that affect plant 
water footprint, water conservation, and recycle/reuse. Survey data were processed, screened and 
examined. Statistical analysis was applied to all 77 surveyed parameters. We conducted a 
rigorous analysis, which was then aggregated for presentation. Results from this survey are 
compared with those of previous industry surveys, and changes that increase the environmental 
profile, productivity, and potential environmental benefits are estimated. The values presented in 
this report represent an average of current technologies weighted by the respective volumes of 
biofuel produced by these technologies. The survey found that co-processing of corn kernel fiber 
with grain to produce ethanol has become a promising approach, with a 2.5% increase in yield 
compared to grain processing alone. In 2017, 2.88 gallons of denatured ethanol were produced 
from the starch and fiber of a bushel of grain, as compared to 2.81 gallons produced from starch 
alone. Forty-one percent of respondents produce ethanol from corn fiber. The biofuel industry 
has made a concerted effort to conserve resources, diversify energy sources, and recycle and 
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reuse water. Five percent of plants have implemented on-site electricity generation to replace 
grid electricity, and several plants have become net electricity exporters. Water intensity has 
decreased by 12% since 2011 and by 54% in the 19 years between 1998 and 2017. It takes 2.65 
gallons of freshwater to produce a gallon of denatured ethanol. Newer plants with improved 
energy and steam integration dominate biofuel plants. CO2 extraction and export is reported in 
14% of respondents. CO2 production is on the rise because of increased revenue, despite an 
increase in electricity expenditure for compressing CO2. In the area of water resource use, 
biofuel plants have diversified their water sources by using power plant cooling water and 
municipal reclaimed water in addition to well water and city water supply. Water and wastewater 
management is progressing toward zero liquid discharge (ZLD). The survey found that 42% of 
facilities achieved ZLD by increasing in-plant water reuse and recycling. Plants have also 
conserved water and energy by increasing production of wet distillers grain and modified wet 
distillers grain, reducing the demand for natural gas and electricity for drying. The water content 
in these coproducts is reused as a part of animals’ diets in feedlots. Analysis of the survey results 
demonstrated that the production practices of the biofuel industry address the FEW nexus in a 
way that is energy-efficient, water-efficient, and environmentally sustainable.  
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INTRODUCTION 
 
 
 Balancing energy and food demand in a way that is environmentally sustainable in the 
context of the Food-Energy-Water (FEW) nexus is being recognized as a centerpiece of the 
growing energy sector (Liu et al. 2018; Grubert and Sanders 2018). Water and energy are 
resources that are cross-linked in bio-based energy. Manufacturing of biofuels from conventional 
and cellulosic feedstock has its unique place in the FEW nexus because it requires process 
technologies that produce biofuel, animal feed, food, biopower, and chemical feedstock (López-
Díaz et al. 2018; Martín and Grossmann 2015). Biofuel production activities closely interact with 
land use in agriculture and forestry, require energy and water input, and generate wastewater and 
emissions (Silalertruksa and Gheewala 2019). In recent decades, as production technology has 
progressed from conventional starch-based biofuel to cellulosic biofuel and to advanced 
hydrocarbons derived from algae and other cellulosic feedstock, the industry is experiencing a 
revolutionary shift towards biorefining of a broader range of products. Indeed, the biofuel 
industry plays a role in achieving bioeconomic sustainability—a key goal in the strategy 
announced by multiple federal agencies to accelerate innovative technologies that harness the 
nation’s biomass resources for affordable biofuels, bioproducts, and biopower (BR&D, 2019). In 
this context, monitoring the energy efficiency and environmental sustainability of production 
with the anticipation of consistent growth is a fundamental strategy for the biofuel industry. 
 
 Water use, water availability, and wastewater management are among the critical factors 
that affect environmentally sustainable growth in manufacturing sectors (Thiede et al. 2017; 
Oliveira et al. 2019; Wu et al. 2018). Because the availability of water for production varies 
geographically depending on regional water richness (Xu et al. 2019), and competing demands 
arise from multiple sectors and population growth (Fang and Jawitz 2019), extraction of 
freshwater resources at a rate that exceeds the renewable freshwater inputs would increase water 
stress in a region. Decreased water resources would interrupt existing operations and constrain 
new project development. In particular, the effect of limited water resources could be detrimental 
in drought-prone regions. Furthermore, strained water resources could lead to increased water 
costs that eventually affect the economic viability of production at scale. 
 
 Manufacturing sectors typically require a constant water supply. Historically, 
groundwater is a preferred source because of its relatively consistent water quality and ease of 
pretreatment. Similarly, most biofuel production facilities rely on groundwater for their water 
supply (Wu et al. 2009). Within an individual plant, the amount of water required annually for 
production is influenced by process technologies, plant design, system integration, and 
management schemes (Keeney and Muller 2006; Shapouri and Gallagher 2005). In recent years, 
extensive effort has been devoted to reducing water consumption by adoption of water-efficient 
technologies, reuse and recycle, and increased system integration in retrofitting existing plants 
(Mueller and Kwik 2013; POET 2011). New plants have begun to take into consideration the 
local water availability and quality, in addition to the logistics and economics of feedstock 
sourcing. 
 
 The development of the biofuel industry has been recorded through multiple industry 
surveys by various institutions. The U.S. Department of Energy's Bioenergy Technologies 
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Office, within the Energy Efficiency and Renewable Energy Office, has tracked the capacity of 
cellulosic and advanced biofuels and hydrocarbons by surveying the production status of 
facilities at various RD&D stages, from pilot to pre-commercial scales, annually. The latest 
report was issued in 2017 (Warner et al. 2017). For existing commercial-scale plants, several 
surveys have been conducted since 1998 (Shapouri and Gallagher 2005; Keeney and Muller 
2006; Phillips et al. 2007; Wu 2008; Urbanchuk 2010; Mueller and Kwik 2013). These results 
indicated a remarkable improvement of efficiencies in energy and freshwater use during the 
period from 1998 to 2012 (Wu et al. 2009; Mueller and Kwik 2013). The Energy Resource 
Center at the University of Illinois at Chicago conducted a technology survey, focusing on 
advancement of technologies that increase yield and conserve energy while decreasing emissions 
(Mueller and Kwik 2013). The survey found that adoption of new technologies at production 
scale brought measurable benefits to areas ranging from process economics to environmental 
sustainability. Since then, industry-wide data compilation has been limited, although progress in 
individual plants has been reported elsewhere (POET 2011). New commercial-scale production 
facilities providing both cellulosic and conventional biofuels are on the rise (Biofuel 
International Magazine 2019). Because of continued emphasis on efficient design, advancement 
of technologies, and efforts to diversify product profiles through biorefining, and the number of 
retiring facilities that were replaced by newly designed plants in the last decade, the landscape of 
the biofuel industry is changing. We anticipate that production, energy, and environmental 
profiles have evolved in the last decade. Water use data collected previously from conventional 
and cellulosic ethanol production plants were limited to gallons of fresh water consumed per 
gallon of biofuel produced. Although the water usage rate is an important factor, it does not 
reveal the type of water resource, the fate of the water, where in the process water is used, or 
how wastewater is generated and managed. Consequently, it alone is insufficient to present the 
full picture of water resource use and management for a production facility. In addition, there is a 
lack of comprehensive estimation and analysis of water sourcing, management, treatment, and 
use at the unit operation stage; wastewater management; and the associated economics of current 
biofuel technologies for the industry. Therefore, it is necessary to document the progress of the 
biofuel industry and the status of its environmental sustainability.  
 
 With the support of the U.S. Department of Energy, Office of Energy Efficiency and 
Renewable Energy, Bioenergy Technologies Office, we conducted the present survey in 2018. 
The purpose of this study was to record the status of energy and water sustainability of the 
biofuel industry. The survey covers commercial-scale operations for biofuel production from 
corn grain via dry milling, corn kernel fiber, and soybeans at the facility level across the U.S.; it 
aims to be inclusive of all technologies for which data are available. A key purpose of this survey 
is to investigate and evaluate water resource use and wastewater management, to fill a gap in the 
industry survey. We acquired a range of parameters including type of water resource (both fresh 
and alternative), water use rate at the unit operation level, water reuse point, water treatment, 
cooling and boiler cycles of concentration, wastewater reuse and discharge methods, and cost. 
This report documents the findings of this survey.  
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METHODOLOGY 
 
 
 Survey questionnaires for ethanol and biodiesel plants were developed separately in 
consultation with experts from the biofuel and water industries. The Renewable Fuels 
Association, National Biodiesel Board, and POET provided inputs to plant operation questions, 
and EcoLab Nalco provided inputs to water management questions for both ethanol plants and 
biodiesel plants. The survey contained 77 parameters in 22 categories. Survey forms were 
distributed in late spring through early summer of 2018. Responses were received in early fall 
through late November 2018. Responses to additional inquiries for clarification were received 
from individual facilities until late spring 2019. The survey aims to address 2017 commercial-
scale operation data. Reported values are based on un-denatured ethanol volumes.  
 
 Responses from the survey were analyzed for each parameter by plant capacity, 
feedstock, electricity and energy consumption, source and type of plant water, process water use, 
cooling and boiler system, yield, coproduct, and wastewater management. Statistical analysis 
was applied to calculate average, maximum, minimum, standard deviation, and quartiles at the 
25th percentile, median, and 75th percentile. Average values were weighted by biofuel 
production volume. Fractions of feedstock types, source of thermoenergy, source of electricity, 
source of water, and wastewater disposal methods were determined. Cooling and boiling water 
analysis was performed for the plants where data were available. Results of this survey were 
compared with those of previous surveys. Owing to limited responses from biodiesel plants, 
which accounted for less than 10% of the total production volume in 2017, we were not able to 
develop a meaningful and statistically representative analysis of these plants. Thus, this report 
does not include the results from the biodiesel plant survey. 
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RESULTS 
 
 
 A total of 65 dry-mill facilities responded to the survey, representing 55% of top-ten 
producers and 33% of total production volume. Facility data were sorted, aggregated by 
category, and screened for outliers, and missing data were identified and followed up. Statistical 
analyses were applied to the datasets. Results are reported on the basis of plant capacity and 
startup year, feedstock, product and coproducts, energy use, and water use and management. 
This report uses the terms “biofuel” and “ethanol” interchangeably, because other types of 
commercial-scale biofuel production data were not sufficient to be representative. 
 
 

Production Capacity and Plant Start-up Year 
 
 Respondents are distributed across 17 states (IL, IN, IA, KS, KY, MI, MN, MO, NE, NY, 
ND, OH, SD, TN, TX, VA, and WI), which include the 12 top fuel ethanol-producing Midwest 
states (Figure 1a). These plants contribute significant amounts of dry-mill-based biofuel 
production in the U.S. The actual U.S. production of fuel ethanol approached 16 billion gallons 
in 2017 (EIA 2018), which represented a 144% increase over ten years (Table 1). 
 
 A majority of the respondents came online after 2001, with initial plant start-ups 
concentrated between 2003 and 2008 (Figure 1b). Newer plants gradually increased in number as 
older plants were retired. Fewer plants have been built since 2010. Figure 2a presents a 
histogram that provides a distribution of production capacity. The data reveal that medium- to 
small-size plants account for almost half of the total. The highest number of production plants 
are those producing around 60 million gallons per year (MGY), followed by 30 MGY. In 2017, 
these facilities produced 79 million gallons of biofuels per plant, on average. Statistically, the 
plant capacity expands from 57 MGY at the 25th percentile to 75 MGY at the median and 92 
MGY at the 75th percentile, varying from as low as 34 MGY to as high as nearly 150 MGY 
(Figure 2b). In 2017, a substantial portion of the plants were operated near maximum design 
capacity, 87% on average (Figure 3). This parameter has close distribution values of 82% at the 
25th percentile, 89.5% at the median, and 93.5% at the 75th percentile, with a small standard 
deviation (9.7%). These data suggest that many facilities are near full capacity and that the 
possibility of large-scale production increases in existing facilities is somewhat limited.  
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FIGURE 1  Distribution of dry-mill biofuel plants by (a) geographic regions and 
(b) start-up year. The numbers on the x-axis in panel (b) are code numbers 
corresponding to specific plants (e.g., plant #1 opened in 2002). The shaded area 
in panel (b) shows years with increased numbers of plant start-ups. 

 
 

TABLE 1  Changes in ethanol production from dry mills from 2007 to 2017. 

 

 
Biofuel production  (Million 

gallons/year) Increase from 2007 production (%) 
2007 6521  
2008 9309 43% 
2012 13218 103% 
2017 15936 144% 

Source of data: Renewable Fuels Association, n.d. 
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FIGURE 2  Ethanol production capacity. Panel (a) shows a histogram of 
production by capacity group; panel (b) presents results of statistical analysis of 
a minimum, 25th percentile, median, 75th percentile, and maximum production 
capacity dataset. The centerline inside the boxes represents the median value. 
The top of the gray box displays the 75th percentile, and the bottom of the 
orange box displays the 25th percentile. The maximum and minimum values are 
displayed with vertical lines ("whiskers") connecting the points to the center 
boxes. 
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FIGURE 3  Production capacity under operation in 2017 compared to maximum 
design capacity. The centerline inside the boxes represents the median value. The top of 
the gray box displays the 75th percentile, and the bottom of the orange box displays the 
25th percentile. The maximum and minimum values are displayed with vertical lines 
("whiskers") connecting the points to the center boxes. 

 
 

Feedstock Sources 
 
 Corn grain stood out as the dominant feedstock for bioethanol in 2017 (Figure 4). Grain 
sorghum remained at 1% of feedstock. The survey reveals that corn kernel fiber is entering the 
market. In conventional grain-starch fermentation, corn kernel fiber ended up in distiller’s dried 
grains with solubles (DDGS). The cellulosic material has now become a feedstock for cellulosic 
ethanol production, although at a small fraction (1%). In this survey, 27 plants reported 
producing ethanol from corn fiber, accounted for 41% of respondents. Considering 200 plants in 
operation for the industry (RFA 2019) in 2017, the corn fiber ethanol facilities would be about 
14% of the ethanol plants nationwide. Recently, the California Air Resource Board approved two 
biorefineries that carry out the fermentation process using corn kernel fiber (Biofuel International 
Magazine, 2019). The two plants, with a total capacity of 240 MGY, are expected to produce 
corn kernel fiber ethanol at a level of 3% of total production.  
 
 Survey data show diversified feedstock sourcing. The extent of sourcing in a given state 
is largely affected by production scale in that state. At the aggregated state level, biorefineries in 
Iowa, South Dakota, Illinois, and Indiana obtained feedstock from at least four states and up to 
eight states (Table 2). On average, plants sourced their feedstock from three states. Because of 
costs associated with feedstock transport, plants tend to source a majority of feedstock in their 
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own state, as evidenced by the diagonal distribution of the longest bars in Table 2. Most 
feedstock providers are from the Midwest. 
 
 

 
FIGURE 4  Feedstock of dry-mill ethanol-producing facilities. 

 
 
TABLE 2  Source of feedstock supply to biorefineries by state. Bar length represents relative proportion 
of feedstock from each state (column) that is sourced to the biorefineries (row) in that state. 

 

Feedstock
IL IN IA KS KY MI MN MO NE NY ND OH SD TN TX VA WI Ontario

IL
IN
IA
KS

 KY
MI
MN
MO
NE
NY
ND
OH
SD
TN
TX
VA
WI
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Product Portfolio and Yields 
 
 Ethanol-plant product portfolios are increasingly diversified. Advancement of conversion 
technologies is also reflected in the data. The survey found that simultaneous (in situ) co-
processing of starch and cellulosic feedstock was widely adopted in those plants that were 
producing ethanol from both corn kernel fiber and grain. In the conventional conversion process, 
kernel fibers would bypass fermentation and end up in DDGS. With the new process, the fibers 
are converted to ethanol via fermentation. The net result is a shift of DDGS composition toward 
increased protein content, which increases the nutritional value of DDGS. This process enables 
cellulosic ethanol production from corn kernel fiber at existing ethanol plants without the need 
for significant upgrades or additional capital expenditures. On average, 2.81 gallons of 
bioethanol is produced from a bushel of corn in a traditional grain-starch fermentation process. 
When simultaneous co-processing is introduced, ethanol yield increases to 2.88 gallons per 
bushel (Figure 5). Evidence suggests that some or all of this 2.5% increase in biofuel production 
is attributed to corn kernel fiber, which accounts for only 1% of total feedstock (Figure 4). Figure 
5 presents results of statistical analysis of the yield: maximum, 75th percentile, median, 25th 
percentile, and minimum values for the conventional grain fermentation and grain/fiber co-
processing reported in this survey. 
 

 
FIGURE 5  Maximum, 75th percentile, median, 25th percentile, and minimum values of biofuel yield 
derived from grain fermentation and from grain and corn kernel fiber co-processing.  

 
 The list of coproducts from dry mills has been expanded in recent years. Corn oil 
separation is available in all the facilities. On average, 0.041 gallon of corn oil is produced per 
gallon of ethanol. Plants produced a diverse group of DGS products. Typically, 5.3 lbs of DGS 
are generated for each gallon of ethanol produced. A plant operator may decide to produce a 
range of the above coproducts, or only a few. The survey found that a majority of plants are also 
producing DDGS, wet distillers grain (WDG), modified wet distillers grain (MWDG), syrup, and 
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CO2 gas. For the plants that produce varying degrees of the coproducts, it is estimated that 4.5 lb 
of DDGS, 2.4 lb of WDG, 0.86 lb of MWDG, 0.17 lb of syrup, and 2.4 lb of CO2 gas are 
produced per gallon of ethanol on average. Note that the moisture levels of each of the DGS 
products are very different, ranging from 10% to 13% in DDGS, 42% to 55% in MWDG, 50% to 
58% in WDG, and 62% to 79% in syrup. In terms of coproduct distribution, nearly all the plants 
surveyed produce corn oil and DDGS; a majority produce WDGS; and approximately half 
produce syrup. MWDG and CO2 are among the least produced coproducts. Many plants 
expressed an interest to increase production of MWDG. As depicted in Figure 6, the distribution 
(25th percentile, median, and 75th percentile) of the yield of these coproducts is relatively 
narrow. There are, however, extreme cases in the maximum values for DDGS and WDGS. CO2 
generated from the fermentation process in ethanol plants is a high-grade stream with 99.9% 
purity, which can become an additional value stream. After minor processing to remove 
impurities, this stream is sourced for manufacturing of food and beverages, and is highly sought 
by other industries, particularly the petroleum industry, which uses it for CO2-EOR (enhanced oil 
recovery). Together, the CO2 from ethanol plants made up about 40% of the North American 
merchant market in 2017. CO2 extraction and storage is on the rise; in one case (an ADM corn 
processing plant), 1,000 MT per day of CO2 was captured from ethanol fermentation and injected 
into a saline reservoir, where 1 million MT was stored over three years (State CO2-EOR 
Deployment Work Group, 2017). In the present survey, we found that 14% of the facilities 
extracted a CO2 stream. 
 
 

 
FIGURE 6  Yields of coproducts DDGS, WDGS, MWDG, syrup, and CO2 gas. 
The graph depicts maximum, 75th percentile, median, 25th percentile, and 
minimum values. The centerline inside the boxes represents the median value. 
The tops of the gray boxes display the 75th percentile, and the bottoms of the 
orange boxes display the 25th percentile. The maximum and minimum values are 
displayed with vertical lines ("whiskers") connecting the points to the center 
boxes.  
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Fuel and Electricity Use 
 
 Natural gas is the dominant fuel source, providing thermal energy for 98% of ethanol 
production. Other fuel sources including coal, biomass, and landfill gas account for 1.6% of total 
production (Figure 7). In terms of numbers of facilities, coal, biomass, and landfill gas-based 
plants make up 4.6 % of the total. Data show that ethanol plants are aggregated in 
 
 

 

 
FIGURE 7  Source of thermoenergy and maximum, 75th percentile, 
median, 25th percentile, and minimum values of thermoenergy 
consumption. The centerline inside the boxes represents the median 
value. The top of the gray box displays the 75th percentile, and the 
bottom of the orange box displays the 25th percentile. The maximum 
and minimum values are displayed with vertical lines (“whiskers”) 
connecting the points to the center boxes. 
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a narrow band between 24,664 Btu/gal and 28,209 Btu/gal (Figure 7), with a median value of 
25,820 Btu/gal. The most energy-efficient plant consumes 17,670 Btu per gallon, while the least 
efficient one requires 43,985 Btu per gallon. As older plants are gradually retired and plants are 
operated in design capacity, we expect to see lower average energy consumption. 
 
 Grid electricity supplied 95% of the production need in 2017. The remaining 5% of 
electricity was provided through on-site generation (Figure 8). Although it represents a small 
fraction of the total, on-site electricity generation tended to use various renewable sources, 
instead of using fossil. In one case, hydropower provided 90% of the electricity used. Increased 
on-site generation thus represents a replacement of fossil energy by renewable energy. On 
average, facilities used 0.747 kWh of electricity to produce a gallon of ethanol. As seen in 
Figure 9, electricity usage rates in the plants surveyed were very similar, with a distribution from 
the 25th percentile (0.61 kWh/gal) to the 75th percentile (0.91 kWh/gal). The lower percentile 
and minimum value represent plants that had on-site generation capability. Electricity 
consumption for ethanol and DGS production both have narrow distributions, from the 
25th percentile to the 75th percentile. These values suggest stable operation parameters in a 
mature process. In contrast, the distribution of CO2 in kWh/gal is relatively wide, largely because 
of extensive variation in CO2 extraction level that the per-gallon metric does not reflect. We 
further analyzed total electricity consumption, on-site generation, and grid inputs. Results 
demonstrated positive savings on grid electricity by quite a few plants (Figure 10). In several 
instances, electricity generated on-site was able to completely replace electricity from the grid 
and even provide excess kilowatt-hours, such that the plant became a net electricity exporter. 
 
 

 
FIGURE 8  Source of electricity in dry-mill ethanol plants. 
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FIGURE 9  Statistical analysis of electricity consumption in ethanol plants (total consumption, 
and individual operation steps of the plants that produce specific products): maximum, 75th 
percentile, median, 25th percentile, and minimum values. The centerline inside the boxes 
represents the median value. The top of the gray box displays the 75th percentile, and the bottom 
of the orange box displays the 25th percentile. The maximum and minimum values are displayed 
with vertical lines ("whiskers") connecting the points to the center boxes. 

 
 

 
FIGURE 10  Electricity demand, grid electricity use, and displacement by on-site 
generation in example facilities. 
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 While on-site generation saves demand for grid electricity, diversifying the product 
portfolio by exporting CO2 may increase total demand. On the basis of survey data, it takes 0.194 
kWh/gal to compress the CO2 gas stream in the plants (Figure 9). This amount accounts for 19% 
of total electricity use in the plants that are extracting CO2 (Figure 11). For these plants, 
extracting CO2 means additional electricity demand. Survey data showed that those plants 
producing both ethanol and CO2, which accounted for about 14% of the surveyed plants, 
contributed mostly to the high end of electricity usage. If CO2 export from ethanol plants as a 
revenue-added product is increased, electricity usage may increase. Conversely, if a plant with 
on-site electricity generation capacity from a non-fossil fuel source is located in a region in 
which the electricity mix contains a large fraction of fossil fuel, and the plant is capable of using 
the excess electricity to extract CO2, the benefits will be twofold. In this case, the plant not only 
reduces its greenhouse gas emissions from a life-cycle perspective because of reduced grid 
electricity demand, but also provides biogenic CO2 to support other manufacturing process in a 
circular economy. 
 
 

 
FIGURE 11  Electricity consumption based on product for ethanol 
plants that export CO2.  

 
 
 Cooling system operation requires substantial electricity inputs. Available data 
demonstrate that it takes from 0.06 kWh to 0.11 kWh to circulate a gallon of cooling water, with 
an average of 0.08 kWh (Figure 12). Almost all of the respondents operate recirculating cooling 
towers. The types of cooling tower and pump motor/fan drive the electricity demand. Newer 
plants with energy-efficient cooling system designs exhibit lower energy consumption, while 
other factors such as elevated ambient temperature would increase energy demand. 
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FIGURE 12  Cooling system energy usage: maximum, 75th percentile, 
median, 25th percentile, and minimum value of electricity requirement. 
The horizontal line represents the median value. The top of the gray box 
displays the 75th percentile, and the 25th percentile overlaps with the 
median. The maximum and minimum values are displayed with vertical 
lines (“whiskers”) connecting the points to the center box. 

 
 

Energy and Water Use in Distillers Grain Processing 
 
 A key step in coproduct processing is drying, which requires substantial amounts of 
energy input. Ethanol plants have developed wet products to limit their energy costs. Of the total 
plant thermo-energy (natural gas) use in plants equipped with a natural-gas drying process, 31% 
contributes to drying DDG, and the remaining 69% to biofuel production. Similarly, drying 
coproducts takes a quarter of plant electricity use, on average, in plants with an electric drying 
process and without CO2 compression (Figure 13). Reducing drying needs by producing WDG 
and MWDG, which is a mixture of DDGS and WDG, thus means significant energy savings. As 
shown in Figure 14, the coproducts DDGS, WDGS, MWDG, and syrup have moisture contents 
ranging from 10% to 70%. Instead of drying the WDG from about 60% moisture to 12% as 
DDGS, driving out the moisture from WDG to produce MWDG (which contains approximately 
50% moisture) only requires a fraction of the energy overall. In practice, the MWDG is often 
produced by blending WDG with DDGS. If energy saving is prioritized and MWDG market is 
growing, the number of plants that produce MWDG is expected to increase in the near future.  
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FIGURE 13  Electricity and thermoenergy (primarily natural gas) used for ethanol 
production and coproducts drying per gallon of biofuel produced. 

 
 

  
FIGURE 14  Moisture content of coproducts DDGS, WDGS, MWDG, and syrup. 

 
 
  

Drying (DDG, 
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 In the past, steam or natural-gas dryers were used for coproduct drying. Steam generation 
requires both energy and water input to the boiler. In this survey, we found that a majority of 
plants use a natural-gas-fired dryer or an electric dryer. Switching from steam to natural gas or 
electricity in the drying process reduces needs for fresh water and water treatments, and thus 
represents a reduction in not only the water footprint but also the operation cost. 
 
 Drying coproducts such as DDGS entails a significant water loss through evaporation 
(Wu et al. 2018). However, if we consider the fate of water, water in wet products such as 
WDGS and MDGS is used by animals to help meet their dietary water requirement. Therefore, 
water loss through sale of WDGS and MWDG to animal feedlots would be considered water 
reuse in the agriculture sector. From the energy use and water management viewpoint, export of 
wet coproducts is highly encouraged because of environmental sustainability considerations for 
both energy and water.  
 
 

Water Resources and Water Intensity 
 
 This is the first survey that records comprehensive water resource use, water 
consumption rate, recycling, cost, and wastewater management for the U.S. biofuel industry. 
Results provide data needed to assess the progress and impact on environmental sustainability in 
the context of the FEW nexus. The survey found diverse water resource use in dry-mill ethanol 
plants. More than half of the facilities source water from wells (groundwater, Figure 15). Less 
than 40% use a city water supply. Surface streams are used by 7% of facilities. Alternative water 
resource use is on the rise: power plant cooling water discharge and reclaimed municipal 
wastewater are used by 3% of production facilities. If calculated by production volume, 
groundwater use increases from 51% to 60% because larger plants tend to use groundwater. 
Fractions of ethanol produced using city water and surface water vary slightly, and alternative 
water use remains at 3% (Figure 16). Production facilities may adopt alternative water resources: 
effluent from wastewater treatment plants, water sources from quarries, and cooling ponds of a 
power plant have been reported (POET 2011). One production facility sources 80 percent of its 
water from the cooling ponds of an adjacent power plant and discharges it back to the power 
plant. Water resource demands by manufacturing facilities add stress to local water resource 
availability. Continued increases in alternative water use will further drive down freshwater 
demand in existing plants. This approach relieves water stress in drought-prone areas, or makes 
additional water available to other sectors in resource-rich areas. Overall, it improves water 
resource sustainability in the region. However, switching to alternative water resources requires 
investment and highly depends on priorities. Although plants that already use alternative water 
resources will continue their practices, the rest of the respondents have no plans to switch current 
freshwater resources to alternative sources during the next five years. 
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FIGURE 15  Types of water resources used in biofuel production, by number of 
facilities. 

 
 

 
FIGURE 16  Types of water resources used in biofuel production, by production 
volume. 
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It took 2.65 gallons of freshwater, on average, to produce a gallon of ethanol in 2017. The 
industry has sourced reclaimed water and cooling blowdown in the production, which accounts 
for 3.1% of total water use volume. Combining freshwater and alternative water use, total water 
consumption is 2.74 gal/gal, which means 0.09 gallons of freshwater would be used in the 
production were saved for every gallon of ethanol produced. Figure 17 shows that the total water 
use data mostly merge to a close band of 2.43–3.00 gal/gal (from the 25th to 75th percentile).  In 
2008, the industry used an average of three gallons of freshwater per gallon of ethanol, which 
was a 48% decrease from ten years previously (5.8 gal/gal, Wu et al. 2009). In a 2012 survey, 
this figure decreased to 2.90 gal/gal. By 2017, an additional 0.35 gallons of freshwater use was 
being avoided per gallon of ethanol, which accounts for 12% of water savings relative to 2008. 
From 1998 to 2017, the industry was able to lower the freshwater requirement by 54%, a 
significant decrease in 19 years. The reduction of the water consumption rate resulted from 
conservation management and practices in plants and improved engineering design. In individual 
facilities, total water use averaged 252 MGY, with a median value of 178 million gallons 
(Figure 17). The higher average value relative to the median suggests that more plants are above 
200 million gallons than below. A majority of plants (25th to 75th percentile) fall into the range 
of 148 million to 272 million gallons. These are water demands on local water resources. The 
impact of production on regional water availability is highly variable, depending on the 
abundance of regional water resources. 
 
 

 
FIGURE 17  Water intensity (fresh and reused water): maximum, 75th percentile, median, 25th 
percentile, and minimum value of water consumption per 100 million gallons of ethanol produced, 
and total gallons of water consumption per production facility. The centerline inside the boxes 
represents the median value. The top of the gray box displays the 75th percentile, and the bottom 
of the orange box displays the 25th percentile. The maximum and minimum values are displayed 
with vertical lines ("whiskers") connecting the points to the center boxes. 
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Water Conservation through Increased Use, Recycle and Reuse 
 
 Water pumped to cooling units and boilers is subject to pre-treatment. Reverse osmosis 
(RO) is a typical pretreatment technology for cooling water. The survey found that a number of 
plants implemented two-step pre-treatments using ultra-filtration (UF) or greensand iron removal 
preceding RO. These additional treatments were reported by about 19 and 38% of the facilities, 
respectively (Figure 18). For boiler water pretreatment, both RO and softeners were applied in all 
responding facilities. Statistical analyses of cycles of concentration for cooling towers and 
boilers are presented in Figures 19 and 20, respectively. Cooling towers ran 8.3 cycles of 
concentration, on average, with a 25th percentile of 5 cycles, median of 7 cycles, and 75th 
percentile of 10 cycles. The lowest number of cycles reported was 2, and the highest was 24. As 
expected, cycles of concentration for boilers averaged 45, spanning the range from 22 to 52 
cycles at the 25th, median, and 75th percentile, and with a maximum value of 137 and a 
minimum of 7. Increased cycles in cooling units and boilers represent increased use (i.e., a 
longer use period) of water resources, therefore conserving fresh water. Longer operation means 
less bleeding/blowdown, which would lead to a lower makeup water requirement. On the other 
hand, increased cycles also mean concentrating components in the water because of more 
evaporative water loss during the operation, which may increase the energy demand. Operations 
that reduce water input by increasing the number of cycles while maintaining energy use at the 
same level would be highly preferred. 
 
 

 
FIGURE 18  Cooling water treatment technologies. 
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FIGURE 19  Cooling-tower cycles of concentration: maximum, 75th 
percentile, median, 25th percentile, and minimum value of cycles of 
concentration. The centerline inside the boxes represents the median 
value. The top of the gray box displays the 75th percentile, and the 
bottom of the orange box displays the 25th percentile. The maximum and 
minimum values are displayed with vertical lines (“whiskers”) 
connecting the points to the center boxes. 

 
 

 
FIGURE 20  Boiler cycles of concentration: maximum, 75th percentile, 
median, 25th percentile, and minimum values. The centerline inside the 
boxes represents the median value. The top of the gray box displays the 
75th percentile, and the bottom of the orange box displays the 25th 
percentile. The maximum and minimum values are displayed with 
vertical lines (“whiskers”) connecting the points to the center boxes. 
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 As we discussed in the section “Water Resources and Water Intensity,” reduction of 
water intensity in biofuel plants results from multiple factors. In addition to increasing cycles in 
cooling units and boilers, facilities made efforts to reduce water intensity by recycling water to 
fermentation processes. Dry mill generates little process wastewater from fermentation and 
downstream processing. A majority of wastewater were blowdown water from cooling system 
and boiler. The survey data revealed that among the facilities responded to wastewater questions 
(94%), more than a third of facilities (36.1%) recycled blowdown water from the cooling tower 
and boiler to the fermentation unit, which also supplies liquid and minerals needed for enzymatic 
conversion processes (Figure 21). Eighteen percent of the facilities sent the wastewater offsite to 
a local publicly owned treatment works (POTW), and less than a half (45.9%) treat it on-site 
through various means such as evaporation pond, settling pond, and other chemical treatment to 
meet regulated discharge limits. For the facilities that recycle water back to fermenters, there is 
no more wastewater discharge, and a goal of many manufacturing operations—zero liquid 
discharge (ZLD)—is achieved without compromising the product quality. This is clearly a sign 
of progress in water conservation in the biofuel industry. We expect that this trend will continue. 
 
 Another way to reduce water intensity in current biofuel production is to conserve water 
in coproducts so that it can be reused for other purposes. As we elucidated in the “Product 
Portfolio and Yields” section, drying DDGS (to 12% moisture, Figure 14) represents a 
significant water loss through evaporation. Wet DGS or MWDG that contains high moisture can 
supply both nutrients and water to meet the dietary needs of beef cattle and other animals (Figure 
14). When WDG and MWDG are sold as animal feed to a feedlot, the water contained in the 
feed is reused. This multi-stage water use from an ethanol dry mill to a feedlot provides water 
conservation that benefits both the biofuel and animal feed industries. Finally, water resources 
can be conserved in a plant through better steam system integration. New plant design in the last 
two decades has improved water efficiency significantly. This improvement has been evident 
both historically (Wu et al. 2009, Mueller and Kwik 2013) and from the present survey (Figure 
17). These newer plants often incorporate more efficient process design. When older plants are 
retired and the dominance of new plants increases (Figure 1), the industry benchmark of water 
intensity will decrease further.  
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FIGURE 21  Fate of wastewater from biofuel production facilities.  

 
 

Cost of Water and Energy 
 
 An important factor that influences the sustainability of both production and 
environmental impacts is the cost of water and energy. Freshwater cost is heterogeneous across 
the U.S. because of diverse freshwater resource availability in various regions. The survey found 
that among the facilities reporting freshwater cost (71%), it takes a weighted average of $2.05 to 
procure a thousand gallons of fresh water. Figure 22 presents the maximum, 75th percentile, 
median, 25th percentile, and minimum value of freshwater cost to ethanol production facilities. 
Most plants spent from $0.77 to $3.34 (25th percentile to 75th percentile) for 1000 gallons. 
These expenditures include water from city waterworks and some wells. A few facilities were 
able to retrieve water from a plant-owned private well or lake, thus incurring no cost for the 
water resource. Costs of alternative water supplies vary significantly, ranging from near zero to 
double the freshwater average. 
 
 Wastewater treatment was charged in two different ways. Twenty seven percent of the 
facilities that elect to discharge the wastewater to sewer is charged by local POTW based on the 
volume of wastewater. Local water and wastewater management programs in some areas may 
package the prices for fresh water and wastewater treatment together for a facility. In that case, 
the wastewater treatment cost is included in the freshwater cost. This arrangement applies to 
remainder 73% of the plants, and is reflected in the high-end value of freshwater cost in 
Figure 22.  
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FIGURE 22  Maximum, 75th percentile, median, 25th percentile, and 
minimum freshwater cost to ethanol facilities in dollars per 1000 gallons 
of fresh water. The centerline inside the boxes represents the median 
cost. The top of the gray box displays the 75th percentile, and the bottom 
of the orange box displays the 25th percentile. The maximum and 
minimum values are displayed with vertical lines (“whiskers”) 
connecting the points to the center boxes. 

 
 
 The cost of wastewater discharge is relatively small for most plants. Most surveyed plants 
(82%) discharged on-site treated wastewater at no cost to a stream; only the remaining 18% 
discharged to local POTWs) were burdened. Those plants that were directly charged for 
wastewater treatment experienced an average rate of $5.81 per 1000 gallons of wastewater 
leaving the plant. Again, the POTW charge rate for industrial water varies widely, depending on 
treatment capacity and treatment demand. 
 
 In contrast to water and wastewater, the cost of natural gas supply is less variable, with a 
production-weighted average of $3.95 per million Btu in 2017 (Figure 23). Statistics indicated a 
very narrow band of $3.31 to $ 3.66 per million Btu, from the 25th percentile to the 
75th percentile, which suggests geographically homogeneous natural gas costs in 2017. Two 
facilities reported more than $12 per million Btu, far above the remaining facilities. Without 
those two, the average value for natural gas would drop to $3.47 per million Btu.  
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FIGURE 23  Natural gas cost: maximum, 75th percentile, median, 25th 
percentile, and minimum values. The centerline inside the boxes represents 
the median value. The top of the gray box displays the 75th percentile, and 
the bottom of the orange box displays the 25th percentile. The maximum and 
minimum values are displayed with vertical lines (“whiskers”) connecting the 
points to the center boxes. 
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CONCLUSIONS 
 
 
 The biofuel industry has made a conscious effort to conserve resources, diversify product 
portfolio, recycle and reuse water, while improve productivity. According to survey responses, 
freshwater intensity has decreased by 12% since 2011 and by 54% over the 19 years from 1998 
to 2017. Five percent of plants have implemented on-site electricity generation to replace grid 
electricity, and several plants have become net electricity exporters. Newer plants that were built 
after 2000 dominate biofuel plants in the U.S. Co-processing of corn kernel fiber with grain to 
produce ethanol has become attractive, with its 2.5% increase in yield relative to grain 
processing alone. In 2017, 2.81 gallons of ethanol were produced from the starch in a bushel of 
grain, while 2.88 gallons of ethanol were produced from the starch and fiber in a bushel of grain. 
Growing numbers of facilities began co-processing corn fiber ethanol. CO2 extraction and export 
are on the rise for increased revenue, whereas electricity expenditure for CO2 compressing is also 
increasing. In the area of water resource, the survey found that biofuel plants diversified their 
water sources by using such alternatives as power-plant cooling water and municipal reclaimed 
water, in addition to well water and city water. Water and wastewater management is progressing 
toward ZLD. The survey found more than a third (36.1%) in-plant water reuse and recycle 
through cycle cooling and through diverting boiler blowdown water to fermentation processes. 
Plants also conserve water by omitting the coproduct drying step, which reduces energy demand, 
and increasing production of WDG and MWDG. The water content in these coproducts is reused 
in feedlots as a part of the animals’ diet. Analysis of survey results demonstrated that the 
industry emphasizes the FEW nexus while increasing production in a way that is energy-
efficient, water-efficient, and environmentally sustainable. 
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2  SURVEY FORM FOR BIODIESEL PLANTS 
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 Owing to limited responses from biodiesel plants, which accounted for less than 10% of 
the total production volume in 2017, we were not able to develop a meaningful and statistically 
representative analysis. Thus, this report does not include the results from the biodiesel plant 
survey. 
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