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ABSTRACT:

Sub-azeotropic hydrous ethanol has been demonstrated as an effective diesel fuel
replacement when used in dual-fuel compression ignition engines. Previous studies have also
suggested that hydrous ethanol may be more efficient to produce from corn than anhydrous
ethanol. In this study, we investigate corn ethanol production from a dry-mill, natural gas-fired
corn ethanol refinery, producing ethanol with a range of ethanol concentrations from 58 wt% -
100 wt% to determine the effect on energy use, water consumption and greenhouse gas (GHG)
emissions in the refining stage of the corn ethanol lifecycle. A second law (exergy) analysis of
anhydrous ethanol refining revealed the overall process to be 70% efficient, whereby 86% of the
exergy losses could be accounted for by three processes: fermentation (34%), steam generation
(29%) and distiller’s grains and solubles drying (23%).

We found that producing 86 wt% ethanol is optimal as thermal energy consumption
decreases by a maximum of 10% (from 7.7 MJ/L to 6.9 MJ/L). These savings have the potential
to reduce energy costs by approximately 8% ($0.34 /L) and reduce refinery emissions by 8%
(2 g CO.e/MJ). Production of hydrous ethanol reduced refinery water use due to decreased
evaporative losses in the cooling towers, leading to water savings of between 3 - 6% at 86 wt%
ethanol.

1 INTRODUCTION

A confluence of environmental, economic and energy security concerns have led to laws
encouraging the development of a significant biofuels industry in the U.S. Legislation requires
that 15 billion gallons of conventional biofuels be produced annually until at least 2022 [1],
which accounts for approximately 10% of all fuel sold in the U.S. Approximately 99% of this
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conventional biofuel is anhydrous corn ethanol [2] (containing a maximum of 1% (v/v) water
[3]) , mostly derived from corn in the mid-west region.

Corn ethanol has received criticism for its net energy ratio (NER - final fuel energy
content/input energy) and net CO, emissions. The industry has made significant improvements in
energy efficiency over the years; however, the net energy ratio of corn ethanol remains fairly low
with values between 1.3 and 1.7 being reported in the literature [4-9]. Previous work has shown
that while ethanol refiners with similar operation (dry-mill, natural gas fired) have similar
refining fuel carbon intensities (~64 g CO,e/MJ), the fuel carbon intensity (FCI) can vary up to
10% for individual refineries and that there is an overall trend to reduce FCI by ~0.5 g CO,e/MJ
per year [10].

Approximately 40% of the energy consumed in the refinery is used to dehydrate ethanol from
the fermentation concentration of approximately 14 wit% ethanol to pure ethanol, i.e. in the
process of distilling and dehydrating [11]. A study by Ladisch and Dyck [12] found that the
energy required to remove water by distillation increases exponentially from ~92 wt% ethanol to
the ethanol-water azeotrope at 95.6 wt% ethanol (at 78.2°C and 1.013 bar) [13]. This led others
to infer that significant energy reductions could be achieved by producing hydrous ethanol with a
concentration of less than 92 wt% ethanol [14]. However, refineries have already circumvented
this problem by ending distillation at ~91 wt% ethanol and then removing the remaining water
via molecular sieves consisting of zeolite (crystalline metal aluminosilicate) beads with pore
sizes from 3 - 5 A, achieving purities in excess of 99 wt% ethanol [15-16]. Since this advance,
there has been no further peer-reviewed study on the refinery energy savings associated with
hydrous ethanol production.

Study of hydrous ethanol production is motivated by recent research demonstrating the
viability of using hydrous ethanol in diesel engines [14, 17, 18] with results that indicate hydrous
ethanol may improve engine efficiency and lower emissions due to the cooling effect of the
water during combustion. When used to enable low temperature combustion modes in diesel
engines, dual-fuel strategies using separately injected hydrous ethanol and diesel have the
potential to meet legislative standards for nitrogen oxide (NOy) and particulate matter (PM)
emissions without expensive catalytic after treatment [19].

In light of these end-use benefits, this study examines the implications (energy, CO, emissions
and water use) of producing hydrous ethanol within current dry-mill natural gas-fired refineries.
We examine refining from a conservation of energy (first law of thermodynamics) and exergy
(second law of thermodynamics) perspective to develop insight into the nature of energy and
exergy losses for a range of hydrous ethanol water concentrations. The implications of leaving
water in the final ethanol fuel are also examined in terms of overall refinery water usage. Finally,
the savings from hydrous ethanol production are compared to other refining options, including:
utilizing a combined heat and power (CHP) plant; using biomass-fired boilers, and producing
wet distillers grains rather than dried distillers grains.

2 METHODS

2.1 Dry-Mill Corn Ethanol Refinery

A base case 100 Million Gallon per Year (MGY) dry-mill, natural gas-fired, corn-ethanol
refinery was modelled in Aspen Plus® Version 8.4 (® 2013 Aspen Technologies, Inc.,
Cambridge, MA), a commercial chemical engineering simulation software package, using a
modified version of an anhydrous refinery developed by the United States Department of
Agriculture’s Agricultural Research Service (USDA-ARS) [20]. The input parameters of the
model were verified through literature searches and data obtained from visits to three Midwest



ethanol refineries. The full list of parameters used in the model can be found in the
supplementary information (S.1.).

A typical process flow diagram for a corn ethanol refinery is shown in Figure 1 [11, 21-25].
Corn, consisting of 75% starch (dry mass basis) and 15% moisture (as verified through refinery
visits), is input into the refinery and sent through a hammer mill. The resulting flour is mixed
with recycled process water and sterilized before undergoing saccharification and fermentation
to convert the starch to ethanol and CO,. The CO; is removed and the ethanol mixture
(containing 14 wt% ethanol) is sent to distillation to bring the mixture to 91 wt% ethanol. Due to
the presence of the ethanol/water azeotrope, the remaining water is separated out using a
molecular sieve. The pure ethanol stream (100 wt%, 200 proof ethanol) is then mixed with
denaturant (up to ~4.7 wt% gasoline), before it leaves the refinery as final product [22].

The undissolved solids are separated out with the remaining water at the bottom of the column.
This slurry, known as stillage, is sent to a centrifuge for the start of the drying process. The
overflow is sent to a three-effect vacuum evaporation section which uses the heat of
condensation from distillation to drive off a portion of the remaining water and return it to the
process. The resulting syrup is combined with the centrifuge underflow and sent to the drum
dryer to dry the distillers’ grains and solids (DDGS) to 9 wt% moisture to prevent it from rotting
[23].

Natural gas was used as the fuel source for steam production and drying of distiller’s grains. A
Non-Random Two Liquid (NRTL) thermodynamic model [26] was used for the liquid phase
while the ideal gas equation of state was used for the vapour phase [27]. Although some of the
unit operations occur as batch processes in a physical refinery, we model the refinery as a
continuous process which has no effect on the total mass and energy balances for steady-state
operation.
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Figure 1. Schematic of modelled corn ethanol dry mill process for pure (anhydrous) ethanol
production.



2.2 Hydrous Ethanol Process Description

The modelled anhydrous refinery produces ethanol with a purity of greater than 99 wt%. To
produce hydrous ethanol with ethanol concentrations down to 58 wt%, the model depicted in
Figure 2 was manipulated to achieve discrete, optimized hydrous levels. For 91 wt% ethanol, the
molecular sieve and the associated recycle stream was removed with no change to the beer or
stripping and rectification columns. To produce ethanol between 58 wt% and 91 wt% ethanol,
the required distillate purity in the rectifying column was adjusted by changing the number of
stages and the reflux ratio within the column, and the feed location of the distillate from the beer
column was optimized for minimum energy consumption. Heat of condensation of the fluid
leaving the stripping and rectification column is recycled back into the process within the 3-
effect vacuum evaporators, that evaporate water from the wet distiller’s grains with solubles
(WDGS) to the limit at which viscosity of the slurry begins to inhibit flow within the pipes
(typically ~35%). The fraction of ethanol in the water and solids stream from the beer column
was held below 0.05 wt%, as is typical of refinery operation that is seeking to maximize ethanol
production. In all cases, the total combined stages of the stripping and rectification column
remained constant at 18.
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Figure 2. Section of the anhydrous model showing pressure distillation followed by vacuum
evaporation with a 3-effect evaporator.
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2.3 Energy, CO, and Water Parameters

Thermal energy use (MJ of natural gas used based on the lower heating value, LHV) is defined
as the energy required to produce steam for the beer column reboiler, the stripping column
reboiler, liquefaction section and molecular sieve pre-heating, and the energy required in the
DDGS natural gas fired dryer. This has taken into account an assumed best case thermal
efficiency for a boiler of 0.9 [28] and 0.7 for a dryer [29, p. 12.56].

A natural gas price of $4.22 /GJ and an electricity price of 7.06 US cents/kWh is used
throughout the report, based on average values for Minnesota for 2013 [30-31]. Electricity use
was not modelled directly, and an average value of 0.21 kWh/L of the refiners visited was used,
which is consistent with past findings [10]. An average U.S. carbon intensity of 503 g CO,e/kWh
was used to calculate greenhouse gas emissions from grid-electricity consumption [32].

Total water use is a combination of boiler blowdown losses (assumed at 2% of steam use),
clean-in-place (CIP) water use (0.12 Luater/Lethanol ) [20], evaporative losses and process water



use. Evaporative losses on the plant were calculated using the method described in Perry et al
[29, p. 12.17] and an upper value of 5 for cycles of concentration (typical values are between 3
and 5 [29]), with cooling water mass flow calculated using an energy balance with a temperature
difference of 6.7°C based on refinery operating data and a constant heat capacity for water of
4.18 kJ/(kg - K). Process water use accounts for the water that leaves in the product streams, i.e.
with the DDGS and ethanol, and is calculated within the model.

The pinch analysis represents the optimal use of heat within the refinery recycled between unit
operations (process integration) where a finite temperature difference exists to drive heat
transfer. The pinch analysis was conducted according to the method of Linhoff and Hindmarsh
[33] using a minimum approach temperature of 10°C.

2.4 Exergy Analysis

An exergy analysis was conducted over the refinery according to the method of Szargut,
Morris and Steward [34], assuming steady state, adiabatic operation and an environment at
298 K and 101.3 kPa. Enthalpy, entropy and exergy values are calculated relative to this state for
the streams within the model. Chemical exergy values for the pure components are taken from
Szargut, Morris and Steward [34], and are (in kJ/kgmol): 3970 for O,; 19,870 for CO, (g); 9500
for H,O (g); 900 for H,O (l); 1,357,700 for ethanol (l); 831,650 for methane (g); and 2,928,800
for glucose. The exergy value for sucrose was calculated according to the method explained in
Moran and Shapiro [35, p. 663]. Exergy losses for electricity generation were ignored as this was
beyond the boundary of our analysis and has already been examined (e.g. [34]).

2.5 Combined Heat and Power Plant
2.5.1 Natural Gas-Fired CHP Plant

A CHP plant was modelled to quantify the savings associated with generating electricity
through a gas turbine (GT) on site and using a heat recovery steam generator (HRSG) to recover
turbine exhaust gases for process heating. The operation of a combined GT and HRSG were
modelled in thermodynamic software developed over several decades at the University of
Cambridge for electrical power production analysis [36-37]. The software models gas turbine
performance as a non-idealized Brayton cycle using first and second law thermodynamic
principles, where isentropic efficiencies of compression, expansion, heat transfer, etc. are
included. A combustion subroutine allows for calculation of fuel heat release and turbine inlet
temperature, and the turbine expansion subroutine allows for calculation of power production
and exhaust gas temperature. A conservation of energy analysis within the HRSG subroutine
calculates the heat transfer from the exhaust gas to the steam, thus determining how much
thermal energy is available for refinery use. The parameters used in this study are summarised in
Table 1.



Table 1: CHP plant operating parameters

Value Range for Unit Source
Sensitivity Analysis

LHV natural gas 48 - MJ/kg [29]

Air-fuel mass ratio 34.6 - Typical range
Turbine efficiency 27% 25% - 35% Typical range
Turbine exhaust temperature 841 500 - 850 Celsius Typical range
HRSG efficiency 80% 65% - 85% Typical range
HRSG exhaust temperature 140 140 - 200 Celsius Typical range
Natural gas cost (LHV) 4.22 3.00 - 8.00 $/GJ [30]
Electricity cost 0.0706  0.05-0.10 $/kWh [31]
Electricity GHG emissions 503 300 - 600 o/kWh [32]

factor

2.5.2 Biomass-Fired Boiler/CHP Plant

Many articles have considered the combustion or gasification of DDGS from practical and
financial perspectives, e.g. [38-43]. There are many factors to consider, including the cost of
alternative fuels, the price one can get from selling the DDGS, the price of equipment and the
presence of some form of carbon tax/incentive. The current low natural gas price and the lack of
a carbon incentive justifies that DDGS be sold as animal feed rather than burned as energy [43].
Therefore, this study only includes an analysis of natural gas-fired ethanol plants.

3 RESULTS AND DISCUSSION

3.1 Base Case

The modelled pure ethanol yield from corn was 0.43 L/kg, with a thermal energy use of
7.7 MJ/L, which are within 3% of average reported values from those refineries surveyed and
visited in 2014 (yield 0.42 L/kg and energy use 7.5 MJ/L). The ethanol yield is consistent with
our previous studies, 0.41 L/kg, while energy use has decreased from the average of 10.2 MJ/L
for data for 18 refineries between 1999 and 2009, but is still within the range of values found
(6.7 - 13.6 MJ/L) [10].

3.2 Natural Gas-Fired Corn-Ethanol Production

The thermal energy requirement of each unit operation in the refinery was determined for
various ethanol concentrations. Figure 4 (a) depicts the heat use by unit operation for anhydrous
ethanol production. These results correspond well (within 10%) to previous studies [11], while
providing greater detail on distillation. Distillation is the largest energy use, accounting for 44%
of total thermal energy use, but over two-thirds of this is used in the beer column to produce a
distillate of around 58 wt% ethanol. Thus the energy savings to be derived from producing
ethanol greater than 58 wt% is limited to that of the stripping column, accounting for 13% of
overall energy use.

After distillation, drying is the next most energy intensive process. In all cases, drying
consumed 35% to 40% of the total thermal energy of the refinery. Drying includes only the
energy required for the rotary drum dryer, as the energy for evaporation is supplied from the heat
of condensation from the rectifier condenser. The dryer receives the WDGS at approximately 65
wt% moisture and produces DDGS at 9 wt% moisture. The removal of this large fraction of



water is energetically expensive, but prolongs the marketable life of distillers grains from less
than a week to many months [44-45]. The energy used in the drying process leaves as low grade
heat in the form of water vapor and is not recovered.

Locating corn ethanol facilities close to high density livestock operations would allow
exporting of WDGS and thus reduce refinery energy use by up to 29% and GHG emissions by
up to 17%, based on data obtained by Liske et al [46]. In practice, the reorganization of
agricultural and livestock assets is challenging to achieve for the majority of refineries, due to
constraints in land prices, suitability for production and existing infrastructure.

Figure 4 (b) illustrates that the energy saving achieved by producing 91 wt% ethanol is due to
the decrease in energy required for the reboiler on the stripping column. It shows how the heat
use for liquefaction offsets this gain between 58 wt% ethanol and 91 wt% ethanol. At 58 wt%
ethanol, the stripping column and rectification column have been removed completely. The
energy required for the beer column, dryers, and sterilization remains constant throughout all
scenarios, while the energy required for dehydration is 1% of total energy use when producing
anhydrous ethanol, which is eliminated for ethanol production below the azeotrope.
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Figure 3. Refinery thermal energy use. (a) Breakdown of thermal energy use for each of the
main unit operations for the anhydrous refinery. (b) Natural gas requirements for production of
ethanol at various concentrations down to 58 wt% ethanol.

3.2.1 Heat Integration

The thermal energy (MJ of natural gas, LHV, per liter of ethanol produced) required to
produce hydrous ethanol was determined for varying fractions of water content. The extent to
which water can be removed from the solids (distillers grains) in the evaporators using process
waste heat from elsewhere in the refinery impacts the additional thermal energy required within
the dryer, where 35% solids leaving the evaporator is a typical refinery value, 45% is a best case
scenario due to viscosity and scaling issues that start arising above 42%, and 55% is a
hypothetical best case scenario if these issues can be overcome. A “pinch” analysis corresponds
to the theoretical minimum energy requirements for an optimally integrated refinery with 45%
solids from the evaporators.

As shown in Figure 3, a 10% energy use savings relative to anhydrous ethanol production was
achieved by producing 91 wt% ethanol, which is a result of removing the molecular sieve. The



primary energy savings occurs within the stripping and rectifying column due to the reduced
mass flow in the column once the regeneration recycle stream is removed. Below 86 wt%
ethanol, the energy savings diminish for increased water content, with a total of 1% reduction at
58 wt% relative to 86 wt%. The mass flow through the final condenser increases due to the
additional water in the product at lower ethanol concentrations which results in more heat
availability than what can be absorbed in the evaporators. This additional heat availability at
lower concentrations is not able to be returned to the process via the stripping column bottoms
and is lost to the cooling towers. To compensate, additional steam is used in liquefaction, which
offsets the savings achieved in the stripping column.

The difference between the pinch line and operating line indicates the potential that refineries
have to save energy relying on temperature differences to drive heat transfer, e.g. without
incorporating heat pumps. The energy savings associated by moving to the pinch line is 20% for
anhydrous ethanol, 15% for 91 wt% ethanol and nearly 29% at 58 wt% ethanol. The degree to
which a specific refinery will be able to utilize additional waste heat depends on the layout of the
refinery, the capital cost of required equipment, and the exact ethanol concentration required.
Figure 3 also shows the potential gains of increasing the solids concentration from the
evaporators for reducing overall energy use, with refinery survey results indicating typical solids
concentrations from the evaporators of 32-38% (maximum reported 42%). The evaporator slurry
viscosity increases because of the presence of the yeast cell bodies, and scaling is the result of
calcium in the water precipitating out as calcium oxalate, or “beerstone”. The multi-effect
evaporators have the capacity to further remove water, and sufficient excess heat is available, but
the viscosity and scaling currently prevent solids concentration greater than 45%.
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Figure 4. Natural gas use as a function of ethanol concentration for different evaporator
performance (percent solids after evaporation), as well as the best case (pinch) heat use for a
refinery with 45% solids from the evaporator.

3.2.2 Total Carbon Dioxide Production
The combined greenhouse gas (GHG) emissions for the different ethanol fractions are
presented in Figure 6. Total refinery emissions for pure ethanol production of 544 g CO.e/L



corresponds to 25.8 g CO,e/MJ, roughly 40% of the total FCI of 64 g CO.e/MJ calculated by
Boies et al. [10] when not accounting for land use change. Producing hydrous ethanol of 86 wt%
decreases refinery GHG emissions by 8%, or 47 g CO.e/L. For a 100 MGY refinery, this
corresponds to a decrease of nearly 2 tonnes of CO»e/h, or 16000 t/year. Below 86 wt% ethanol,
the additional savings become negligible.

Complete heat integration (i.e. operating at the pinch) would result in an additional 15 - 25%
decrease in refinery GHG emissions, or 7.1 - 8.8 g CO,e/MJ. The availability of further heat
integration indicates that refiners can achieve further GHG reductions.
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Figure 5. Total refinery greenhouse gas emissions as a function of ethanol concentration for
different evaporator performances, as well as emissions associated with an optimal integrated
refinery with 45% solids from the evaporators.

3.2.3 Water Use

The total water use is shown in Figure 7, where a minimum is evident at 86 wt% ethanol. As
the water content of the ethanol increases, process water use increases accordingly (more water
leaves as final product). However, due to the decreased heating requirements for hydrous ethanol
production, there is less required cooling. This results in lower cooling water flow and therefore
lower evaporative losses from the cooling towers. The decrease in evaporative losses is greater
than the increase in water leaving as final product down to a concentration of ~74 wt% ethanol.
A decrease in water use of 3% and 6% is possible for evaporator solids concentrations of 35%
and 45% solids, respectively. These results indicate that producing hydrous ethanol will save net
water consumption in the refinery.
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Figure 6. Total refinery water use as a function of ethanol concentration for different
evaporator performance (percent solids after evaporation), as well as the best case (pinch)
heat use for a refinery with 45% solids from the evaporator.

3.2.4 Total Energy Costs

The energy cost curves follow a similar trend to Figure 3 as the costs are directly affected by
natural gas use. The decrease in energy costs by producing hydrous ethanol at 86 wt% amounts
to a savings of approximately 8% ($0.34 /L). For a 100 MGY refinery, that corresponds to an
energy cost saving of ~$1.36 million/annum. Below 86 wt% ethanol, the additional savings
become negligible. Complete heat integration (i.e. operating at the pinch) would result in an
additional 14-18% decrease in energy costs. This amounts to potential annual savings of over
$2.6 million/annum, which may justify the capital costs of heat integration for specific refinery
layouts.

3.3 Non-Hydrous Ethanol Refinery Options
While hydrous ethanol production represents a potential reduction of 6-10% in energy, CO,

and water intensity, other options exist to improve corn ethanol production. Reductions from
hydrous ethanol production are compared to other process improvements below.
3.3.1 Exergy Analysis

In order to identify the losses in the ethanol refinery, and thus, potential for refinery
improvement, an exergy analysis was conducted for the refining system. Given a chemical
exergy value for sucrose (5.896 MJ/gmol), the refinery exergy analysis was completed using
sucrose as a proxy for the starch feed. A Sankey diagram depicting the calculated exergy flows is
shown in Figure 5, where the width of the arrows is proportional to the magnitude of the exergy
flow. The overall refining process of producing ethanol from corn starch is 70.1% efficient.
Three processes account for nearly 86% of the total losses: the boilers, the dryers, and
saccharification and fermentation. The rest of the unit operations on the refinery only account for
14% of the total losses. The distillation columns, the multi-effect evaporators, and liquefaction
contribute 9% of the unit operations losses. Hydrous ethanol production predominantly affects
the distillation, evaporation and liquefaction, and thus can at most recover only 9% of lost
exergy.
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Figure 7. Sankey diagram for the exergy flows of the overall corn ethanol dry mill process.
3.3.2 Fermentation Losses and Starch Wastage

The combined losses from starch wastage and fermentation losses account for the largest
portion of the exergy losses on a refinery. The ideal exergetic conversion of starch to ethanol (i.e.
fermentation losses) is ~92%, but in reality only 86% of the exergy value of starch leaves the
refinery in a useful form. This difference between the ideal conversion and actual conversion
efficiency is defined here as “starch wastage”, and occurs as a result of milling losses and
incomplete conversion to ethanol. Milling losses are small (~0.3%) and are mostly due to
particulate losses to the bag filters. Experimental and plant data have shown that there is a 99%
conversion of the remaining starch to glucose, and a 100% conversion of the glucose [22].
However, the selectivity of glucose to ethanol is only 95% (with the remainder being converted
to by-products such as acetic acid) [22]. The resulting overall conversion of starch to ethanol is
~94% (i.e. once the recycle in the plant has been accounted for). The seemingly small 6% loss is
equivalent to ~17% of the total refinery’s thermal energy if completely converted to ethanol and
could improve the net energy ratio of corn-ethanol by between 9% and 12% (depending on initial
energy consumption), and reduce refinery GHG emissions by ~14%.
3.3.3 Boiler and Dryer Losses

Total exergy losses attributed to the boiler and dryer are 9% and 7%, respectively. The
combustion process in both these unit operations is inherently inefficient where methane and air
are combusted at room temperature to produce products at the adiabatic flame temperature of
~2500°C, which destroys ~30% of methane’s exergy [35].

Although the thermal efficiency of the heat transfer is high in the case of the boiler (90%) the
ability to do work decreases according to Carnot’s Law. The exergy efficiency of the total boiler
system (i.e. methane and oxygen combusting to produce steam) was ~28%, thus 42% of the



exergy is lost transferring the heat from the hot combustion gases to the saturated steam at
743°C.

The lower thermal efficiency of the dryer (70%) accounts for some of the dryer exergy losses,
however, none of the low grade exhaust heat in the form of evaporated water from the dryer is
recovered, and no energy can realistically be recovered from the warm DDGS. All of the exergy
input to the dryer is lost. Therefore, combusting natural gas to evaporate water can be viewed as
highly inefficient. One option to overcome this is to use a CHP plant to extract more work from
the natural gas.

3.34 CHP Plant

The exergy analysis shows that additional work could be extracted from the natural gas by
using a gas turbine CHP plant to produce electricity for the refining process in addition to
thermal energy for drying the DDGS. The results for a refinery that incorporates a CHP are
shown in Table 2, where the current base case is compared to plant configurations with a CHP
that provides (Option 1) a large NG turbine capable of providing the thermal energy demand
(steam requirements and DDGS drying) but exceeds refinery-required electricity demand,
whereby excess electricity is sold back to the grid; (Option 2) a NG gas turbine that meets
refinery steam use, but requires additional refinery natural gas to dry the DDGS, and sells excess
electricity back to the grid; and (Option 3) a small GT to provide steam and electricity, and use
the excess electricity to drive a heat pump. Option 1 has both the lowest GHG emissions (18%
below the base case) and the highest gross profit due to the amount of electricity sold back to the
grid. In a Monte-Carlo simulation using uniform distribution of the variables in Table 1, Option
1 is profitable in >90% of simulations, and outperforms Options 2 and 3 in all scenarios. Only
when the electricity price is near its low limit ($0.05/kWh) or the gas price is near its high limit
($8/GJ) does Option 1 lose money.
Table 2: Comparison of CHP plant options

Base case Option 1 Option 2 Option 3
Natural gas Large GT & Small GT, Small GT &

for thermal sell natural gas-  heat pump
energy & buy electricity fired drying
electricity & sell
electricity
Natural gas MJ/h 337924 769253 453859 354821
required (LHV)
Net electricity ~ kWh -9538 48156 24501 0
to export
Gross profit $/h -2,102.40 146.81 -775.37 -1,500.46
Net GHG kg CO2¢e/h
emissions 24059 19625 21443 20225

3.3.5 Discussion of Refinery Interventions

The implications of this work in terms of energy, CO,, water and NER are summarized in
Table 3. While all of the proposed interventions can be implemented together, the production of
hydrous ethanol is the only intervention that simultaneously reduces energy, CO, and water
intensity. Heat integration allows for greater savings in energy and CO,, but may be limited by
capital costs of integrating disparate processes within the refinery. Ultimately, heat integration



will be undertaken when financially advantageous, and the long-term trend of refiners is to
incorporate more such measures. Wet DGS production achieves the largest energy reduction, but
necessitates confinement animal feeding to be located near ethanol production. Given current
land use and value, it is unlikely that a shift in such practices will result in co-location of animal
feeding near ethanol refining solely for the purposes of refinery energy savings. Natural gas CHP
plants achieve significant CO2 reductions and likely achieve system-wide energy reductions
depending on the manner in which the displaced electricity is produced. CHP requires upfront
investment capital but is ultimately profitable in greater than 90% of electric and gas price
scenarios. Better starch conversion decreases energy and CO,, but has been the primary focus of
refiners for years. Thus starch conversion is unlikely to see significant gains due to yeast
technology maturity over the last several decades of development. Similarly, improvements in
the processing of DGS at higher solid fractions can achieve a 5-10% reduction in energy use,
CO, emissions and water consumption (see Figures 4-6), but has received considerable
development attention without significant gains.

Table 3: Implications for energy, CO,, water and net energy ratio

Maximum reduction % increase in
Intervention Energy’ CO; Water  lifecycle NER?
Hydrous ethanol (> 58 wt% EtOH) 10% 8% 3-6% 5-71%
Heat integration® (> 58 wt% EtOH) 29% 25% - 16-22%
Wet DGS 40% 32% - 23-33%
Natural gas CHP plant* 0% 18% - 0%
Better starch conversion 17% 14% - 9-12%

! Maximum decrease to thermal energy use derived from natural gas

2 Based on an initial net energy ratio (NER) of 1.3 (lower bound) to 1.7 (upper bound)
¥ When operating at the pinch

* Excluding natural gas and emissions associated with electricity sales

3.3.6 Applicability to Sugarcane Ethanol

The above hydrous ethanol study focused on ethanol production from corn. Sugarcane
refineries using distillation and molecular sieves to produce anhydrous ethanol will see a similar
decrease in energy use for the water removal stage (beer column, stripping column, and
molecular sieve) when producing hydrous ethanol. However, as sugarcane refineries have a
different energy use profile (e.g. no energy is required to dry DGS), the percentage decrease in
total energy consumption is not comparable. A similar argument holds for refinery emissions and
water use.

4 CONCLUSIONS

Hydrous ethanol is an attractive diesel fuel alternative, motivating the study of energy, CO,
and water savings of corn ethanol production with various concentrations of water content. By
incorporating design changes within an existing refinery model that allows for various levels of
water content, our results demonstrated that at 86 wt% ethanol thermal energy consumption is



optimized, decreasing by ~10% (from 7.7 MJ/L to 6.9 MJ/L). These savings have the potential to
reduce energy costs by approximately 8% ($0.34 /L) and reduce refinery emissions by 8%
(2 g CO.e/MJ). Production of hydrous ethanol reduced refinery water use due to decreased
evaporative losses in the cooling towers, leading to water savings of between 3 - 6% at 86 wt%
ethanol. These savings are comparable to other refinery improvement strategies, but have the
added benefit of coming at little cost to the refiners relative to other interventions.
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