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Abstract. The need of fossil fuels and renewable energy is steadily increasing. The evaluation
of the sustainability of the bio-fuel production needs to be considered in detail and under a
holitistic point of view.

The goals of this study are to enumerate the life cycle Energy Intensity (EI) and Global
Warming Potential (GWP) of corn grain ethanol production, and to explore ethanol production
scenarios which differ at the treatment of the Whole Stillage (WS) co-product, the starch
content of the corn kernels and the corn production process at farm scale.

A case study of ethanol production in Wisconsin, United States is done. The system boundaries
of the investigation are from ‘cradle to plant gate’. In this study statistic data are used for real
conditions of corn grain production in Wisconsin. The data for energy use at the biorefinery
industrial processes are sourced from an ethanol plant survey.

From the comparison of co-product use scenarios, we find that recycling the WS into electricity,
heat and fertilizer is the most environmentally beneficial co-product use because it results in a
54% lower EIl and a 49% lower GWP than the processing of WS into Distillers Dried Grains
with Soluables (DDGS). An increasing starch content of the corn kernels shows a strong
decrease of the EI and GWP of the ethanol production up to 20%.
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INTRODUCTION

The U.S. Renewable Fuels Standard enacted in The Energy Independence and
Security Act of 2007 requires the use of biofuels starting in 2009. Therefore a rapid
year over year biofuel production is required to produce up to 21 billion gallons by
2022, which relates on a compounded annual growth rate in excess of 30%.

The idea of becoming self-sufficient regarding the use of fossil and renewable
resources is to discuss because its production affects the earth system with the
outcomes of climate change and resource scarcity. A global point of view is necessary
to develop mitigation strategies of GHG emissions and to reduce resource use for the
exposure of natural goods for food and energy. Biofuels are promoted in an effort to
address energy security concerns and the reduction of greenhouse gas emissions of
transportation fuels.

The United States government has instructed a maximum production of 15 billion
gal of corn ethanol by 2015 (EISA, 2007). The Energy Independence and Security Act
also requires a 20% reduction in lifecycle greenhouse gas emissions of corn ethanol in
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comparison to baseline lifecycle greenhouse gas emissions of gasoline. Corn ethanol is
the predominant biofuel in the United States, and is already using over 30% of the corn
produced currently. In Wisconsin is corn grain the typical used plant material for
ethanol production.
The investigations assess the influence of ethanol production from corn grain (Zea
mays ssp. Mays) on the environment.
The goals of this study are
- To investigate the energy intensity and the generation of greenhouse gas
emissions of corn grain ethanol production.
- To show the influence of the corn grain production process at farm scale on
the environmental impact of ethanol production.
- Todiscuss the influence of corn grain quality on ethanol production.
- To demonstrate the influence of co-product use on the resource efficiency of
biofuel production.

METHODS

Scope and Functional Unit

In this study the environmental impacts EI and GWP are calculated based on
recent developments of ethanol production in Wisconsin. The calculations are done
from cradle to ethanol plant gate. This study focusses on the agricultural process of
corn grain production and on the industrial process of Ethanol production.The
examples of two defined scenarios of the ethanol production process are used to show
the influence on the resource use of the handling the co-product whole stillage (WS)
within the process (Kraatz et al., 2011). The results of this study are reported for 1 kg
of ethanol denatured with gasoline (95% ethanol, 5% gasoline). The energy value of
ethanol was assumed to be its higher heating value (HHV) 29.6 MJ kg™ (Patzek, 2004).
The density of the ethanol was assumed to be 0.79 g cm™ (US NIST, 2010). According
to the real data of the investigated ethanol plants in Sinistore and Bland (2010) the corn
use is defined with 3.25 kg corn grain kg™ ethanol.

Data Sources and Assumptions

This study uses 2005 Wisconsin corn production data and the estimated energy
intensity and GWP for producing corn grain in Wisconsin. The investigations are done
based on the methodical approach of Kraatz et al. (2009) but extended with various
cultivation scenarios of the corn grain.

The energy use data for the biorefinery industrial processes were sourced from an
ethanol plant survey conducted in Wisconsin (Sinistore, 2008). The average production
of ethanol from these data is 147,730,000 kg from one plant in a year. The calculations
presented here are based on this average value. The basic data used for the calculation
of energy intensity and GWP are presented in table 1.

The Energy Intensity (EI) of ethanol includes both direct (EIPgie) and indirect
energy input (ElPigirect). Direct energy is considered in form of fuel oil, electricity and
natural gas. Indirect energy includes the energy input for resources, manufacturing
machinery and technical equipment (e.g. fertilizer, seed, pesticide and machinery). The
cumulative energy calculation includes the energy inputs, valued as primary energy,
which arise in connection with the production, use and disposal of an economic good.
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The EI of ethanol production is calculated as sum of the energy inputs of corn grain
production and energy use at the biorefinery.

Table 1. Basic values for the energy input and greenhouse gas emissions of the inputs of the
corn grain production and the processing at the ethanol plant

Item Energy Inputs References GHG emissions References

Gasoline 46.9 MJ kg'1 Staffell, 2011 0.065 kg COy.¢q MJT NREL, 2008

Gasoline combusted — - 2.344 kg CO,q L™ NREL, 2008

LP gas 50.0 MJ kg*  Staffell, 2011 0.749 kg CO,.,; MJ* NREL, 2008

LP gas combusted ~ — - 1.534 kg CO,q L™ NREL, 2008

Natural gas (NG) 50.8 MJ kg™t  Staffell, 2011 0.063 kg CO,..,; MJ* NREL, 2008

NG combusted - - 0.00193 kg CO,.q L™ NREL, 2008

Electricity 10.97 MJ Passos Fonseca,  0.207 kg CO,. MJ? Passos Fonseca,
kwWh™ 2010 2010

Hybrid corn seeds 104 MJkg?  Patzek, 2006 6.20 kg CO,..o kg®  Own calculations

Machinery 109 MJkg'  Kalk and 0.4kg CO,e kg’ GEMIS, 2006

manufacture Hilsbergen, 1996

Diesel fuel use 456 MJ It Staffell, 2011 3.57 kg CO,q Lt GEMIS, 2006

Nitrogen fertilizer ~ 353 MJkg®  Appl, 1997 1.46 kg CO,.  kg*  GEMIS, 2006

Phosphate fertilizer  36.2 MJ kg'1 Kaltschmittand ~ 0.39 kg CO,.¢q kg'1 GEMIS, 2006

Reinhardt, 1997

Potassium fertilizer ~ 11.2 MJkg®  Hiilsbergen, 2003 0.533 kg CO,.. kg GEMIS, 2006

Lime 0.44 kg CO,.. kg™ Farrell etal., 2006

Herbicides production 288 MJ I'* Green, 1987 245 kg COpeq L GEMIS, 2006

Pesticides production 196 MJ I™* Hiilsbergen, 2003 24.5kg CO,. L' GEMIS, 2006

0.207 kg COy.¢q MJ? NREL, 2008
No data available

Sewage effluent
Construction

4 kKWh° Blais et al., 1995
0.067-0.332  Calculated from
MJ kg™ Ethanol Bernesson, 2004
Enzymes and 0.07MJkg® Bentsenetal.,
additives Ethanol 2009

required to process 1Kkg Biological Oxygen Demand (BOD), 20 kg BOD/1,000 L ethanol
produced (Kuby et al., 1984)

No data available

The generation of greenhouse gas emissions is directly connected to the energy
input. Direct and indirect GHG emissions are defined in the same way as direct and
indirect energy use and are calculated according to the energy inputs of the ethanol
production process. The calculations of the Global Warming Potential (GWP) include
carbon dioxide (CO,) and nitrous oxide (N,O). The GHG emissions are aggregated on
a carbon dioxide-equivalent basis (COy,g), using the 100-year GWP factor for N,O
recommended by the International Panel on Climate Change (IPCC, 2006) These
values are 1 for CO,, 298 for N,O with an emission factor of 0.0125 kg kg™N (IPCC,
2006).

Scenario corn grain production at farm scale

The environmental impact of ethanol production from corn grain is influenced by
the agricultural processes of the corn grain supply. Therefore four different scenarios
are defined to determine the sustainability of the production of corn grain ethanol. The
first scenario describes the real conditions of corn production in Wisconsin including
the use of artificial fertilizer. The second scenario is similar to scenario 1 but includes
additionally the drying of the corn grain. Scenario 3 and 4 do also base on the real
conditions of corn grain production in Wisconsin but include the use of manure instead
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of artificial fertilizer. Within scenario three it is assumed that no energy demand is
given for the nutrients within the manure itself, but the spreading of the manure is
included as an energy input for its use. The fourth scenario is similar to scenario 3 but
includes the accounting for the environmental burdens for the cattle manure. The used
equivalent values per ton of dairy cattle manure is calculated to be 27 MJand
2.2 kg CO,.¢q, respectively.

Scenario quality of corn grain

The quality of corn grain varies by year and location. The corn quality influences
the ethanol yield and the environmental impacts of the ethanol production. The
composition of the corn used in this calculation bases on different assumptions related
to its quality. The theoretical ethanol yield from corn grain is 0.51 kg ethanol per 1 kg
starch excluding conversion losses which might appear during the production process.

Data from literature are used to show the influence of the starch content of the
corn grain on the results of the environmental impact of ethanol production. Scenarios
are shown with varying starch contents from 60 % to 76 % per kg of corn grain.
Ranges of the data of the starch content are built related to studies from literature
(Patzek, 2006, Oberforster et al., 2010; Sinistore, 2009 and Kim & Dale, 2002).

Scenario using whole stillage as biodigester feedstock

This scenario differs to the standard scenario in how the co-product WS is
processed and used. Therefore, the production system diverges at the WS processing
step. The standard scenario includes the production of Distillers Dried Grains with
Soluables (DDGS) and contains the centrifuging and drying of the WS.

The use of WS for biogas production not only omits the drying and centrifuging
of WS, but it also provides an opportunity to integrate the generated energy from the
WS into the process cycle of the ethanol plant. Biodigestion, however, requires the
addition of a biodigester to the system. The use of the biogas from biodigestion
requires the addition of a Combined Heat and Power plant (CHP). The integration of a
biodigester and a CHP plant is considered within the system boundary of this scenario.

RESULTS AND DISCUSSION

The environmental impact of ethanol production from corn grain is calculated by
using Wisconsin specific conditions and results in an El of 25.1 MJ kg™ ethanol and a
GWP of 3.33 kg CO...q kg™ ethanol (table 2).

The influence of the discussed scenarios on the environmental impact of corn
grain ethanol production is shown in table 2 as well.

Strongest influence on the efficient use of energy and the generation of
greenhouse gas emissions has the use of the co-product. Already using the separation
of the resource input for the production of the ethanol and its co-product DDGS leads
to a differing result. The El is 18.94 MJ kg™ ethanol and the GWP is 3.28 kg COpeq kg
! ethanol. The environmental impact allocated to the processing of the WS for
producing the co-product DDGS results in an El of 6.12 MJ kg™ ethanol and a GWP
0.05 kg CO,. kg™ ethanol, respectively. The main contributor to the El of the
industrial process at the ethanol plant is the electricity with 30%. The supply of corn
grain and its transportation to the ethanol plant makes up 23% of the El of ethanol
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production. Half of the total GWP can be attributed to electricity generation and about
one third can be attributed to biotic carbon emitted during the fermentation. Corn
production comprises the third largest share of the GWP of ethanol production.

Table 2. Influence of the different scenarios on the environmental impact of ethanol production
from corn grain

Scenario Energy El ratio to Global Warming GWP ratio to
Intensity (EI)  standard Potential (GWP) standard
MJ scenario kg COp.q scenario
kg™ ethanol % kg ethanol %

Standard* 25.1 100 3.33 100

Co-product use

Standard with  18.9 75 3.28 98

DDGS

Integrated system  11.6 46 1.70 51

Corn grain

production

2-standard  plus 25.9 103 3.37 101

drying of corn

grain

3-using manure 23.2 92 3.27 98

4-manure and 24.6 98 3.28 98

allocated  value

for its supply

Starch content

66.2%° 22.8 91 3.03 91

72.3%° 20.9 83 2.78 83

73.6%° 20.5 82 2.73 82

75.7%° 20.1 80 2.67 80

*based on real conditions of corn grain production in Wisconsin (USA) (Kraatz et al., 2009),
starch content: 60.3% (Sinistore, 2010; Kim and Dale, 2002); co-product processing included
(Drying DDGS) with no use of allocation; ® Patzek, 2006; * Oberforster et al., 2010

The integration of a biodigester and CHP plant results in an El of 11.6 MJ kg™
ethanol and a GWP of 1.7 kg CO,..q kg™ ethanol and the nutrients from the digester
effluent also have considerable value. Nearly 50% of the energy input stems from corn
production and corn transportation to the ethanol plant. The waste water treatment and
the addition of gasoline to the ethanol each make up 20% of the El of ethanol
production, respectively. The ethanol production GWP in this scenario is dominated by
the emissions from corn grain production and the release of biotic carbon during the
fermentation.

The second highest influence on the El and the GWP of the ethanol production
has within the compared scenarios the starch content of the corn kernels. The
investigation show that with increasing starch content the El and the GWP are
decreasing up to 20% in the examples discussed within this study (table 3).

The share of the corn production on the energy intensity of the ethanol production
is 20%. The discussed scenarios of corn grain production at farm scale show the lowest
influence on the environmental impact of the ethanol production compared to the other
considered scenarios (table 2).

193



Table 3. Environmental impact of four varying corn grain production scenarios

Resource input Corn grain production scenario |
Standard 2 — standard plus 3 —manure 4 — manure
drying of corn (allocation
grain used)
per ha MJ kg MJ kg MJ kg MJ kg
COZ—eq COZ—eq COZ—eq COZ-eq
Fertilizer 6512 314 6512 314 883 99 4820 124
*
Pesticide 907 77 907 77 907 77 907 77
Seed 2059 123 2059 123 2059 123 2059 123
Machinery 1461 47 1461 47 1461 47 1461 47
Diesel 3840 584 3840 584 4113 625 4113 625
Gasoline 650 40
LPG 812 32
Natural gas 510 4
Electricity 549 37
N,O 448 448 448 448
MJ kg MJ kg MJ kg MJ kg
per kg corn COy¢q COy.¢q COy¢q COy.¢q

157 017 1.84 0.18 1.00 0.15 142 0.15

The decreasing use of artificial fertilizer substituted by manure shows a marginal
decrease of the El. Detached from the ethanol production scenario the corn grain
production shows stronger differences in energy use and generation of GHG emissions
regarding the discussed scenarios (table 3). The use of manure as fertilizer leads to a
lower input of fossil energy ressources even with consideration of fossil energy used
through allocation of the energy inputs of the manure as co-product from dairy
farming. Dependent on the weather conditions the drying of the corn grain might be
necessary. The drying leads to an increase of 17% of fossil energy use compared to
standard scenario. The GWP of corn grain production is marginally varying within the
described corn grain production scenarios. It shows the use of manure instead of
artificial fertilizer leads to decreasing GHG emissions.

CONCLUSIONS AND OUTLOOK

It is to conclude that the use of the co-product of ethanol production has strong
influence on its environmental impact. It is shown that the most environmentally
beneficial use of the WS co-product is to biodigest it to produce methane. These
benefits are enhanced when the biodigester residue is used as fertilizer to displace
conventional fertilizer in corn production. The use of allocation has a crucial influence
on the environmental impact assessment. The starch content of corn used for ethanol
production shows an effective opportunity to improve its sustainability. Even with a
low impact of the corn grain production on the environmental impact of ethanol
production it is to conclude that the on-farm production of the corn grain needs to be
considered carefully. Using artificial fertilizer causes higher fossil energy use than the
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use of manure. Finally it is to highlight that only minor energy gain is reached within
the life cycle of ethanol production from corn grain in Wisconsin.
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