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Abstract. Water consumption is one of the critical factors for bioenergy production. In this study, six biofuel and six
biopower production pathways are integrated with their water requirement to develop a new factor combining water
consumption and energy efficiency for each pathway. This integrated factor is defined as water requirement for 1

MJ of net energy value (NEV) of biofuel or biopower. Agriculture-residue-based ethanol production pathways con-
sume 51.2-63.6 liters of water per MJ of NEV. These pathways are both water and energy efficient. The biopower
production pathways based on agriculture residues consume 27.2-50.6 liters of water per MJ of NEV. Although a
switchgrass-based ethanol production pathway is the most energy efficient, this pathway consumes an average of
130 liters of water per MJ of NEV due to poor water efficiency. Corn-to-ethanol and wheat-to-ethanol pathways are
neither energy efficient nor water efficient and consume an average of 178 liters and 325 liters of water per MJ NEV,
respectively. A rapeseed-to-biodiesel pathway is less energy intensive and lies between corn- and wheat-grain-
based ethanol pathways and consumes an average of 211 liters of water per MJ of NEV. © 2011 Society of Chemical
Industry and John Wiley & Sons, Ltd
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Introduction (GHG) emissions. There are different metrics for presenting
the amount of fossil fuel required in the life cycle of bioen-

L . . . ergy: life cycle energy efficiency, energy balance, net ener
during its production, hence it is not considered 8y Y &Y Y 8y 8y

value, or energy ratio. In this study, net energy value (NEV)

B ioenergy is renewable but it consumes fossil fuels

completely carbon neutral. With increased interest

in the issue of global warming, the fossil fuel requirement is used to compare different bioenergy pathways. The NEV

for bioenergy production has become a critical factor. From reflects the actual energy output from a bioconversion path-
an environmental perspective, higher fossil fuel requirement way. This is different than gross energy content of a biofuel

for production of bioenergy leads to higher greenhouse gas because gross energy content of a biofuel does not reflect the
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amount of fossil energy consumed in its production. Over
the past several years, there has been substantial work done
on estimating the NEVs for different bioproducts using dif-
ferent biomass feedstocks.'®

Water requirement is another critical factor in determin-
ing the most environmentally efficient bioenergy pathway.
Water is used mainly in two stages of bioenergy life cycle:
crop production stage and bioconversion stage. Water con-
sumption factors (i.e. liters of water for production of 1 MJ
of ethanol or 1 liter of ethanol) for producing bioenergy are
calculated in earlier studies.”” These factors help decision-
makers find the most water-efficient pathway, but these
do not provide information on the energy efficiency of the
pathway.

This study proposes a methodology for integration of
energy and water consumption factors and develops these
integrated factors for different biomass conversion pathways.
This study provides a detailed analysis of the NEV and water
consumption factors for twelve biomass conversion path-
ways based on six biomass feedstocks. Some NEV values are
not available in the literature, and so were calculated in this
study. The water consumption factors for twelve biomass
conversion pathways were studied in an earlier study by the
authors.” Once the NEV and the water consumption factor
for each pathway were determined, the NEVs were inte-
grated with the water consumption factors for each of the
respective pathways. This resulted in a new integrated factor
representing environmental efficiency, which is a combina-

tion of energy consumption and water consumption for dif-

Modeling and Analysis: Energy and water consumption factors for biomass conversion pathways

Methodology

In this study, six biomass feedstocks are considered to
produce three key bioproducts (bioethanol, biodiesel, and
biopower) through twelve bioconversion pathways. Figure 1
shows the twelve pathways including two pathways for fer-
mentation of grain (corn and wheat) into bioethanol; three
pathways for conversion of lignocellulosic biomass feed-
stocks into ethanol through saccharification and fermenta-
tion processes; three pathways (corn stover, wheat straw,
and switchgrass) into electricity through direct combustion;
three pathways (corn stover, wheat straw, and switchgrass)
into electricity through conversion to bio-oil and its com-
bustion; and one pathway (rapeseed) into biodiesel through
crushing and transesterification processes.

The NEV for any bioenergy production pathway depends
on several factors. The main factors which affect the life
cycle energy requirement of a bioconversion pathway include
types of fuel consumed directly or indirectly over the life
cycle, technology used for bioconversion, bioconversion efhi-
ciency, byproducts of utilization, and plant capacity. In this
study, a range of energy data on conversion of biomass were
collected and studied to determine the water consumption
factor based on the NEV. The NEV (M] per unit of bioen-
ergy) for a bioenergy pathway is calculated as follows and is

derived from an earlier study:®

Net energy value (M] per unit of bioproduct) = Energy content of
bioproduct (M] per unit of bioproduct) + credits for byproducts
(M] per unit of bioproduct) - direct and indirect fossil fuels input

ferent bioconversion pathways. (M] per unit of bioproduct) (1)
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Figure 1. Biomass conversion pathways.
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Energy content of bioproduct is the calorific value of the
bioproduct. The total energy content of a biofuel can be con-
sidered in terms of its higher heating value (HHV) or lower
heating value (LHV).* This study considers both the HHVs
and the LHVs of biofuels. Energy credit for byproducts is the
amount of energy that would have been required to produce
that byproduct from any other pathway. Direct and indirect
fossil fuel input refers to the input energy for production of
the bioproduct.

The water consumption factors are total water requirement
per unit production of a bioproduct for a particular biocon-
version pathway and these factors are integrated with energy

as follows.

Integrated water and energy consumption factor for a bioproduct
produced through a particular bioconversion pathway = Water
consumption (liters per unit of bioproduct) / Net energy value
(M] per unit of bioproduct) 2)

The water consumption factors for twelve different biomass
conversion pathways were estimated in an earlier study by
the authors.’ The developed water conversion factors include
water requirement in the agriculture stage, water requirement
in feedstock transportation stage, and water requirement
in the conversion stage. The estimated water requirement
for different conversion pathways includes both direct and
indirect water use over the life cycle. Agriculture-stage water
requirement includes both precipitation and irrigation water.
The irrigation water could come from both surface water and
groundwater. Similarly, the water for the conversion stage
could come from both surface water and groundwater. This
study considers both grains and lignocellulosic biomass.
Further details on the development of water consumption fac-
tors can be found in an earlier study by the authors.” For the
agriculture stage, water requirements are allocated to grains
and residues based on their mass fractions. It is assumed in
this study that ratio of corn stover to corn dry weight is 1:1.
Similarly, the ratio of wheat straw to wheat dry weight is 1.1:1.

The integrated factor based on water and NEV shown
in Eqn (2) is proportional to the water consumption. The
water consumption in this integrated factor is the total
water consumption to produce a unit of bioproduct and is
the sum total of agriculture- and conversion-stage water

consumption. The agriculture-stage water could come from

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb

precipitation or irrigation and this depends on the place.
The integrated factor reflects the total water consumption
per unit NEV irrespective of the source of water. The higher
value of integrated factor reflects higher water consump-
tion for the particular pathway per unit NEV which is not

desirable.

NEV and water consumption factors
of bioconversion pathways

NEV and water consumption factor for ethanol
produced from corn

Currently, corn is the most popular feedstock for production
of ethanol. There has been a lot of discussion on the NEV
variation of the corn-based ethanol. As shown in Table 1, the
NEV for the corn-to-ethanol pathway varies in a very wide
range, mainly because of the type of fuel used in the conver-
sion process.

In the USA, most ethanol plants use natural gas as fuel
and the NEV for corn-based ethanol produced using natural
gas is approximately 5600 kJ per liter of bioethanol.'” With
increased interest in reduction of greenhouse gas (GHQG)
emissions and with volatility in the price of natural gas,
other alternatives such as DDGS (Distiller’s dried grains and
soluble), wood chips are being considered as a substitute for
natural gas.® As reported in different studies, the variation
in NEV is also due to differences in assumptions and data on
corn yield, fertilizer requirements for the corn crop, the con-
version efficiency of the ethanol plant, etc.

Though most researchers reported positive NEVs for corn-
based ethanol, the studies by Pimentel reported the NEV
of corn-based ethanol as negative, i.e. more energy was
consumed through the input of fossil fuel than the amount
contained in the bioethanol."""* Many factors contributed to
the underestimated Pimentel NEV, such as lower corn yield,
higher fertilizer application rate, and lower corn-ethanol
conversion rate.* Hence, in this study, only positive values
for NEVs are considered in evaluating and comparing water
consumption factors for different pathways. In this pathway,
water is used mainly for corn crop production. Water is also
used as process water, cooling water, and steam in the corn-
based ethanol plant. Water is also used indirectly for the

production of electricity and chemicals used in the pathway.

S Singh, A Kumar, B Ali

407



S Singh, A Kumar, B Al Modeling and Analysis: Energy and water consumption factors for biomass conversion pathways

Table 1. Net energy value and water consumption for different biofuels.

Pathway Net energy value® Water require-  Water consumption per unit NEV  Sources
(kJ liter™) ment?® (liters (liters MJ™)
Based on HHV Based on LHV liter™) Based on HHV Based on LHV

Corn - Ethanol 5883 3664 815.81 138.7 222.7 [4]
8490 6271 815.81 96.1 130.1 [25]
3978-15446 1759-13227 815.81 205.1-52.8 463.8-61.7 [10]
8119 5900 815.81 100.5 138.3 [26]
11701 9482 815.81 69.7 86.0 2]
6631 4412 815.81 123.0 184.9 [27]
8313 6,094 815.81 98.1 133.9 [28]

Average 8570 651 815.81 110.5 177.7
Wheat — Ethanol 4337-22767 2,118-20548 1087.57 250.8-47.8 513.5-52.9 [14]
3490 1271 1087.57 311.6 855.7 3]
13044 10825 1087.57 83.4 100.5 [29]
12895 10676 1087.57 84.3 101.9 [24]

Average 11307 9088 1087.57 155.6 324.9
Corn stover — Ethanol 23879 21660 1011.9 42.376 46.717 [5]
25119 22900 1011.9 40.284 44.188 [26]
20686 18467 1011.9 48.917 54.795 [30]
19329 17110 1011.9 52.351 59.141 [16]
21932 19713 1011.9 46.138 51.332 [17]

Average 22,189 19970 1,011.90 46.0 51.2
Wheat straw — Ethanol 19329 17110 1170.44 60.554 68.407 [16]
22809 20590 1170.44 51.315 56.845 [24]
20085 17866 1170.44 58.274 65.512 [28]

Average 20741 18522 1170.44 56.7 63.6
Switchgrass - Ethanol 22411 20192 2696.68 120.3 133.6 [17]
23719 21500 2696.68 113.7 125.4 [18]

Average 23065 20846 2696.68 117.0 129.5
Rapeseed - Biodiesel 21605 18313 3904.71 180.7 213.2 [24]
24997 21705 3904.71 156.2 179.9 [29]
18253 14961 3904.71 213.9 261.0 [3]
23806 20514 3904.71 164.0 190.3 [19]

Average 22165 18873 3904.71 178.7 211.1

@ Based on higher heating value (HHV) of ethanol: 23 403 kJ per liter, lower heating value (LHV) of ethanol: 21 184 kJ per liter, biodiesel (HHV) of
35 931 kdJ per liter, and biodiesel (LHV) of 32 639 kJ per liter."*

P The water consumption factors are derived from an earlier study by the authors.® The water consumption factors are based an average yield
of the biomass feedstocks in North America.
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The total water requirement is found to be 815.81 liters for 1

liter of ethanol produced.

NEV and water consumption factor for ethanol
produced from wheat

As with the corn-to-ethanol pathway, the net energy value for
this pathway also varies widely depending on the heat and
power supply for the ethanol plant. Punter et al. reported a
net energy value of 4337 k] per liter of ethanol with natural
gas and imported electricity as input fuels for the ethanol
plant.' In this study, a net energy value is reported as high

as 22 767 K] per liter of ethanol when a wheat straw-based

CHP (combined heat and power) plant is considered for the
heat and power production for the ethanol plant in place of a
fossil-fuel-based power plant (Table 1). In wheat-to-ethanol
conversion pathway, water is used for the same purposes as for
the corn-to-ethanol pathway and the total water requirement

is 1087.57 liters per liter of ethanol produced.

NEV and water consumption factor for ethanol
produced from corn stover

Unlike corn- and wheat-based ethanol, corn-stover-based
ethanol shows little variation in NEV. The reason is that heat

and power requirements for a lignocellulosic-biomass-based

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb
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ethanol plant are fulfilled by an integrated power plant. The
integrated power plants use residue (i.e. a lignin-rich byprod-
uct) as input fuel.>'>!® In a study by Sheehan et al. on ethanol
produced from corn stover, the reported figure for the NEV
is greater than the HHV of ethanol (23 403 k] liter!)°. In this
study, the byproduct energy credit has greater energy value
than the fossil fuel energy used in this bioconversion path-
way. In this pathway, water requirement in agriculture stage
is shared equally between corn and corn stover based on dry
weights. Water is consumed in the bioconversion stage as proc-
ess water, cooling water, and steam. The total water require-

ment is found as 1011.90 liters per liter of ethanol produced.

NEV and water consumption factor for ethanol
produced from wheat straw

The net energy value for producing ethanol from wheat straw
varies from 19 329 KkJ per liter of ethanol to 22 809 kJ per liter
of ethanol as shown in Table 1. For the studies considered

in Table 1, the process for production of ethanol from wheat
straw is similar to that for producing it from corn stover. Water
requirement for this pathway in conversion stage is for the same
purposes as for corn-stover-to-ethanol pathway. The total con-

sumption is 1170.44 liters of water per liter of ethanol produced.

NEV and water consumption factor for ethanol
produced from switchgrass

Switchgrass is another lignocellulosic biomass which is proc-
essed like corn stover and wheat straw to produce ethanol.
The energy required for the process is supplied by burning the
byproduct (i.e. lignin) of the ethanol plant.'”'® The fertilizer
required to produce switchgrass is lower than annual crops.'®
As a result, the average NEV for the switchgrass conversion
pathway is higher than those of other lignocellulosic-biomass-
based ethanol production pathways. Unlike other lignocellu-
losic-biomass-feedstock-based pathways, this pathway con-
sumes a large amount of water in the crop-production stage.
Though conversion-stage requirement is almost same as for
other lignocellulosic-biomass-based pathways, the total water

requirement is 2697 liters per liter of ethanol produced.

NEV and water consumption factor for biodiesel
produced from rapeseed
In this bioconversion pathway, fossil-fuel-based energy

is used directly and indirectly during different stages of

S Singh, A Kumar, B Ali

rapeseed production, oil extraction, and transesterification.
The net energy consumption depends on climatic condi-
tions and the technologies used for agricultural options and
the conversion plant.'” The values shown in Table 1 for the
biodiesel production pathway depend on the assumptions
and data considered in calculating fossil energy use. The
average range of NEV for the rapeseed-to-biodiesel pathway
is 18 873-22 165 KkJ per liter of biodiesel. In this pathway,
water is used mainly for crop production. In the conversion
stage, a little amount of water is used for oil purification
purpose. The total water requirement is 3905 liters per liter

of biodiesel production.’

NEV and water consumption factors for biopower
production pathways

The biopower production pathways can be divided into three
stages: feedstock production, transportation, and conver-
sion. This study considers two pathways for the production
of biopower: direct combustion of biomass feedstocks in

a boiler, and combustion of bio-oil produced through fast
pyrolysis of biomass feedstocks. Both pathways are self-
reliant regarding heat and power requirements because these
use power and heat generated in the integrated power plant.’
The fossil-fuel-based energy required for both the pathways
is only for transportation of ash from the power plant to

the field. This study considers the direct and indirect fossil
energy requirement for production and transportation of
feedstock and ash.

Fossil-fuel-based energy input for producing
biomass and transporting it to a biopower plant
The energy required during the production and transporta-
tion stages of three biomass feedstocks (corn stover, wheat
straw, and switchgrass) are shown in Table 2. Feedstock
production requires direct energy such as diesel for farming
activities, i.e. baling. It also requires indirect energy such
as that used to produce fertilizer. The transportation stage
involves loading, trucking, unloading, and stacking. The
energy required per unit of biomass for trucking varies with
trucking distance. This trucking distance depends on the
capacity of the plant, the yield of biomass feedstock, land
utilization factor, and road winding factor.*’

In this study, capacity of the biopower plant is 50 MW.’

For a plant of this size, direct combustion and fast pyrolysis

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb 408
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Table 2. Fossil energy input in producing biomass and transporting it to a biopower plant.

Biomass feedstock Stage Input energy (kJ kg™") Comments/Sources
Corn stover Production stage® 589 [26]
850 [17]
Production & transportation® 1,143 [5]
Wheat straw Production stage® 1,070 [24]
820 [17]
Switchgrass Production stage® 662 [18]
670 [17]
436 [25]
Transportation®¢ 569 Derived from Kumar (2007) for 800 dry tonnes
capacity plant.
589 Derived from Kumar (2007) for 1000 dry

tonnes capacity plant.

@ Feedstocks production requires producing fertilizer, handling and baling of the feedstock.

® The value is adjusted for a 1000 dry tonnes plant for transportation.

¢ Transportation involves loading, trucking, unloading and stacking biomass feedstock. The energy input for trucking is adjusted according to

biopower plant capacity.

9t is assumed in this study that the input energy for transportation is same for corn stover, switchgrass, and wheat straw.

pathways require approximately 800 and 1000 dry tonnes
of biomass feedstock per day. The energy requirement for

trucking is derived from an earlier study by Kumar and

Sokhansanj*® and has been adjusted for the size of the plants.

It is assumed that the energy requirement during the trans-
portation stage is the same for all biomass feedstocks. The
energy required for the size reduction of feedstock is also

included in this study.

Biomass feedstocks and the fossil-fuel-based
energy required to generate electricity through the
direct combustion and fast pyrolysis pathways
The quantities required per unit of electricity generated
through direct combustion and fast pyrolysis are shown
in Table 3 for different biomass feedstocks. The amount of
biomass feedstocks required for direct combustion is lower
than that required for fast pyrolysis because heat losses in
the conversion stage are lower. Energy requirements cor-
responding to the quantity of feedstocks are shown in Table
3 for the feedstock production, transportation, and ash
transportation stages. The ash contents of corn stover, wheat
straw, and switchgrass are 7.7%,%' 10.2%,>* and 5.7%,%
respectively. In this study, it is considered that the total ash
recovered from pyrolysis and combustion stages is returned
to the field to reduce fertilizer consumption and prevent soil
erosion.”*

It is also assumed that transportation of ash consumes

energy at the same rate (i.e. MJ tonne™ km™) as does the

transportation of biomass feedstock.?* The NEV for each
pathway is shown in Table 3. This NEV is calculated by sub-
tracting all energy inputs from the energy value of 1 kWh
i.e. 10 800 kJ, based on an assumption that one kWh thermal
equal to 0.33 kWh electrical.

Water required to generate electricity through the
direct combustion and fast pyrolysis pathways

In the conversion stage of direct combustion pathway, water
is utilized as cooling water for production of steam and
service water. The make-up water for these systems is inde-
pendent of type of biomass feedstock fed into the boiler. The
type of biomass decides the quantity of biomass feedstock
required to produce one kWh of electricity and accordingly
agriculture-stage water requirement. Agriculture residues
consume less water than switchgrass in the agriculture stage
based on the assumption that water is shared with grains. The
total water requirements for corn-stover- and wheat straw-
based biopower pathways are 259.38 and 318.30 liters per
kWh, respectively. The switchgrass based pathway consumes
672.13 liters of water per kWh of electricity produced.’

In a fast-pyrolysis-based pathway, water is used in pyroly-
sis process as cooling water for bio-oil cooling, bio-oil
scrubbing, ash quenching, and steam condensing. The quan-
tity of cooling water varies with the type of biomass feed-
stock. Water is also used in power-production stage as cool-
ing water and steam. The total water requirements are 326.59
liters, 465.80 liters, and 823.67 liters per kWh of electricity

404 © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb
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Table 3. Net energy value and water consumption for biopower produced using different biomass feedstocks.

Pathway Biomass Energy input for biopower produc- Net energy Water require- Water
requirement® tion (kJ kWh™) value® ment® (liters consumption
-1 =il -1
(dry kg kWh™) Biomass production Ash (kd KWh™) kwh™) ver NEY1
and transportation transportation® (liters MJ™)

Corn stover — Electricity 0.68 1234 30 9536 259.38 27.20
Corn stover — Bio-oil 0.86 1254 39 9507 326.59 34.35
— Electricity

Wheat straw 0.71 1515 41 9244 318.30 34.43
— Electricity

Wheat straw — Bio-oil 0.88 1534 53 9213 465.8 50.56
— Electricity

Switchgrass — Electricity 0.66 1159 21 9620 672.13 69.87
Switchgrass — Bio-oil 0.81 1178 27 9595 823.67 85.84
— Electricity

2 It is considered that ash generated by the plant will be sent back to the field at the same rate of energy consumption i.e. MJ per tonne per km.?*

b Source: Singh and Kumar.®

¢ Estimated by subtracting all energy inputs from the total energy content i.e. 10800 kJ per kWh of electricity. This is based on an assumption

that 1 kWhipermar = 0.33 kWheectrical.

produced for corn-stover, wheat straw- and switchgrass-

based pathways, respectively.

Results and discussion

Table 1 shows the NEV and water consumption for six path-
ways using six biomass feedstocks. Water requirements for
these pathways include the amount of water used directly or
indirectly over the life cycle of biofuel production. The NEV
for biofuel or biopower can be expressed as a percentage of
the total energy content of the biofuel or biopower. The heat-
ing values for bioethanol and biodiesel are considered as
total energy contents.

Similarly, the NEV for the corn-to-ethanol pathway is the
lowest at 37%. This NEV refers to ethanol plants which use
natural gas as fuel; most existing plants are based on this
technology.'” The NEV for the corn-to-ethanol pathway can
be improved to 66% by using other biomass (e.g. wood chips)
as a source of heat and by importing electricity.'” The NEV
for this pathway can be improved further, to over 90%, if
corn stover is used in the CHP plant, but the water require-
ment of this pathway will remain much higher than that
of agricultural-residue-based pathways. As a result, water
requirement cannot be reduced to the water requirement for
crop residue.

The NEV for the wheat-to-ethanol pathway is the second
lowest at about 48%. The NEV for grain-based ethanol

depends mainly on the heat and power sources for the

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb

conversion process.'” About 15% of the NEV is for existing
ethanol plants where natural gas is used as fuel for heat and
electricity is imported from the grid."* This low NEV can be
improved to a maximum of 97% by utilizing wheat straw in
a CHP plant that supplies energy to an ethanol plant. The
energy efliciency of the wheat-to-ethanol-based pathway can
be improved. As a result, water requirement can be reduced
from 325 to 161 liters per MJ of NEV.

The NEV for the switchgrass-to-ethanol pathway is the
highest at 99%, primarily because of its low nutrient require-
ments as a crop and its sufficient byproduct (electricity)
production during conversion. These two factors reduce the
fossil energy required in the crop production and trans-
portation stages. Among the lignocellulosic-biomass-based
ethanol production pathways, the switchgrass-to-ethanol
pathway has the highest NEV followed by the corn-stover-
to-ethanol and wheat straw-to-ethanol pathways at 95% and
89%, respectively. Though corn stover and wheat straw are
both agricultural residues, the NEV for wheat straw is lower
than that of corn stover because more energy is required to
replenish nutrients in the agriculture stage for wheat straw.
Though the switchgrass-based ethanol production pathway
is better than other conversion pathways from an energy
consumption point of view, it consumes 130 liters of water
for each MJ of NEV produced.

Based on water consumption per unit NEV, the most effi-

cient pathway is corn stover to ethanol, followed by wheat

S Singh, A Kumar, B Ali
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straw to ethanol. Wheat to ethanol has the highest water
consumption per unit NEV among all the ethanol produc-
tion pathways. For biopower pathways, corn stover to elec-
tricity is the best, followed by wheat straw. The switchgrass-
to-electricity pathway has the highest water consumption
per unit NEV.

In the biopower production pathway, the cooling water
requirement is higher than that of the ethanol production
pathway for any given lignocellulosic biomass feedstock. This
means more heat is lost from the system in the biopower
production pathway. For this reason, biopower production is
not as energy eflicient as ethanol production for lignocellu-
losic biomass. In biopower production, the switchgrass-based
pathway is better than the agricultural-residue-based pathway
due to switchgrass’s low nutrients requirement. The NEV for
biopower production through direct combustion is slightly
higher than that for biopower production through combus-
tion of bio-oil from fast pyrolysis. This is due to additional
heat losses in fast pyrolysis.

The NEV for biodiesel production is 62%. This value is
higher than that for existing grain-based ethanol production
pathways due to low energy consumption in the conversion
stage. Though the NEV for this biofuel is sufficiently high,
this pathway is not water efficient because growing rapeseed
requires high water consumption. As a result, this pathway

is water intensive, consuming 211.1 liters of water.

Modeling and Analysis: Energy and water consumption factors for biomass conversion pathways

Tables 4 and 5 show the aggregated water requirement values
for different pathways. These tables show the integrated water
consumption and NEV factors for agriculture and conversion
stages separately for different pathways. The integrated water
and NEV factors have been calculated by estimating the water
consumptions and NEVs separately for the two stages. These
aggregated NEV for biofuel pathways are based on biomass
energy content, input energy (as given in Table 2), average
values based on HHYV (as given in Table 1), and water require-
ment factors presented in the earlier study.” The aggregated net
energy value for biopower pathways were calculated from data
in Table 3 and biomass net energy content. The average bio-
mass heating value was assumed to be 16 GJ per tonne™.

Biofuel production pathways could be compared to fossil-
fuel-based liquid fuel pathways. The ethanol production
pathways are compared to the gasoline production pathway
from fossil fuel. The water consumption for gasoline over
life cycle including exploration, production, and refining for
conventional crude oil is reported in the range of 2.8 to 6.6
liters of water per liter of gasoline.”’ Based on a gasoline heat
content of 34.86 MJ per liter,* the average water consump-
tion for gasoline is 0.135 liters per MJ. This value is signifi-
cantly lower compared to biofuel production pathways. The
comparison here is based on energy content of fuel and not
on the net energy value. Further investigation is required in

water consumption level of gasoline.

Table 4. Aggregated water consumption and NEV for biofuels pathways.
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Pathway Agriculture Stage Conversion Stage
Direct Indirect Direct Indirect
Corn-Ethanol Water consumption (liters liter™) 811.45 0.06 3.58 0.72
NEV (kJ liter™) 13652 5082
Water consumption per NEV (liters MJ™) 59.4 0.846
Corn stover-Ethanol Water consumption (liters liter™) 1005.51 0.06 5.97 0.35
NEV (kJ liter™) 39621 17432
Water consumption per NEV (liters MJ™) 25.4 0.363
Wheat-Ethanol Water consumption (liters liter™) 1082.62 0.08 4.05 0.81
NEV (kJ liter™) 16389 5082
Water consumption per NEV (liters MJ™) 66.1 0.956
Wheat straw-Ethanol Water consumption (liters liter™) 1164.14 0.08 5.87 0.34
NEV (kJ liter™) 37920 17179
Water consumption per NEV (liters MJ™) 30.7 0.361
Switchgrass—-Ethanol Water consumption (liters liter™) 2690.27 0.10 5.96 0.34
NEV (kJ liter™) 39203 16138
Water consumption per NEV (liters MJ™) 68.63 0.39
Canola seed- Biodiesel ~Water consumption (liters liter™") 3628.22 0.18 0.24 0.44
NEV (kJ liter™) 34880 12715
Water consumption per NEV (liters MJ™) 104 0.053
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Table 5. Aggregated water consumption and NEV for biopower pathways.

Pathway Agriculture Stage Conversion Stage
Direct Indirect Direct Indirect
Corn stover—electricity Water consumption (liters kWh™) 256.6 0.08 2.70 0.00
NEV (kJ kWh™") 9646 10770
Water consumption per NEV (liters MJ™") 26.61 0.251
Corn stover—bio-oil-electricity Water consumption (liters kWh™) 323.5 0.08 3.01 0.00
NEV (kJ kWh™") 12506 10761
Water consumption per NEV (liters MJ™") 25.87 0.279
Wheat straw—elecrticity Water consumption (liters kWh™) 315.5 0.10 2.70 0.00
NEV (kJ kWh™") 9845 10759
Water consumption per NEV (liters MJ™") 32.06 0.251
Wheat straw-bio-oil-electricity Water consumption (liters kWh™) 462.6 0.10 3.10 0.00
NEV (kJ kWh™") 12546 10747
Water consumption per NEV (liters MJ™") 36.88 0.288
Switchgrass—electricity Water consumption (liters kWh™) 669.41 0.03 2.7 0.00
NEV (kJ kWh™") 9401 10779
Water consumption per NEV (liters MJ™") 71.21 0.25
Switchgrass-bio-oil-¢electricity Water consumption (liters kWh™") 820.66 0.03 2.98 0.00
NEV (kJ kWh™") 11782 10773
Water consumption per NEV (liters MJ™") 69.66 0.277

For biopower pathways, the water consumption level is
compared to a thermoelectric power plant. The amount of
water consumed by thermoelectric power plants per kWh
of end use energy for the entire United States is calculated
as 1.8 liters.” The metric was calculated by taking the total
consumptive water use divided by the total power output.
Again this value is very low compared to biopower produc-
tion pathways. The comparison here is not based on the
NEV. Further investigation is required in water consump-
tion level of thermoelectric power production.

This paper developed a methodology for combining energy
and water consumptions factors for production of differ-
ent biofuels and biopower through different pathways. The
results show the environmental efficiency of the various bio-

conversion pathways.

Conclusion

The grain-based ethanol production pathways using exist-
ing technology are the least energy efficient and water
efficient. The ethanol production pathways based on ligno-
cellulosic biomass feedstocks (corn stover, wheat straw, and
switchgrass) are the most energy efficient. The corn-stover-
and wheat straw-based ethanol production pathways are
also the most water efficient consuming only about 51-64
liters of water for 1 MJ of NEV. Due to water inefficiency,

switchgrass-based ethanol pathway consumes 130 liters

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb

of water for 1 MJ of NEV. The NEVs for biopower produc-
tion pathways based on lignocellulosic feedstocks are lower
than that for ethanol production pathways based on the
same feedstock; the corn-stover- and wheat straw-based
biopower production pathways consume 27-51 liters of
water for 1 MJ of NEV. The NEV for rapeseed-based biodie-
sel is higher than that for grain-based ethanol, but this
pathway is water intensive and consumes about 211 liters
for 1 MJ of NEV.

References

1. Sheehan J, Camobreco V, James D, Graboski M and Shapouri H, Life
cycle inventory of biodiesel and petroleum diesel for use in an urban
bus. [Online]. (1998). Available at: http://www.nrel.gov/docs/legosti/
fy98/24089.pdf [November 30, 2008].

2. ANL, GMC, BP, Exxonmobil and Shell, Well-to-wheel energy use
and greenhouse gas emission of advanced fuel/vehicles systems -

North American Analysis. [Online]. (2001). Available at: http://www.
transportation.anl.gov/pdfs/TA/163.pdf [December 3, 2008].

3. Armstrong AP, Baro J, Dartoy J, Groves AP, Nikkonen J and Rickeard DJ,
Energy and greenhouse gas balance of biofuels for Europe - an update.
[Online]. (2002). Available at: http://www.senternovem.nl/mmfiles/26601_
tcm24-124161.pdf [December 3, 2008].

4. Shapouri H, Duffield JA and Wang M, The energy balance of corn etha-
nol: an update. [Online]. (2002). Available at: http://www.transportation.
anl.gov/pdfs/AF/265.pdf [December 4, 2008].

5. Sheehan J, Aden A, Paustian K, Killian K, Brenner J, Walsh M and Nelson
R, Energy and environmental aspects of using corn stover for fuel etha-
nol. Indus Ecol 7(3-4):117-146 (2004).

6. Morey RV, Tiffany DG and Hatfield DL, Biomass for electricity and process
heat at ethnol plants. Am Soc Agric Biol Eng 22(5):723-728 (2006).

S Singh, A Kumar, B Ali

407



S Singh, A Kumar, B Al

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

408

Aden A, Water usage for current and future ethanol production.

[Online]. (2007). Available at: http://epw.senate.gov/public/index.
cfm?FuseAction=Files.View&FileStore_id=3d2f1427-d51d-4a54-8739-
166853ee1c44 [December 4, 2008].

King CW and Webber ME, Water intensity of transportation. Envion Sci
Environ Pol 42(21):7866-7872 (2008).

Singh S and Kumar A, Development of water requirement factors for
biomass conversion pathways. Bioresource Technol DOI: 10.1016/j.
biortech.2010.08.092 (2010).

Wang M, Wu M and Huo H, Life-cycle energy and greenhouse gas
emission impacts of different corn ethanol plant types. [Online]. (2007).
Available at: http://www.iop.org/EJ/article/1748-9326/2/2/024001/
erl7_2_024001.pdf?request-id=277675e0-5ef9-4a55-be5c-
3bd758932128 [December 30, 2008].

Pimentel D, 1991. Ethanol fuels: energy security, economics, and the
environment. J Agric Environ Ethics 4(1):1-13 (1991).

Pimentel D, Limits of biomass utilization. Encyclopedia of Physical
Science and Technology. [Online]. (2001). Available at: http://www.uwsp.
edu/cnr/wcee/keep/Resources/LimitsOfBiofuelsPimentel.pdf [January 5,
2009].

Pimentel D and Patzek TW, Ethanol production using corn, switchgrass,
and wood; biodiesel production using soybean and sunflower. Natural
Resour Res 14(1):65-76 (2005).

Punter G, Rickeard D, Larivé JF, Edwards R, Mortimer N, Horne R, Bauen
A and Woods J, Well-to-wheel evaluation for production of ethanol from
wheat. [Online]. (2004). Available from: http://www.lowcvp.org.uk/assets/
viewpoints/Biofuels %20WTW %20final%20report.pdf [January 10, 2009].
Aden A, Ruth M, lbsen K, Jechura J, Neeves K, Sheehan J and Wallace
B, Lignocellulosic biomass to ethanol process design and economics
utilizing co-current dilute acid prehydrolysis and enzymatic hydrolysis
for corn stover. [Online]. (2002). Available at: http://www.p2pays.org/
ref/38/37696.pdf [January 10, 2009].

von Blottnitz H and Curran MA, A review of assessments conducted on
bio-ethanol as a transportation fuel from a net energy, greenhouse gas,
and environmental life cycle perspective. J Cleaner Prod 15(7):607-619
(2007).

Levelton EL and STC Inc., Assessment of net emission of greenhouse
gases from ethanol blended gasoline in canada: lignocellulosic feedstocks
R-2000-2. [Online]. (2002). Available at: http://www.oregon.gov/ENERGY/
RENEW/Biomass/docs/FORUM/GHG_Lig.PDF [January 15, 2009].
Schmer MR, Vogel KP, Mitchell RB and Perrin RK, Net energy of cellu-
losic ethanol from switchgrass. Proc Nat/ Acad Sci USA 105(2):464-469
(2008).

Janulis P, Reduction of energy consumption in biodiesel fuel life cycle.
Renew Energ 29(6):861-871 (2004).

Kumar A and Sokhansanj S, Switchgrass (Panicum vigratum, L.) delivery
to a biorefinery using integrated biomass supply analysis and logistics
(IBSAL) model. Bioresource Technol 98(5):1033-1044 (2007).

Parikh J, Channiwala SA and Ghosal GK, A correlation for calculating
elemental composition from proximate analysis of biomass materials.
Fuel 86(12-13):1710-1719 (2007).

EERE USA, Biomass feedstock composition and property database.
[Online]. (2009). Available at: http://www1.eere.energy.gov/biomass/
feedstock_databases.html [January 20, 2009].

23.

24,

25.

26.

27.

28.

30.

31.

32.

33.

Modeling and Analysis: Energy and water consumption factors for biomass conversion pathways

Larson ED, Jin H and Celik FE. Gasification based fuels and electricity
production from biomass without and with carbon capture and storage.
[Online]. (2005). Available at http://www.princeton.edu/pei/energy/
publications/texts/IK-Larson-et-al-GHGT8-FINAL-21-Apr-06-with-
citation.pdf [January 21, 2009].

Elsayed MA, Mathews R and Mortimer ND, Carbon and energy balances
for a range of biofuels options. (2003). [Online]. Available at: http://www.
berr.gov.uk/files/file14925.pdf [February 2, 2009].

Wang M and Santini D, Effects of fuel ethanol use on fuel-cycle energy
and greenhouse gas emissions. [Online]. (1999). Available at: http://www.
transportation.anl.gov/pdfs/TA/58.pdf [February 15, 2009].

Lavigne A and Powers SE, Evaluating fuel ethanol feedstocks from
energy policy perspective: A comparative energy assessment of corn and
corn stover. Energ Policy 35(11):5918-5930 (2007).

Graboski MS, Fossil energy use in the manufacturer of corn ethanol.
[Online]. (2002). Available at: http://oregon.gov/ENERGY/RENEW/
Biomass/docs/FORUM/FossilEnergyUse.pdf [February 20, 2009].
Levelton EL and STC Inc., Assessment of net emisssion of greenhouse
gases from ethanol - gasoline bleneds in southern ontario R-2000-1.
[Online]. (2000). Available at: http://www.oregon.gov/ENERGY/RENEW/
Biomass/docs/FORUM/GHG_Eth.PDF [February 25, 2009].

. ADEME, Energy and greenhouse gas balances of biofuels’ production

chains in France. [Online]. (2002). Available at: http://www.ademe.fr/
partenaires/agrice/publications/documents_anglais/synthesis_energy
and_greenhouse_english.pdf [March 5, 2009].

Luo LE, van der V and Huppes G, An energy analysis of ethanol from cel-
lulosic feedstock-Corn stover. Renew Sust Energ Rev 13(8):2003-2011
(2009).

Wu M, Mintz M, Wang M and Arora S, Consumptive water use in the pro-
duction of ethanol and petroleum gGasoline. Center for Transportation
Research. Energy Systems Division, Argonne National Laboratory. ANL/
ESD/09-1. [Online. Available at: http://www.transportation.anl.gov/pdfs/
AF/557.pdf [December 24, 2010].

Torcellini P, Long N and Judkoff R, Consumptive water use for U.S.
power production. [Online]. Available at: http://www.nrel.gov/docs/
fy040sti/35190.pdf [December 20, 2010].

Scurlock J, Bioenergy feedstock characteristics. [Online]. Oak Ridge
National Laboratory, Bioenergy Feedstock Development Programs.
Available at: http://bioenergy.ornl.gov/papers/misc/biochar_factsheet.
html [December 21, 2010).

Shikhar Singh

Shikhar Singh is working as a Mechanical
Designer with Stantec Consulting Ltd and
currently is involved in the design of a carbon
capture power project. He holds an MSc in
Engineering Management in 2009 from the
University of Alberta, Edmonton. During his
graduate studies, he contributed to research

on bioenergy field and focused on evaluation of life cycle water
and energy requirements of various bioenergy pathways. He also
has more than eleven years of work experience in design and
implementation of power projects as a Mechanical Engineer.

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb



Modeling and Analysis: Energy and water consumption factors for biomass conversion pathways

Amit Kumar

Dr Amit Kumar is an Assistant Professor in
the Department of Mechanical Engineering
p ) at the University of Alberta, Edmonton. His

1) Y / current research interests include techno-
lk)' economic assessment of bioenergy systems,
L \ i large-scale biomass transport and logistics
. - ‘ including pipeline transport of biomass,
simulation and modeling of energy systems, energy planning
and forecasting, development of decision support systems for
biorefinery, and greenhouse gas mitigation technologies. He
established the Sustainable Energy Research Laboratory in the
Department of Mechanical Engineering at the University of Alberta
and supervises a large group of graduate and undergraduate
students in the area of bioenergy and biofuels. He holds a PhD in
Mechanical Engineering from the University of Alberta in the area
of biomass utilization for power and liquid fuels, a Master of Engi-
neering in Energy Technology from the Asian Institute of Technol-
ogy, Thailand, and a BSc in Energy Engineering from the Institute
of Technology, Kharagpur, India.

Babkir Ali

Babkir Ali is a PhD student in the Department
of Mechanical Engineering at the University
of Alberta, Edmonton, Canada. His research
work is mainly focused on the energy-

water nexus, and renewable and conven-
tional energy. He holds a BSc and an MSc in
Engineering from the University of Khartoum,
Sudan. He has also worked as a researcher at the Solar Energy
Department, Energy Research Institute, Sudan.

© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 5:399-409 (2011); DOI: 10.1002/bbb

S Singh, A Kumar, B Al

409



