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Abstract With cellulosic energy production from biomass
becoming popular in renewable energy research, agricul-
tural producers may be called upon to plant and collect corn
stover or harvest switchgrass to supply feedstocks to nearby
facilities. Determining the production and transportation
cost to the producer of corn stover or switchgrass and the
amount available within a given distance from the plant will
result in a per metric ton cost the plant will need to pay
producers in order to receive sufficient quantities of
biomass. This research computes up-to-date biomass
production costs using recent prices for all important cost
components including seed, fertilizer, herbicide, mowing/
shredding, raking, baling, storage, handling, and transpor-
tation. The cost estimates also include nutrient replacement
for corn stover. The total per metric ton cost is a
combination of these cost components depending on
whether equipment is owned or custom hired, what baling
options are used, the size of the farm, and the transport
distance. Total costs per dry metric ton for biomass with a
transportation distance of 60 km ranges between $63 and
$75 for corn stover and $80 and $96 for switchgrass. Using
the county quantity data and this cost information, we then
estimate biomass supply curves for three Indiana coal-fired
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electric utilities. This supply framework can be applied to
plants of any size, location, and type, such as future
cellulosic ethanol plants. Finally, greenhouse gas emissions
reductions are estimated from using biomass instead of coal
for part of the utility energy and also the carbon tax
required to make the biomass and coal costs equivalent.
Depending on the assumed CO, price, the use of biomass
instead of coal is found to decrease overall costs in most
cases.

Keywords Cellulosic biomass - Corn stover- Switchgrass -
Biomass supply - Greenhouse gas reduction

Introduction

Biomass is poised to become an important energy source in
the USA due to concerns regarding the USA’s reliance on
oil imports and the environmental consequences of carbon
emissions. Federal and state policies have begun to
mandate the use of renewable energy. Most prominently,
the Energy Independence and Security Act of 2007 has
expanded the federal renewable fuel standard and drama-
tically increased the percentage of renewable fuel that must
be produced from cellulosic sources. These policies will
likely result in more research and development being
devoted to cellulosic energy production. The development
of cellulosic bioenergy will require finding an economically
and environmentally sustainable method for obtaining large
quantities of biomass feedstock [1].

With some changes in technology and land use, Perlack
et al. [2] estimate that nearly 1 billion tons of biomass could
be produced annually from agriculture-based resources. The
2009 National Academy Study estimate that 400 million
dry tons of cellulosic biomass could be produced sustain-
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ably [3]. Biomass sources of particular interest in our study
are corn stover and switchgrass. These resources can be
used for producing liquid fuels, but this analysis considers
their use in coal-fired electric utility plants, where instead
of burning 100% coal, which harms the environment via
greenhouse gas emissions, a portion of the energy content
in the primary fuel coal is replaced by biomass, which can
serve as an alternative energy source depending upon local
availability. The use of biomass with the primary fuel coal
for power generation is known as co-firing.

This research does not cover all the issues associated
with switchgrass or corn stover energy sources. One
important area omitted is contracting for feedstock supply.
It is unlikely that capital will be invested either for use of
biomass in electric utilities or for biofuel production until
long-term feedstock supply is assured. To do that will
require long-term contracts with farmers in a given area for
that supply.

The primary objective of this analysis is to determine up-
to-date cost estimates for the production, collection, and
transportation of corn stover and switchgrass in an effort to
provide cost figures to different operations of different sizes
that are located at various distances from an electric utility
plant looking to purchase biomass. Results from this analysis
only consider costs from the field to the plant gate and do not
consider costs associated with fuel storage, preparation,
handling and feeding, as well as the cost of retrofitting
existing coal-fired boilers to be able to burn biomass. This
analysis also creates biomass supply curves for three Indiana
electricity plants and estimates CO, breakeven prices.

Methods
Parameters and Assumptions

With a number of studies arriving at similar aggregate
conclusions for the cost of biomass collection, it is important
to understand the parameters and assumptions behind these
total cost figures and what might make one total cost different
from another. This analysis uses existing sources to create
appropriate parameters and assumptions. Please refer to
Tables A and B in the Electronic Supplementary Materials
for more details regarding the parameters and input cost
assumptions that are used and intended to be relevant to
current Indiana (or Midwest) conditions.

Corn Stover
Scenarios and Associated Removal Rates

The amount of time and labor put into stover harvest affects
the amount of stover that can be collected. To address this
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choice, this analysis breaks costs down for the harvest and
collection process into three scenarios with associated
removal rates. “Scenario 1” assumes the combine spreader
is shut off, and residue is left in a windrow behind the
combine. Baling only results in removing 38% of the
available stover on the ground in one additional pass.
“Scenario 2” assumes that residue is raked into a windrow
and then baled. This results in removing 52.5% of the
available stover on the ground in two additional passes.
“Scenario 3” assumes that stalks are shredded, and residue
is raked into a windrow and then baled. This results in
removing 70% of the available stover on the ground in
three additional passes.

With each increase in the amount of stover that is removed,
the field is subjected to more soil compaction, soil erosion,
and water erosion. Agronomic effects from stover removal
must be balanced with the business decision of how much
stover is too little when it comes to ensuring that revenue from
stover exceeds the additional costs of collection.

The effects of residue removal on soil erosion are not only
difficult to quantify but also difficult to generalize for various
soil characteristics (i.e., slope, organic properties, etc.),
weather conditions, and management decisions (i.e., residue
cover, cover crops, tillage, etc.). In most cases, though, more
residues taken off the field will result in higher water runoff
and soil erosion rates, and runoff and soil loss does not
significantly increase until at least 30% of residue is removed
[4]. Karlen et al. [5] and Barber [6] find that the differences
in removal or retention of crop residue do not seem to have a
huge impact on corn yields. Power et al. [7] and Linden et al.
[8] both find that corn yields were higher when residue is left
on the field than when it is removed. However, both studies
attribute this result primarily to areas with drier soils or
below average precipitation. Benoit and Lindstrom [9] find
that Midwestern states with poor drainage and fine-textured
soils report lower yields when there are larger amounts of
residue left on the field. Sauer et al. [10] report that thick
layers of residue add insulation, which reduces water
evaporation and lowers the ground temperature and could
lead to poor seed germination.

Overall, different soils and locations will need to be
treated differently with respect to how much stover can be
safely collected and removed. The effects of residue
removal can also be offset with such practices as contour
cropping, no-till, and cover crops. This analysis considers
three scenarios that allow for different choices to account
for different conditions and characteristics among farm
operations and locations.

Nutrient Replacement

For each metric ton of stover removed, extra nutrients must be
applied in addition to the annual fertilizer application. Table 1
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Table 1 Nutrient replacement costs per dry metric ton of corn stover removed

Fertilizer used Fertilizer composition

Kilogram to replace
per metric ton of stover removed

Nutrient replacement cost
per metric ton of stover removed

N Anhydrous ammonia 82-0-0
N Liquid nitrogen 28-0-0
N Average

P,05 MAP 11-52-0
K,0 Potash 0-0-61
Total

7.95 $5.73
7.95 $8.45
$7.09

2.95 $2.63
15 $§7.51
$17.23

outlines the per metric ton cost of the additional nitrogen,
phosphorus, and potassium that must be reapplied once the
corn stover has been removed. The nitrogen cost is an
average of using either anhydrous ammonia or liquid
nitrogen.

Switchgrass

Establishment costs are incurred during the first year when
switchgrass is planted. The establishment costs are amor-
tized at an interest rate of 8% over the life of the stand and
indirectly incurred in each year. It is assumed that
switchgrass is planted where there was previously some
variety of grass. Field preparation includes mowing the
field and spraying glyphosate to kill existing grasses.
Production year costs include those incurred during the
maintenance and harvest of switchgrass in every year after
establishment throughout the 10-year life of the stand.
Specific parameters of interest can be found in the
Electronic Supplementary Materials.

Collection and Harvest

An important consideration in discussing harvesting and
collection is the ownership status of equipment. This analysis
includes two scenarios: custom-hired or owned equipment.

A recent study by the Idaho National Laboratory cites
costs for each step of collection and harvest for both corn
stover and perennial grasses [11]. The per metric ton costs
are assumed as custom rates for this study.

Under the owned equipment assumption, an annual per
metric ton payment is calculated for farm sizes including
200, 400, 600, and 800 ha. All farm sizes are assumed to be
purchasing implement equipment and a tractor with the
same specifications. Total owned equipment costs are based
on an annual purchase payment, fuel requirements, and
labor requirements. Labor costs are based on the hours per
acre required for each harvest activity. Table B in the
Electronic Supplementary Materials includes assumptions
about the components of the owned equipment costs. All
purchase payments assume an interest rate of 8%. A usage

rate of 100% is assumed for all harvesting equipment,
which indicates that the equipment is only used for biomass
collection and harvest. A usage rate of 40% is assumed for
the tractor, which will likely be used for other activities
throughout the year. As with custom equipment, the per
metric ton owned equipment cost decrease as the corn
stover removal rate increases and are even lower for
switchgrass. However, per metric ton owned equipment
costs will also decrease as the farm size increases, because
each piece of equipment is used to remove more metric tons
of biomass.

Baling Options, Handling, and Storage

Baling options this analysis considers are twine, net wrap,
and plastic wrap. Dry matter loss is highly dependent on the
length of time in storage and the baling option chosen. An
associated dry matter loss as a percentage of the total per
metric ton product cost is added to account for an assumed
6 months of on the ground storage at the edge of the field. It
is assumed that biomass production will not initially be on a
large enough scale to result in central storage facilities.
However, as the industry matures, it is expected that storage
will become more sophisticated and centralized in order to
provide easy year-round access.

Because the power plant must maintain a constant supply
of biomass throughout the entire year, storage times for each
producer vary between 0 and 12 months. An extended storage
premium to offset lost crop production equals half of the net
revenue lost due to land being used as storage in order to
account for half of producers losing the production area while
the other half do not. The value for net revenue comes from
USDA ERS estimates of net revenue from corn in the case of
corn stover and the average production cost for switchgrass as
calculated in this study. This equates to $0.12 per metric ton
for corn stover and $0.10 per metric ton for switchgrass.

A profit margin of $15 per metric ton is included to
provide an incentive for the producer to supply the biomass.
This profit is essentially a return to management. To the
extent the producer supplies his/her own labor for the
various operations, those labor costs are already included.
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Transportation

The one-way distance from the field to the plant ranges
between 10 and 100 km at intervals of 10 km. While it is
assumed that establishment, collection, and harvest could
all be done with either custom or owned equipment, only
custom transportation is considered. Given that plants will
require a constant and year-round supply of biomass, it is
expected that transportation will be handled directly by the
plant rather than by individual producers.

The custom rate for hauling is assumed to be $2.24 per
loaded kilometer [12] and is calculated for one-way
distance. A custom loading rate of $1.27 per metric ton
accounts for loading and unloading time [12] is used.

A circuity factor is included to account for trucks driving
on roads that do not lead directly to the plant. The assumed
circuity factor is 1.2, which suggests that 20% of the roads
traveled do not go in the direction of the plant [13].

Results

A set of cost averages serves as a preliminary benchmark
for comparison and serves to highlight the differences in
cost for various farm sizes and management decisions.
Table 2 outlines these average costs for both corn stover
and switchgrass. These averages include all removal rates
and bale packaging options considered in this analysis for
each farm size and equipment decision. Additional detail,
which breaks down the delivered cost of both corn stover
and switchgrass by farm size and distance from the plant, is
available in the Electronic Supplementary Materials and
Brechbill and Tyner [14].

Bale Packaging

For both corn stover and switchgrass, baling with net wrap
is always the cheapest option for a given farm size, distance
to the plant, equipment choice, and removal scenario. The
slightly higher cost of net wrap is offset by a lower dry
matter loss. Net wrap is also a more attractive option for
biomass due to its durability, considering the amount of

Table 2 Average per metric ton farmgate costs by farm size/
equipment decision

Corn stover Switchgrass

Custom $59.40 Custom $80.98
200 ha $54.86 200 ha $69.22
400 ha $50.00 400 ha $66.23
600 ha $48.39 600 ha $65.23
800 ha $47.58 800 ha $64.73
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handling necessary to get the biomass from the field to the
plant. Plastic wrap, however, involves an added cost that is
nearly twice as much as net wrap, but the additional dry
matter loss savings is only about 2%.

For corn stover, plastic wrap is always the most
expensive option, followed by twine and net wrap.
However, for switchgrass, twine is always the most
expensive option, followed by plastic wrap and net wrap.
This is because the higher cost per metric ton of
switchgrass results in dry matter loss playing a relatively
more important role in determining the total per metric ton
product cost. Sensitivity analysis suggests that increasing
the dry matter loss assumptions from Table A in the
Electronic Supplementary Materials of each packaging type
by 20% can increase the farmgate cost by 1.3% to 1.5% for
corn stover and 1.0% to 1.2% for switchgrass.

Corn Stover Specific Results

The choice of removal rate changes the number of passes
through the field for harvesting. Removing more stover
increases the fuel, labor, and equipment costs, but it increases
the collected stover yield per hectare. Larger farms are able to
remove any amount of stover at a less expensive per metric
ton cost than smaller farms. This indicates that incurring a
higher cost due to more passes through the field being
necessary for a higher removal rate can be paid off by being
able to spread the extra cost incurred for each hectare over
more collected metric ton of stover.

The characteristic of farm size only affects producers
choosing to collect corn stover with their own equipment.
Small farm sizes likely will have higher costs by using
owned equipment and will be forced to use custom-hired
equipment should they choose to harvest stover. Larger
farm sizes will likely find owned equipment to be the lower
cost option due to the large amount of hectares over which
to spread their costs. This decision is essentially a function
of economies of scale. Also, sensitivity analysis suggests
that decreasing the corn stover yield by 20% can increase
farmgate costs by 4.4% to 7.1% and increasing fertilizer
and herbicide costs by 20% can increase farmgate costs by
6.4% to 8.0%.

Switchgrass Specific Results

The switchgrass analysis does not have the same numerous
combinations of management decisions as corn stover,
because there is not a variable removal rate. The switch-
grass is fully harvested since it is the primary crop rather
than a byproduct. Also, as a perennial, switchgrass offers
environmental benefits such as carbon sequestration,
storage of nutrients within the root system, and bio-
diversity. Results with respect to equipment choice for
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switchgrass will be similar to those for corn stover, with
smaller farms being more likely to use custom-hired
equipment and larger farmers being more likely to use
owned equipment. Also, sensitivity analysis suggests that
decreasing the switchgrass yield by 20% can increase
farmgate costs by 5.9% to 10.3% and increasing fertilizer
and herbicide costs by 20% can increase farmgate costs by
4.7% to 5.9%.

Transportation Results

The transportation cost can be summarized as a function of the
distance from the plant with Eq. 1 for both corn stover and
switchgrass, since only custom transportation is assumed:

Transportation cost ($/metric ton)

= $1.52 + ($2.28 x kilometers) (1)

Biomass Supply and Demand
Biomass Supply

To apply these costs to the situation of a particular coal
power plant, supply curves were generated based on the
location of the plant and the available supply of biomass in
the area. The specifications of the three plants (location by
county, geographic coordinates, MW, capacity and heat
production, J h™") that are used in this analysis are shown in
Table 3. While there are definitely important considerations
to be made by a coal power plant when deciding to
substitute biomass for some portion of coal, the main
intention of this study is to provide an approximation of the
delivered cost of biomass. This does not, however, mean to
undermine the potential problems posed by ash production
from burning herbaceous energy crops.

Data for biomass supply is available from a recent study
by Oak Ridge National Laboratory sponsored by the US
Department of Energy and the US Department of Agricul-
ture that determined the total potential biomass availability
for the USA [2]. Supply for both corn stover and
switchgrass are given separately, and it is assumed that
supply for both sources can be produced and used at the
same time. Due to only having data from Indiana, supply
that might potentially come from neighboring states is
assumed to be similar to the supply from Indiana. It is

assumed that 53.5% (or an average of the removal rates
used in this analysis) of corn stover is feasibly and
sustainably collected. Land participation rates of 50% and
75% are assumed for both corn stover and switchgrass to
account for the expected percentage of potential land that
will actually have biomass collected or harvested from it.

Applying this supply data to a particular location is done
with a GIS software application called ArcMap 9.2 (ESRI,
Redlands, CA). Figure 1 shows the location of each plant
on a map of Indiana counties and their concentric feedstock
supply radii spaced 10 km apart.

Since supply data is available on a county level, it is
assumed that the biomass in each county is evenly
distributed. This is likely a sound assumption for the
Tippecanoe County, which has large amount of agricultural
land, but may not hold as well in Marion and Knox
Counties, where land is more urban and forested, respec-
tively. The fraction of county area within each circle is used
to determine the fraction of available biomass from each
county that is located within a given circle. The total
amount from all counties within a given circle corresponds
to the x-axis of the supply curve, which therefore is
measured in both kilometers and metric tons.

Figure 2 depicts the supply of both biomass sources under
both participation rates and the supply data from the billion
ton study [2] for the Knox County plant. Similar figures for
the Marion County and Tippecanoe County plants can be
found in the Electronic Supplementary Materials. The supply
is cumulative over distance so that the amount indicated
includes all supply within a circle from the plant with a
radius of that particular distance. The Knox County plant in
southern Indiana has a nearly nonexistant supply of corn
stover but a large supply of switchgrass. The Marion County
plant is located in a metropolitan area, which makes overall
supplies of either biomass sources less abundant until the
rural surrounding counties are reached. The Tippecanoe
County plant is located in a highly agricultural area and has
large supplies of both corn stover and switchgrass.

Supply Costs

A set of average costs that are a function of one-way distance
to the plant serve as the costs associated with the available
supply. The total delivered cost per metric ton and Megajoule
as a function of distance from the plant are given in Egs. 2, 3,
4, and 5, respectively:

Table 3 Power plant

specifications County Latitude Longitude Capacity (MW,,) Heat production (J h™")
Knox 38°48'25" N 87°14'49" W 144.2 2.13E+12
Marion 39°42'43" N 86°11'51" W 1184.9 5.70E+12
Tippecanoe 40°41"70" N 86°91'18" W 432 4.59E+11
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Fig. 1 Power plant locations and supply circle
Corn stover
Delivered cost ($/metric ton)

= $53.57 + ($2.28 x kilometers) (2)
Delivered cost ($/Megajoule)

= $0.003 + ($0.0001 x kilometers) (3)

Switchgrass

Delivered cost ($/metric ton)

= $70.80 + ($2.28 x kilometers) (4)

Delivered cost ($/Megajoule)
= $0.0042 + ($0.0001 x kilometers) (5)

More details regarding these delivered costs as a function
of distance can be found in the Electronic Supplementary
Materials. These biomass costs per Megajoule can be
compared to a coal costs per Megajoule of $1.48x10°.
This coal cost is calculated from the assumed price of coal
per metric ton of $37.82 based on EIA market prices as of
January 2008 and an average of the high heat values for the
plants included in this analysis (see next section).

Biomass Demanded

The amount of biomass demanded depends upon the size of
each plant and the amount of heat production that is to
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come from biomass. For this analysis, biomass makes up
from 1% to 10% of total heat production, which is assumed
to be co-fired with the primary fuel coal. Information
regarding the demand for fuel inputs from the coal plants is
obtained from the Coal Power Plant Database by National
Energy Technology Laboratory [15] and the US Environ-
mental Protection Agency Clean Air Markets Data [16].
Total heat production (Total joules per hour) from coal only
is determined with Eq. 6.

Metric ton of coal/hour x Joule/metric ton of coal
= Total joules/hour (6)

The heat content of coal (joules per kilogram of coal) varies
slightly from plant to plant depending on the type of coal used.
Total heat production (total joules per hour) is multiplied by
the fraction of total heat production to come from biomass
(1% to 10%) and then converted to heat production per hour
that will result from using biomass to generate the given
percentage of heat. The gross heat of combustion (or high heat
value) of corn stover and switchgrass is assumed to be 1.77E
+07 J kg and 1.69E+07 J kg ', respectively [17]. This
analysis assumes that all plants operate 24 h/day for 350 days
each year. With this, the metric tons of biomass required per
year to produce a given percentage of heat production can be
calculated with Eq. 7.

Total joules/hour x Fraction of heat from biomass
X Metric tons of biomass/joule
x Operating hours/day x Operating days/year

= Metric tons of biomass/year (7)

Supply Curves

Figure 3 is a supply curve at a 50% land participation rate for
the Knox County plant. Similar figures for the Marion County
and Tippecanoe County plants can be found in the Electronic
Supplemental Materials. The vertical lines represent the
possible fractions of total heat production from biomass.
Where these vertical lines hit the x-axis, the amount of
biomass required and the one-way distance from the plant to
the furthest metric ton are indicated. At the point where the
vertical line and the supply curve intersect, the associated
value on the y-axis indicates the per metric ton delivered cost
for the furthest metric ton required. The area below the
supply curve up to each vertical line indicates the total cost
associated with acquiring the amount of biomass needed to
generate a particular percentage of heat assuming that the
biomass and transportation costs are treated separately.
Differences among plants are likely due to different plant
sizes and varying availability of each source of biomass
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Fig. 2 Area biomass supply, 1,600,000

Knox County plant
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around the plant location. Increases in land participation rate
simply make more biomass available at a lower cost and shift
the vertical lines to the left. It is assumed that the feedstock
choice will be based entirely on the cost per metric ton
calculations from this analysis, regardless of its distance from
the plant. As indicated in Fig. 3 for the Knox County plant, all
plants use corn stover up to 80 km from the plant and then
begin using switchgrass located near the plant. For the Knox
County plant, 10% of heat production can be produced from
corn stover that is 80 km from the plant and switchgrass that
is 18 km from the plant. The Knox County plant is limited to
about 4% and 6% of heat from biomass when only using
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u Corn Stover, 75%Participation Rate

corn stover located 80 km or less from the plant, depending
on the land participation rate. Switchgrass is much more
abundant, and 10% of heat from biomass can be produced by
going about 25 km from the plant. However, the plant would
likely use corn stover at whatever distance necessary until the
cost equals that of switchgrass located next to the plant.
The Marion County plant is a larger plant and requires
more biomass to meet requirements. For enough biomass to
produce 10% of heat, the plant must go out approximately
70 km. This increase in distance is accounted for by the
proximity to a large metropolitan city with little agricultural
land and by the large size (1,184.9 MW,) of the plant.
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The Tippecanoe County plant is a small plant (43.2
MW,) located in an area that is abundant in both corn
stover and switchgrass. Regardless of the type of biomass
or the land participation rate, 10% of heat production could
be obtained by going less than 15 km from the plant.
However, it would be most cost effective to meet this need
using corn stover. This analysis shows how biomass supply
depends on the area availability of agricultural land and the
size of the biomass demand (plant size). Most importantly,
it shows how each supply curve is location specific.

Emissions Reduction

This use of biomass in place of coal will serve to reduce
greenhouse gas emissions. From Ney and Schnoor [18] and
Spatari et al. [19], the net emission reductions in metric ton of
CO, equivalent from using 1 Mg of biomass instead of coal
are 2.88 and 2.60 for com stover and switchgrass, respec-
tively. In the case of switchgrass (but not for corn stover), an
indirect leakage effect occurs when land is shifted into
biomass production. This serves to negate a portion of the
CO, sequestration from switchgrass if sequestration was
occurring under the previous land use. When sequestration
from a previous land use is not offset, an indirect leakage
effect occurs. This analysis did not take that effect into
account, but the net CO, reduction for switchgrass may be
lower as a result. There is no indirect or leakage effect from
corn stover because using that resource does not require
offsetting production elsewhere, and it is expected that for
corn stover prices that would make cellulosic biofuels viable,
there will be little or no change in the crop land use decisions
[20]. Multiplying these reduction rates by the amount of

Table 4 Plant CO, equivalent emissions reductions from biomass use

biomass demanded results in the net reduction of emissions
for each plant at each fraction of heat from biomass shown in
Table 4. Total CO, emissions for each plant are calculated by
assuming that 1 Mg of coal generates 2.86 Mg of CO, when
completely combusted [21]. We recognize that the actual
emissions vary across plants and that this is an approximation.

While much uncertainty surrounds carbon pricing and the
specific forms that policies might take, two CO, prices are
assumed in order to reflect pending policies and their potential
changes over time. Both $15 per metric ton of CO, and
$30 per metric ton of CO, are used in order to calculate the
reduced costs from less coal and less CO, emissions.

Table 5 estimates the percent difference in total input costs
relative to the coal only case. In most all cases when corn
stover is used (regardless of the CO, price), the use of biomass
as it offsets some coal costs and CO, emissions is enough to
offset the costs incurred from purchasing the biomass. Most
notably, corn stover is not as effective at offsetting costs for
the Knox County plant due to the distance that must be
traveled to obtain cormn stover. For switchgrass, costs for all
plants increase when COs is priced at $15 per metric ton and
decrease when CO, is priced at $30 per metric ton. Total
input costs when biomass is used are calculated by adding
together the savings from less coal, the savings from reduced
emissions, and the total amount spent on biomass.

Plants could use this information to determine how much
additional cost they are willing to incur in order to incorporate
biomass or “go green.” Table 6 provides breakeven per metric
ton CO, prices for the case of producing 10% of total heat
production from biomass. These can be compared with the
assumed prices of $15 and $30 per metric ton of CO,.
Breakeven prices for the use of corn stover are much lower

Knox Marion Tippecanoe
Total CO, emissions 1,961,479 5,884,436 404,602
(Metric tons
per year)
Fraction of heat Corn stover Switchgrass Corn stover Switchgrass Corn stover Switchgrass
from biomass (Metric tons (Metric tons (Metric tons (Metric tons (Metric tons (Metric tons
per year) per year) per year) per year) per year) per year)
0.01 29,244 27,596 78,118 73,716 6,294 5,939
0.02 58,488 55,192 156,236 147,431 12,587 11,878
0.03 87,733 82,788 234,354 221,147 18,881 17,817
0.04 116,977 110,384 312,473 294,862 25,175 23,756
0.05 146,221 137,980 390,591 368,578 31,468 29,695
0.06 175,465 165,576 468,709 442,293 37,762 35,634
0.07 204,710 193,172 546,827 516,009 44,055 41,573
0.08 233,954 220,768 624,945 589,724 50,349 47,511
0.09 263,198 248,365 703,063 663,440 56,643 53,450
0.10 292,442 275,961 781,182 737,155 62,936 59,389
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results are very similar to this analysis; however, yields and
fertilizer rates vary among cooperating producers.

Supply Situations

Supply of biomass is far from uniform across the state of
Indiana and the country as a whole. Variations in supply are
affected by the proximity to metropolitan areas and the
density of agriculture near the plant. However, due to the
delivered cost of switchgrass being higher than corn stover,
plants will most likely choose to collect as much comn
stover as possible within approximately 80 km of the plant
before they begin to collect any switchgrass.

Location has proven to be the most important characteristic
in determining the biomass patterns of supply. As already
shown, each plant considered throughout the state tells a
different supply story based largely on its location. Each of
these plants ends up using corn stover to meet their feedstock
needs, but the distance at which they must travel to obtain
sufficient supply changes considerably based on their location.

With biomass being a mostly secondary activity for those
producers deciding to participate and grow biomass, the
current resources of the individual producer are likely to
dictate whether one decides to pursue biomass production or
not. Therefore, from the perspective of the power plant, there
may be much uncertainty as to how much of the area supply
might actually be brought in. This uncertainty may lead power
plants to contract their supply of raw material before making
any plant investment. Cellulosic biomass will, unlike corn, be
a local market, and risk sharing contracting mechanisms will
likely need to be developed before plant investment occurs.

Limitations and Future Work

The most apparent limitation to this analysis is that its
results apply strictly to the state of Indiana and three
specific locations within the state. However, the framework of
the entire analysis could be applied anywhere with available
county level biomass data. What may be considered a
limitation in the immediate sense creates many opportunities
for finding similar results for other areas with only minor
modifications of cost parameters and supply data.

This analysis did not consider other decision parameters
that a power plant would also examine such as fuel
compatibility with the boiler type owned by the plant, as
well as fuel processing requirements at the plant, Clean Air
Act compliance, and ash disposal costs. All these variables
need to be considered when evaluating biomass supply
options for power production.

Finally, these results might also be used in exploring the
potential for a cellulosic ethanol plant in Indiana and
determining where the optimal plant location might be.
Based on the results of this analysis and assuming 290 | of

@ Springer

ethanol can be produced from 1 Mg of biomass, corn stover
throughout Indiana could produce between 480 and 720
million liters of ethanol annually, and switchgrass through-
out Indiana could produce between 775 and 1,160 million
liters of ethanol annually, depending upon the land
participation rate. These projections are based on current
conditions in the state and could be larger should land use
and tillage changes be adopted.
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