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ABSTRACT

THE ECONOMIC PROSPECTS OF CELLULOSIC BIOMASS
FOR BIOFUEL PRODUCTION

By
Subbu Kumarappan

Alternative fuels for transportation have beconeftitus of intense policy debate and
legislative action due to volatile oil prices, amstable political environment in many major oil
producing regions, increasing global demand, dvimgdieserves of low-cost oil, and concerns
over global warming. A major potential source déaiative fuels is biofuels produced from
cellulosic biomass, which have a number of potébgaefits. Recognizing these potential
advantages, the Energy Independence and Secutityf 007 has mandated 21 billion gallons
of cellulosic/advanced biofuels per year by 2002 United States needs 220-300 million tons
of cellulosic biomass per year from the major searsuch as agricultural residues, forestry and
mill residues, herbaceous resources, and wastegiaiat@supported by Biomass Crop Assistance
Program) to meet these biofuel targets.

My research addresses three key major questiortentng cellulosic biomass supply.
The first paper analyzes cellulosic biomass avdiftgln the United States and Canada. The
estimated supply curves show that, at a price 00%er ton, about 568 million metric tons of
biomass is available in the United States, whil@ d#llion metric tons is available in Canada. In
fact, the 300 million tons of biomass required etnEISA mandates can be supplied at a price
of $50 per metric ton or lower.

The second paper evaluates the farmers’ perspantgrowing new energy crops, such
as switchgrass and miscanthus, in prime croplanplasture areas, or on marginal lands. My

analysis evaluates how the farmers’ returns froergncrops compare with those from other



field crops and other agricultural land uses. Tdsllts suggest that perennial energy crops
yielding at least 10 tons per acre annually wilcbenpetitive with a traditional corn-soybean
rotation if crude oil prices are high(ranging fr&88-$178 per barrel over 2010-2019). If crude
oil prices are low, then energy crops will not leenpetitive with existing crops, and additional
subsidy support would be required. Among the statéise eastern half of US, the states of
Alabama, Arkansas, Florida, Georgia, Kentucky, k@na, Mississippi, North Carolina, South
Carolina, Tennessee, and Virginia are found todoa@mically more suitable to cultivate
perennial energy crops.

The third paper estimates the optimal feedsteckposition of annual and perennial
feedstocks from a biorefinery’s perspective. Thgative function of the optimization model is
to minimize the cumulative costs covering harvegttransport, storage, and GHG costs, of
biomass procurement over a biorefinery’s produgbeeod of 20 years subject to various
constraints on land availability, feedstock avallgh processing capacity, contracting needs and
storage. The results suggest that the economiedfid between higher production costs for
dedicated energy crops and higher collection amsport costs for agricultural residues; the
delivered costs of biomass drives the results. @ tresleoffs are reflected in optimal spatial
planting pattern as preferred by the biorefinenergy crops are grown in fields closer to the
biorefinery and agricultural residues can be salifoem fields farther away from the
biorefinery. The optimization model also provideiul insights into the price premiums paid
for annual and perennial feedstocks. For the parmased in the case study, the energy crop
price premium ranges from $2 to $8 per ton fordsdbcated within a 10 mile radius. For
agricultural residues, the price premiums rangmf to $16 per ton within a 10-20 mile

radius.
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INTRODUCTION

1.1 Introduction

Alternative fuels for transportation have becomefticus of intense policy debate and
legislative action due to volatile oil prices, amstable political environment in many major oil
producing regions, increasing global demand, dvimgdieserves of low-cost oil, and concerns
over global warming. A major potential source déaiative fuels is biofuels produced from
cellulosic biomass, which have a number of potébeaefits. First, the raw materials used in the
production of cellulosic biofuels are largely wastaterials from agriculture, forestry, or other
non-food crops. The use of wastes overcomes th#egms of using food and feed grains, such
as corn, for biofuel production . Second, cellutdsibfuels help reduce greenhouse gas
emissions relative to fossil fuels and other bitfe.g. corn ethanol). Third, the biofuels from

cellulosic raw materials can be ‘drop-in fuelsatitan be more easily integrated with the

existing fuel distribution infrastructure compatedethanol produced from cor%\ .

Recognizing these potential advantages, the Erdadgpendence and Security Act of
2007 has mandated 21 billion gallons of cellulizsiganced biofuels per year by 2022 . One of
the major purposes of this act is to facilitatedagrowth of cellulosic and advanced biofuels.
EISA provides various support measures, such agdiab, loan guarantees, and tax credits for
biorefineries construction, technology developmant cellulosic biomass supply.
Notwithstanding these support measures, the growgkllulosic ethanol industry has rather
been slow . The major limiting factors are theidiffties and uncertainties associated with

reliable supply of cellulosic biomass . For a raggyelopment of cellulosic biofuels, it is

1 — .
Advanced cellulosic biofuels (butanol, and otherawable fuels) do not have the corrosive
problem of ethanol.



important to create a robust supply of cellulosantass raw materials. In this dissertation, |
focus on three specific issues pertaining to cedligl biomass supply raw materials.

The United States needs 220-300 million tons diilmdic biomass per year to meet

EISA biofuel targets by 202225upply of such huge quantities of cellulosic biogias
unprecedented and raises many key questions: ‘@hahe types, their geographic distribution,
and supply costs of cellulosic biomass material$ategional differences and advantages exist
for energy crops envisioned as a major feedstoddBPA? What price and contract incentives
are required to promote perennial energy cropsakenthem a reliable feedstock source
alongside annual feedstocks? How does crude @ pmcertainty affect the development of
cellulosic biomass industry? How do the differenicesveen annual vs. perennial feedstocks
affect optimal supplies of multiple feedstock tbiarefinery? And finally, what are the
environmental and ecological implications of diuggtbiomass from their current uses?’

My research addresses three key questions amoseg; tfileHow much cellulosic
feedstock is available in the US and Canada fdubigroduction and at what prices? (ii) How
competitive are dedicated energy crops comparedrtent conventional crops after taking into
account uncertainties in costs and returns, ogiamal basis? (iii) What is the optimal mix of
feedstocks for a given biorefinery, taking into @act the differences between feedstocks in
terms of material costs, temporal yield pattedesisity of biomass availability, transport costs,
lifecycle GHG emissions and contracting constr&mly analysis focuses on four sources of

cellulosic biomass currently promoted under thengies Crop Assistance Program : agricultural

2 . . .
assuming a conversion rate of 70-90 gallons peotaellulosic biomass

2



residues, forestry and mill residues, herbaceamurees, and waste materigliThese four
biomass resources are currently available or caiubieated to meet the biofuel production
targets. Agricultural residues, forestry and loggiasidues, and municipal solid waste streams
are readily available, are replenished annuallg, generally do not have significant other uses.
Perennial biomass sources, such as herbaceouy enepg (e.g., miscanthus and switchgrass),
are said to have huge potential in the near téfhe.following paragraphs summarize the three
papers and their contributions.

Paper #1:Biomass supply for biofuel production: Estimates fothe United States and
Canada

The first paper analyzes cellulosic biomass avditglin the United States and Canada..
It estimates static supply functions for the fowjon cellulosic biomass feedstocks namely,
agricultural residues, dedicated energy crops, onpali solid waste and forest residues.
Agricultural residue quantities are estimated basethe amount of crop output from major
grain crops, including corn, wheat, barley, oatsl ace. The supply costs depend on harvest and
transport costs. Energy crop quantities are detbased on yield assumptions that vary by U.S.
states. The quantity of energy crops available Wépen how competitive these crops are in
comparison to existing agricultural uses of lantilethe regional production costs generate
their supply costs. Three, municipal solid wast&iV) quantities are calculated based on the
organic portion that can be used for biofuel praiduc MSW supply costs depend on the state’s
landfill tipping fees and on sorting and processingts. Four, forestry and logging residue
guantities are computed based on their currentfosdiber and combustion fuel. For logging

residues, the supply costs include the opportwasts of harvesting and transporting costs; for

3 The BCAP program provides subsidies or loan guaestor biofuel and other bioenergy
projects that use cellulosic biomass. BCAP proga#su supports other sources of biomass
(algae or perennial tree crops) for electricity gyation.
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mill residues, the supply costs include their opymaity costs in existing uses (fiber, fuel or other
feedstocks) and other costs of transporting thethddiofuel plant .

The estimated supply curves show that, at a pfi§d@0 per ton, about 568 million
metric tons of biomass is available in the Unitéak&s, while 123 million metric tons is
available in Canada. In fact, the 300 million tofi®iomass required to meet EISA mandates
can be supplied at a price of $50 per metric tolower. At this price, the mix of feedstocks
would comprise mainly of agricultural residues &mst/ mill residues. The quantities of
municipal solid wastes are expected to be meageall Suantities of energy crops will be
produced only in some southern U.S. states. Thaasts of agricultural residue supply are very
sensitive to the assumed fraction of residuesddiatbe sustainably removed from the field; the
potential of municipal solid waste as a feedstecklso found to depend on which components
can be economically converted into liquid biofudlke results show that most of the cellulosic
biomass required in meeting the current biofuel da#es can be supplied without huge changes
in land use.

Paper #2:Regional competitiveness of energy crops

The second paper evaluates the farmers’ perspeoty®wing new energy crops, such
as switchgrass and miscanthus, in prime croplanpasture areas, or on marginal lands.
Switchgrass and miscanthus are two energy cropslyvaiudied across the United States.
Switchgrass test plots exist in the states of Teser, Oklahoma, Maryland, lowa, Nebraska,
and the Dakotas , while miscanthus is promotetlimois and a few other Midwestern states .
My analysis evaluates how the farmers’ returns fesrargy crops compare with those from
other field crops and other agricultural land usegarticular, it studies whether diverting the

lands to energy crop production would increasesarehse expected farmers’ net returns over a



10 year period. The objective is to identify statethe eastern half of the United States where
the economic returns from energy crops are grélaéer or equal to the returns from existing
agricultural land uses. The economic returns froergy crops depend on crude oil prices
because they affect the prices for cellulosic Btfand the derived demand for cellulosic raw
materials (energy crops, in this case), as weatbass of energy crop production. The fluctuations
in crude oil prices, at yearly intervals, are medeio capture the impact of crude oil price
changes over the next 10 years. The simulated ailigeices are used to derive empirical
probability distributions for the Net Present Vay&lPV) of returns from energy crops and
other land uses. Similarly, | use Monte Carlo sitiohs to model the empirical distributions in
crop yields, output prices, and agricultural inprtes for 2010-2019. Long run cointegration
relationships between crude oil prices and agucaltoutput and input prices drive the
simulation. Probability distributions of regionahtperature and precipitation values in the long
run are employed to simulate energy crop yielditistions These simulated distributions of
returns are used to evaluate the competitivenesearf)y crops. Specifically, the probability of
receiving higher returns from energy crops (compaodield crops) is estimated..

When the farmers are risk averse, they do not densinly the expected economic
returns (NPV) of energy crops, but also the riskuad the expected returns. | estimate the state
level average farmer risk aversion coefficientqigghe stochastic power function approach. The
risk adjusted competiveness of energy crops igm@ted by comparing the certainty equivalent
NPVs of returns.

The results suggest that perennial energy cropdirygeat least 10 tons per acre annually
will be competitive with a traditional corn-soybeamation if crude oil prices are high(ranging

from $88-$178 per barrel over 2010-2019). If crodeprices are low, then energy crops will not



be competitive with existing crops, and additiosiabsidy support would be required. Among
the states in the eastern half of US, the statédaiifama, Arkansas, Florida, Georgia, Kentucky,
Louisiana, Mississippi, North Carolina, South Cara) Tennessee, and Virginia are found to be
economically more suitable to cultivate perennradrgy crops.

Farmers in the above states may prefer to adopgjgieceops because these crops have a
low dependence on crude oil inputs. Hence, thek-averse nature might drive them to adopt
more energy crops when crude oil prices climb dag sonsistently higher. A key feature of the
results is that the economic returns from majddfaops such as corn, soybeans, and wheat are
sensitive to higher crude oil prices. Their retulesrease much more than the returns for energy
crops. This increases the probability of receivingher NPV from energy crops, making it an
attractive crop alternative. Biomass Crop AssisaPmgram (BCAP) provides subsidies for
cellulosic biomass. The BCAP subsidy matches tHalosic biomass market prices dollar-for-
dollar, up to a maximum of $45 per ton. Such matglsubsidies effectively result in higher
subsidy payment when crude oil prices are highn éleugh there is less of a need for biomass

subsidies. The results from my study depict a abe@d for counter cyclical biomass subsidies

. S : . : . 4
tied to crude oil prices instead of the currentcpca of matching biomass prices.

Paper #3:Choice of optimum feedstock portfolio for a cellulgsic ethanol plant — A multi-
period linear programming solution

The third paper estimates the optimal feedstockpasition of annual and perennial
feedstocks from a biorefinery’s perspective. Imiifging the optimal feedstock composition,
the model considers several objectives: (i) engurgtiable supply of biomass over the entire

productive lifetime of the cellulosic biorefinerfy) minimizing procurement costs (including

4 o e N
When crude oil prices are low, the cellulosic balfprices are low as well, resulting in lower
subsidies.



harvest, baling, transport, storage, and seasostd); and (iii) maximizing the reduction in
greenhouse gas (GHG) emissions

The objective function of the optimization modetasminimize the cumulative costs
covering harvesting, transport, storage, and GH&s¢cof biomass procurement over a
biorefinery’s productive period of 20 years subjecvarious constraints on land availability,
feedstock availability, processing capacity, coetiregy needs and storage. The model makes
several important contributions. First, existingdsés treat the available biomass quantities in
the region as exogenously given and then try tormiae procurement costs. In comparison, my

proposed model treats biomass acreage to be heavasian endogenous decision variable

subject to overall biomass availability constra%ts addition, transport costs, seasonal costs,
and environmental costs are also endogenouslyrdigied as a function of harvesting decisions
in my model. Second, my model explicitly consideinanges in yield patterns that occur over a
perennial energy crop’s lifetime and the correspogidnpacts on optimal feedstock mix. In
contrast, most other studies assume that averatgisyand feedstock mix remain constant over a
biorefinery’s lifetime. Third, my model also exptiy incorporates the flexibility with respect to
agricultural residue harvesting, and the necessignter into longer term contracts with energy
crop producers that assure harvesting each yeadtharresulting cumulative effects on the
feedstock mix. This is accomplished by forcing thadel to harvest all energy crop biomass
produced over its 10 year productive period; tl& laf this restriction on agricultural residue

harvest is referred to as flexibility in biomassvest in this model. Fourth and finally, the

> Mapemba et al (2008) also model area harvested asdogenous variable in an optimization
model. However, their analysis is specific to oegion in Oklahoma. My model extends their
analysis by modeling a general harvest-shed angamultiple concentric circles around the
biorefinery, which could be applied to any location

7



impacts of GHG emissions on feedstock sourcingsitats are also evaluated. Thus, for these
reasons, my model provides better insights inta¢laéties of biomass procurement.

The model is used to calculate the optimal feedstoi for the proposeédbengoa
Biofuels biorefinery in Hugoton, Kansas, which is likelyuse both agricultural residues and
dedicated energy crops for cellulosic biofuel prthn. Accordingly, the parameters of the
optimization model were calibrated for Hugoton, Kas location, considering one annual
feedstock (corn stover) and one perennial feedgtocscanthus). Average biomass raw material
costs are estimated at 60-70 cents per gallonrafarcellulosic biofuel production for this
biorefinery. At the optimum, up to two-thirds oftiplant’s cellulosic biomass would come from
dedicated energy crops. Though more costly to preddedicated energy crops are preferred
due to their higher per-acre yields and wider hstrwendows. Alternative harvesting scenarios
suggest that feedstocks that widen harvest windmvisedstocks that have higher biomass yield
densities will feature prominently in the optimabimass feedstock portfolio.

The economic tradeoff is between higher productiosts for dedicated energy crops and
higher collection and transport costs for agriaakuesidues. The delivered costs of biomass
(which is reduced as part of the cost minimizapooblem) drives the results. The ideal way to
reduce costs would be to generate higher biomatdsyand incur lower transportation costs —
the feedstock that satisfies both these requiresngatild be ‘energy crops grown closer to the
biorefinery.” The energy crops can offset theirt@gcosts of production only when located
closely to the biorefinery thereby reducing thesort costs. The differences in transport costs
from different locations is a crucial determinahbptimal cropping pattern. To offset the higher

transport costs, agricultural residues charactéi®elower production costs would be preferred.



These tradeoffs are reflected in optimal spatiahphg pattern as preferred by the
biorefinery: energy crops are grown in fields clogethe biorefinery and agricultural residues
can be sourced from fields farther away from tleddinery. The optimization model also
provides useful insights into the price premiumisi par annual and perennial feedstocks. For
the parameters used in the case study, the ensrgypdce premium ranges from $2 to $8 per
ton for fields located within a 10 mile radius. Faricultural residues, the price premiums range
from $5 to $16 per ton within a 10-20 mile radiGser time, the premiums declined for
agricultural residues and rose for energy cropanigiven time period, the price premiums
increased with proximity to the biorefinery. Theu#s suggest that optimal spatial planting
pattern depend on economic factors (harvestingtrandporting costs) which in turn depend on
the temporal patterns of biomass feedstock yighast respective yield density (tons per acre)

and area available for sourcing cellulosic feedstagithin the harvest shed.
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BIOMASS SUPPLY FOR BIOFUEL PRODUCTION: ESTIMATESFOR THE
UNITED STATESAND CANADA1

21  Introduction

Alternative fuels, especially biofuels for transgadion have become the focus of
intense policy debate and legislative action dueotatile oil prices, unstable
political/military environment in major oil produon regions, rapidly increasing global
demand and dwindling reserves of oil, and concewes global warming. Promoting
biofuel production is also viewed as means to redugh agricultural program costs and
to promote rural incomes in North America. Whilbatol from grains is expected to
account for most of the US/Canada biofuel producinothe short run, ethanol from
lignocellulosic biomass is considered to be mot@etive from a long term sustainability
perspective because of significantly lower life leygreenhouse gas emissions compared
to grain ethanol, widespread domestic feedstocKeditity, and the potential to
ameliorate the conflict over food v/s fuel use rdigs . Reflecting this view, the
renewable fuel standards under the US Energy Imaepee and Security Act of 2007
(EISA) set forth a phase-in for renewable fuel voés beginning with 9 billion US
gallons (34 billion liters) in 2008 and growing36 billion gallons or 136 billion liters by
2022 . The conventional starch-based biofuel vokiare limited to 15 billion gallons
and advanced biofuel volumes are mandated to taliih gallons including 16 billion
gallons of cellulosic ethanol by year 2022. Howewaehieving the cellulosic ethanol
mandate critically depends on the availability mfrbass in sufficient quantities at

reasonable costs for conversion to liquid fuels.

! published inBioResources Journal 4(3): 1070-1087 (with Dr. Satish Jasid Dr.
Heather L. MacLean)
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Cellulosic feedstocks include agricultural residdesest and mill residues,
organic/lignocellulosic portion of municipal solehste, and energy crops grown
purposely for conversion to fuels. Over the lastadie, a number of studies, assessing
biomass potential at various regional, national gloBal scales have been published.
While few studies include all major feedstocks nsnéocus on a single feedstock, such
as agricultural residue assessments , and , amgyeor®p assessments . Comprehensive
biomass feedstock assessments at the nationalhavelbeen completed for the US and
Canada . However, as conclude from their revied/7o$tudies of biomass energy
supply, the studies vary considerably in their egstions, models and methodologies
employed, feedstocks covered, temporal and spsaizés, production technology
projections, and policy scenarios.

Four general approaches have been taken in estorasibmass supply potential
in these studies: (1) inventories of potential kasmsources with minimal attention to the
economics of actual supply and prices at whichetliggntities will be available; (2)
static supply curves which estimate quantitiesiofass supplied at various
exogenously determined prices assuming everythgggremains constant; (3)
projections of supply quantities in competitioniwitther crops and uses, but under
current productivity and policy conditions; and 4namic projections of supply
guantities in competition with other crops and usesler projected/potential
productivity and policy conditions, ethanol/gascps and quantity mandates. In addition,
some studies use a bottom-up approach where bigroéesstials are assessed at
local/regional level, which are then aggregated irdtional level estimates, while some

other studies directly estimate national potenti@lsed on national economic models.
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Published studies have used a mixture of theseappes and often within a single
study, and the details of all the model and paranmetsumptions are often not explicitly
reported. As a result, estimates of bioenergy fi@levary significantly across studies,
and comparison and reconciliation of differencesobees difficult. A recent review of
fifteen North American studies, carried out byscalinds large variations in estimated
potential biomass supply across those studiehé&set reasons.

In this study, supply quantities for various biosé&sedstocks in the US and
Canada are estimated using a bottom-up, statidys@yppction approach. The relatively
simple, but consistent approach will provide ma@listic estimates of short term supply
of biomass feedstocks. Such short-run estimatddbeviiseful for assessing feasibility of
proposed cellulosic ethanol facilities. While sianisupply functions have been
previously estimated for specific feedstocks ofarg, a major contribution of this study
is providing comprehensive estimates for both U& @anada, covering all major
feedstocks.

22  Methods

Estimates of biomass supply from, agriculturaldess, forest and mill residues,
cellulosic portions of municipal solid waste (MSWfd energy crops were developed.
The methods used for each feedstock are summéaeed.

Agricultural Residues

For estimating supply of agricultural residues @acpdure similar to Gallagher et

al (2003) was followed. Agricultural residue supfinctions were estimated at the

individual county level for the US and at the censubdivision level for Canada. These
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supply functions were then aggregated to estimatiemal level supply functions. The
steps in the estimation procedure are as follows.

The average crop output data for the years 200@-2@3 used to estimate the
total quantity of residue generated employing ayer@sidue factors i.e., residue
generated per ton of crop output. Assumed residcters were 1.5, 1, 1 and 1.27 for
barley, corn, rice and wheat respectively. Foujomerops: corn, wheat, rice and barley
are considered for the US estimates. The crop bodigta are from National Agricultural
Statistics Service . How much of this total quandit residue generated will be supplied
to the market for conversion is a decision madékyfarmers, which is governed by:
regulatory restrictions on residue removal and so#er to prevent soil erosion, residue
harvesting, storage and transportation costs, oypioy cost of soil fertilization from
leftover residues, animal feed value of the residine other opportunity costs. The
residue that needs to be left on the field to pméegeil erosion depends on local
topographic, soil and wind conditions. It was assdrhat recommended amounts of
crop residues, that keep the soil erosion belovittteshold levels, are left on the field as
soil cover. Gallagher et al (2003) estimate thattrn, 0.65 tons (t) per acre of chopped
corn stover left in the fall fulfills soil erosigerevention requirements. Similarly for
wheat and other small grains 0.32 t/acre of falicees satisfy the requirement including
the loss of residues during the winter . For winteeat fallow, the winter loss occurs
twice, so the minimum fall residue would be 0.4&té . An average of these two
estimates (0.39 t/acre) was used for wheat, bareyrice.

Next, the assumption was that if the price offdsgathanol conversion facilities

is lower than the feed value of the residues, fasmall first sell the residues as cattle-
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feed until the local forage demand is met; howeaeprices higher than the feed value,
this additional quantity of residues will be supplifor conversion to ethanol. The
estimates for the feed values are updated fromaGladir et al. (2003) and range from
$28.70/t (for wheat) to $56.74/t (for corn) in 20@@lars. The forage demand was
estimated based on county livestock populationteydcrop production using the
relation: Forage demand = County Cattle Populatibaily Feed Requirements * (365 —
Pasture feeding season length) — local hay praatucti

Excess residues after meeting soil conservatiodsaed the local animal feed
requirements will be available for conversion tiagtol only if the price offered is high
enough to compensate for the costs incurred fordséing, storage and transporting the
residues. Further, residues left on the field hsorae fertilizer value, which subsequently
reduces fertilizer requirements for the next seaste price offered should also cover
this lost fertilizer value. The harvesting anchportation costs and lost fertilizer values
for different residues were estimated and it wasiaed that farmers will supply
remaining residues at a price equal to the surhedfé costs. The main operations in
harvesting include chopping, baling and haulinge €stimated chopping, baling and
hauling (within the farm) expenses were $25 pee acran average. The fertilizer
nutrient value of barley straw, corn stover, ritew and wheat straw were estimated at
$14.20, $12.30, $10.30 and $9.50 per metric topeas/ely .

The farm to factory gate transportation costs ddpenthe average transportation
distance, which in turn depends on the density@b cesidues and the size of the
conversion plant. For a plant with an annual cagaxiQ (in metric tons) of residues, the

radius of the collection area (assuming a circars) is(Q/70)°°, whered is the density
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of residue availability in t/square mile. The aggalistance of collection is

0.67Q/7d)®>. The county residue densitiywas calculated by dividing the total quantity
of residue available after meeting soil conserva#ind cattle feed requirements, by the
total land area of the county. Harvesting and fartation costs were calculated by using
weighted average costs of different crops, wheeeptioportion of the different crop
residue available after meeting soil conservatemuirement was used as a weighting
factor. It was also assumed that the ethanol ceieplant had a processing capacity of
2000 metric tons per day (tpd) of residues andageetransport costs were $0.40/ton
mile in estimating transportation costs.

Similar procedures were employed to estimate alguial residue supply
functions for Canada. However, because Canadarditggoduce any rice, oats was
considered instead of rice. A dataset at the CefgbDivision (CSD) level for Canada,
similar to the county level dataset for the US wegeloped. Data on crop area harvested
and cattle population were collected from 'StatssCCanada’ publications. Average crop
yield data (barley, corn, oats and wheat) for tbarg 1999-2003 are from Statistics
Canada reports . The data is reported at the C&f I@ther parameters such as residue
factors, feed value, fertilizer value, length oféfging season etc. were assumed to be
similar to those for the US. Because data on creloly at the CSD level were not
available, the average yield and residue densitiyeaCanadian provincial level were
assumed to be the same for all CSD within thatipe®/ The individual county/CSD
supply functions were then aggregated to derivionailtlevel agricultural residues

supply function for Canada.
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Forest Residues

Forest residues comprise of logging residues tieag@nerated during the
harvesting operations, and mill residues that areetated in saw mills, paper mills and
other wood processing units. Logging residues arently left at harvesting sites and
hence need to be collected and transported frorfothests, while mill residues are
available at processing facilities and currentlynbaused either as fuel or as raw material
for other wood products.

reports the total quantities of logging residued mill residues produced in
various states of the US, which are based on tH2AUSorest Service’s Timber Product
Output database for 2002. Logging residue quastite Canada were computed from
the total roundwood production reported at proaht@vel in Canadian national forestry
database for the year 2006 . For Canada, it wasresssthat logging residue production
would bel6% of the total roundwood production (Mad2006). In comparison, logging
residue estimates for the US, vary between 4% &6l & total roundwood production .
Data on the quantity of Canadian mill residues vazeaavn from .

It was assumed that all the logging residues predut a US state or Canadian
province would be available at a price equal tosttv of grinding costs and
transportation costs. Mill residues were assumdxttavailable for conversion if the
price offered was greater than the opportunity obstheir current use as fiber, fuel or
other feedstocks. The US state level estimatesibfesidues used as fiber, fuel and
other applications were from . The opportunity sdet the various types of residues
were estimated based on their current use: theresillues used for fiber products

(pulpwood) were valued at $36/dry ton (dt), thel fuse was valued at $23.65/dt (i.e.
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$1.25/million BTU based on coal price) and all othses were valued at $16/dt. The
remaining residues that are not currently used wssemed to be available for free . It
was assumed that logging residues were unifornglyiduted in the timberland area of
the region being considered and the average trangdistance required to supply a 2000
tpd ethanol plant was calculated using similar méshas outlined above for agricultural
residues. The logging residues from the forestewalued at their fuel use value
($23.65/dt) which would be their opportunity costhieat and power production. The
estimated average distance for collection of folagging residues varied between 19 to
55 miles based on the state geographic area amsitylehforest residues. These distance
estimates were combined with the transportatioh @o$0.40 per ton-mile as in the
previous case to compute the transportation c8gtse mill residues were readily
available at the processing facilities (like paged pulp mills) a transport cost of $5/t
was assumed for mill residues. The estimated ptatahce level supply functions were
then aggregated to estimate the national supplstifums.
Municipal Solid Wastes

The USEPA and thBioCycle magazine annually estimate the total quantities of
municipal solid waste (MSW) generated, recoveratidiacarded in the US. The USEPA
estimates are at an aggregate national level asathterial flow analysis, while the
Biocycle estimates are based on an annual survey of stakENSW officials. In
Canada, Statistics Canada publishes biannual dataste disposal and diversion at the
provincial level. We use state level estimateM8W generated from the $%nnual
survey conducted by the BioCycle magazine and HEzamtfineering Center of Columbia

University . It was assumed that 66% of the waste® organic materials suitable for
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cellulosic ethanol production, based on estimat@s {JUSEPA . An average moisture
content of 40% was assumed in deriving dry bionegssvalent of MSW feedstock,
based on estimated moisture content of varioustitoests in MSW which can vary
from 2 to 70% .

Since a well-established collection system for MBWurrently operating, and
tipping fees are paid to dispose MSW, all the liggitulosic portion of MSW is
essentially available (albeit at the landfill) ategative price equivalent to the current
landfill tipping fee. The tipping fees in 2006 raufrom $21/t to $123/t in the US and
from $40/t to $75/t in Canada . The total quandityyySW currently landfilled in a
state/province was assumed to be available atatimegrice equivalent to the average
tipping fee for the particular US state or Canagiswvince. Because the cellulosic
portion of MSW needs to be separated from othesttiorents before conversion to
ethanol, estimated separation/sorting and transfiantcosts of $55/wet ton was added to
the negative price to estimate the ethanol feelltopply price. The processing cost
estimate is based on an update of a previous dstinide state (province) level quantity
and price data were then combined to estimateotiaéquantity of MSW feedstock
supplied at various prices at national level.

Energy Crops

The potential supply of energy crops when theycarapeting with conventional
crops is a complex function of several factorsnieas will switch to energy crops only if
expected returns from the energy crops are hidtaar teturns from growing
conventional crops and/or keeping the land idlesurmdnservation programs such as the

US Conservation Reserve Program (CRP) and colipotintal payments as well as the
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government support payments. In addition to switgho energy crops, farmers will also
be switching between conventional crops based lative expected returns. These
returns are governed by expected prices for difteceops, yield and production cost
structure for energy crops compared to that of eational crops. These costs and yields
also differ by the geographical location. Hence, éstimation of potential supply of
energy crops has to be carried out using an integjraodel of agriculture that
incorporates the inter-dependencies across indavichmmodity grain, livestock, dairy,
consumption and international sectors, as wellgaisaltural policy variables. Most of

the current projections of energy crop supply mtI5, are derived from an integrated
comprehensive model of US agriculture, POLYSYS allgped and maintained by the
Agricultural Policy Analysis Center (APAC), Univérsof Tennessee, Knoxville . In

fact, most of the estimates of bioenergy crop suppblished by the US Department of
Energy (USDOE) and US Department of Agriculture DAS draw on the POLYSYS
model estimates. For example, see Perlack et@05)2and De La Torre Ugarte et al.
(2000, 2003). However, estimates of energy croplsusing the POLYSYS model vary
significantly depending on variations in the ungierd) production/supply constraints, and
assumptions about energy crop productivity, re¢agivofitability and policy variables.

To derive static supply curves for energy crops$ Wexe consistent with other
biomass feedstock estimates, a relatively simppecgrh was used. It was assumed that
farmers will potentially divert land from currematlitional crops to energy crops (e.g.
switchgrass) if the ‘returns over variable cosBO{/C) for switchgrass were more than
the returns over variable costs for the traditiaraps. Since the current ROVC were

adequate enough to cover the fixed costs suchmds/iue and opportunity costs of
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labor and overhead charges, and retain the laneryrdduction, a higher ROVC from
energy crop production would make switching to ggerops attractive.

Using county level crop production data from USDERS, gross revenues per
acre for various crops namely — corn, soybeansatyhiee, barley, oats, and cotton at the
county level, were calculated using state averagencodity prices and variable costs of
production . The variable costs of production ined the costs of seeds, fertilizers,
pesticides, energy for machinery operations antbousvork. The returns over variable
costs (ROVC — which is an estimate of fixed co$tagvicultural production that are
being covered currently) were calculated by sulittgdhese variable costs from total
revenues. Average ROVC for the period 2002-05 lanajor crops in each US County
along with harvested acreages were computed. Gt payments were not included
in ROVC estimates because these payments havestfeetively decoupled from
commodity production since the passage of Farm2Bill2 .

Next ROVC for growing switchgrass at various swijiiss prices were estimated
at the county level. Counties in the eastern Halie US including the Dakotas,
Oklahoma and Texas, where switchgrass can be guader rain-fed conditions were
considered. To account for differences in statellgields and costs of production, the
states were divided into three regions: south,raband north. In the southern region
(AL, AR, FL, GA, KY, LA, MS, NC, OK, SC, TN, TX, VAWV) the energy crop yield
was assumed to be higher at 8 dt/acre at an aveaaigdble cost of $259.56 per acre . In
the central states (IL, IN, 1A, KS, MO, NE, NY, ORA) the yield was assumed to be
4.45 dt/acre at an average variable cost of $214crd . The northern states (CT, DE,

ME, MD, MA, MI, MN, NJ, RI, SD,VT, WI) are locateth much colder climates and the
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yields were found to average only 2.79 dt/ acréwariable costs of $128.32 per acre .
The variable costs include seed costs, initialdistament costs, fertilizer costs,
harvesting costs and baling costs. It was assuhadhce established, switchgrass can
be harvested over a period of 10 years. These gi/ddoroduction costs are based on
realized values, however improvements in switchgyyéalds are likely in the future.
Although other energy crops such as miscanthusaarhy cane have been considered
potentially attractive, the analysis is limitedsteitchgrass, to be consistent with previous
analyses .

The average annual ROVC of field crops were congpatith ROVC from
switchgrass at various switchgrass prices and staggumed that 10% the land currently
earning lower ROVC than that of switchgrass wowddcbnverted to energy crop
production? A variety of factors affect the crop-switching éen including subsequent
changes in relative crop prices and returns asudtref crop switching, land
characteristics, local weather/rainfall conditioespectations, farmer expertise and risk
preferences. 10% land conversion was used as amaiive aggregate constraint resulting
from all these considerations. The estimates usiisgsimplification are consistent with
the earlier work using POLYSYS models that estim&eo 14 per cent of crop land
being converted into energy crops . Transportatasis from the farm to factory gate

were estimated employing a similar approach aadoicultural residues.

2 To illustrate,Baldwin County (FIPS code 1003) in Alabama had\arage of 4,250
acres under corn, 10,167 acres under soybeans @3l acres under wheat crop during
2002-05. The net returns over variable costs fosetcrops during those years were
$140, $109 and $61 per acre respectively. If trgncrops were able to generate a
return of $50 per acre, then none of the land uttdEse crops would be diverted to
energy crops. But if the ROVC from energy cropsen&t25 per acre, then we assume
that 10% the soybeans and wheat acreage will beeciaal to energy crops as the latter is
more profitable.
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Canadian energy crop supply

The Whole Farm Database managed by Statistics @arngubrts harvested acres
and total revenues for various crops at the Cersyrscultural Region level (table series
C) in Canada . However the expenditure data aravaitable separately by individual
crops but aggregate expenditure per acre for thi#ofpio of crops is available. Hence the
average farm ROVC (dollars per acre) from the eagsiportfolio’ of crops was
compared with the potential returns from energysrdhe Canadian crop portfolios
included the major crops such as wheat, oats,\padpeseed, soybeans, corn, small
grains and forage crops. The land area switchiremnéwgy crops at various energy crop

prices was estimated using similar proceduresrmdlabove for the US energy crops.
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23  Resaults
US Biomass Supply

Figure 2.1 and Table 2.1 summarize the biomassgegpimates for the US.

The supply curves are shown only up to the prigellef $100 per dry metric ton (dt),
beyond which biomass use for ethanol conversiohliwdly be uncompetitive. The total
biomass potentially available in the US, at a pat&100/dt is 568 million dt,

comprising of about 250 million dt (44% of totalpglly) of agricultural residues, and 135
million dt (24%) of forest and mill residues. Undke assumption of planting a
maximum of 10 per cent of crop land in the eastelhof US, energy crops such as
switchgrass and miscanthus would approximatehdyl@®7 million dt of biomass; of
which about 85 million dt will be available at dqar of $100/dt.

From Table 2.1, it can be seen that 384 millionfahis biomass will be available
at price of $50 /dt in the US — primarily from agyitural residues and forest feedstocks.
Compared to that the minimum price at which switelsg starts becoming available is
$67/dt. The reasons for higher prices for energp<are two-fold: (i) the field crops
that are displaced by energy crops generate hrgih@ms raising the break even prices of
energy crops and (ii) the yield of energy cropsusently low in temperate climates. In
fact, some studies consider energy crops as f(ired generation) biomass feedstock
after corn grains and agricultural/forest residuadotal of 98 million dt of MSW is
potentially available for cellulosic ethanol protioa, however only less than a third of

MSW will be available at price of $50/dt, due tglmer MSW processing costs.
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Figure 2.1: Biomass supply curvesfor theUS
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Table 2.1: Biomass Supply Estimatesfor the US

100

150

200

Million dry metric tons

250

300

Price at biorefinery

Quantity supplied million dry metric tons

gate ( $/dt)a

MSW | Agricultural- | Forestand | Energy | Totaf®
residue Mill residues| crops
30 15 110 12 137
40 32 204 80 315
50 36 234 114 384
60 58 245 130 434
70 63 248 133 35 480
80 75 249 135 52 512
90 86 250 135 73 544
100 98 250 135 85 568

a in 2008 US dollars

* Total quantities are different from the summed ajues due to rounding

Canadian Biomass Supply

The potential total biomass supply in Canada isrhitfson dt, with agricultural

residues (42 million dt) and forest/mill residud8 (illion dt) constituting 60 per cent of
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supply. As shown in table 2.2, the biomass in Cansadikely to be more expensive than
in the US. At a price of $50/dt, only one-fourthadif potential biomass would become
available in Canada, compared with nearly two-thirdthe US. The reasons are three
fold: (i) the lower agricultural cropping density Canada (due to cooler climate) leads to
higher transportation costs; (ii) the yield of biass is lower due to temperate climate and
(iiif) the lower population resulting in lower MSWegeration. Unlike in the US,
agricultural residues are more expensive than figrésedstocks in Canada; the main
reason being increased transportation costs dwevey cropping density. MSW and
energy crops are costlier in the Canadian casesisBmergy crop supplies are 31

million dt at $100/dt. However, if switching to egg crops occurs in 20% of all
agricultural land with lower ROVC than switchgrat®en energy crop supply can nearly
double to 61 million dt in Canada.

Figure 2.2: Biomass supply curvesfor Canada
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Table 2.2: Biomass Supply Estimates for Canada

Biomass Quantity Available (million dry metric tons)
Price $/df )
MSW Agricultural | Forest and Energy Total**
residue Mill crops
residues
30 1 6 12 20
40 2 7 12 22
50 3 7 30 40
60 4 31 43 79
70 5 37 43 85
80 6 42 43 26 117
90 7 42 43 30 121
100 7 42 43 31 123

* At biorefinery gate in 2008 US dollars
** Total quantities are different from the summed afues due to rounding

The renewable fuel standard provisions under th&b& gy Independence and
Security Act, 2007 mandate using 21 billion gallohsdvanced biofuels for
transportation by the year 2022, including 16 diilgallons of cellulosic ethanol . At a
conversion rate of 70-100 gallons/dt the biomagsairement to supply 21 billion gallons
is 210-300 million dt. These results suggest thigt quantity of biomass (required by
2022) is readily available under current conditiahprices below $50/dt. Table 2.3
presents the amount of biomass required to produté and 21 billion gallons of
cellulosic ethanol and estimated composition ofriass supplied to meet these
requirements. Almost all (97%) of biomass requiiedneeting the advanced biofuel
provisions of EISA 2007 is likely to be various &gof residues, with agricultural
residues accounting for 61%, followed by forest emiliresidues (27%). Dedicated

energy crops are likely to be a minor source.
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Table 2.3: Biomass Feedstock Requirements and Expected Composition to meet
Céllulosic Ethanol Production Targetsin the US

Ethanol production target 7 14 21
billion gal (at 70 gal/dt)

Required biomass (million dt) 100 200 300
Agricultural Residues 67.3 147.0 180.0
Energy crops - - 9.0
Forest and Mill Residues 12.0 22.0 80.0
MSW 20.7 31.0 31.0

Geographical Distribution

Table 2.4 shows the geographical distribution efiltocks required to meet
EISA 2007 mandates. The corn-belt states that guggpicultural residues account for
the largest quantities of biomass for biofuel piithn, followed by states like Texas,
Georgia and Oregon supplying significant quantitiE®rest and mill residues. It should
however be noted that the states near the bottdraldé 2.4, are unlikely to have
cellulosic ethanol plants due to low quantitieshadmass available which would not be
adequate to exploit the significant economiescafesobserved in biorefineries. Mill
residues account for almost all of the 80 milligrotiforest and mill residues supplied.
Collecting logging residues was found to be uneaotinal at prices below $50/dt. Energy
crops are competitive with field crops in southteasstates, Carolinas, Tennessee,
Texas and Oklahoma at prices around $50/dt.

Table 2.5 presents the geographical distributiobiafass supply at a price of
$100/dt in Canada. Agricultural provinces of Saskatvan, Alberta and Ontario account
for most of agricultural residues and energy cregsle forest and mill residues account

for most supplies in British Columbia and QuebeamPared to US, a larger proportion
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Table 2.4: Geographical Composition of Feedstock Mix to meet EISA Mandates

(Biomass Quantity Target: 300 million dt)

State Agricultural Energy | Forest MSW | Total

Residues | Crops | and Mill

Residues

lllinois 34.79 - 0.33 5.91 41.02
lowa 38.27 - 0.16 - 38.43
Minnesota 18.95 - 1.04 0.84 20.83
Nebraska 20.09 - 0.07 - 20.16
Indiana 16.06 - 0.65 - 16.71
Michigan 4.34 - 1.40 451 10.25
Washington 2.31 - 5.68 1.94 9.93
Ohio 8.70 - 0.91 - 9.61
Texas 3.21 3.36 2.23 - 8.80
Georgia 0.09 0.66 7.33 - 8.08
Oregon 0.06 - 6.54 0.87 7.47
Wisconsin 5.47 - 1.69 - 7.16
Florida - 0.09 2.03 4.57 6.69
Idaho 2.18 - 4.42 - 6.60
Alabama 0.01 0.66 5.91 - 6.59
South Dakota 5.92 - 0.15 - 6.07
California 0.92 - 5.02 - 5.94
Missouri 4.63 - 1.11 - 5.73
Pennsylvania 0.08 - 1.49 3.52 5.08
North Carolina 0.18 0.85 4.02 - 5.04
Mississippi 0.39 0.07 4.58 - 5.04
Virginia 0.24 0.17 2.21 2.06 4.68
Louisiana 0.80 0.09 3.61 - 4.50
Kentucky 2.40 0.58 1.49 - 4.46
Arkansas 0.31 - 3.66 - 3.96
Kansas 3.25 - 0.05 - 3.30
Tennessee 0.83 0.58 1.63 - 3.04
South Carolina - 0.51 2.51 - 3.02
Oklahoma 0.86 1.09 0.66 - 2.60
Montana 0.46 - 1.95 - 2.41
Maryland 0.65 - 0.17 1.36 2.18
New Jersey - - 0.08 1.98 2.06
West Virginia - 0.46 0.82 0.58 1.86
Colorado 1.37 - 0.22 - 1.60
New Hampshire - - 0.94 0.39 1.33
New York 0.07 - 1.18 - 1.25
Massachusetts - - 0.17 0.98 1.14
North Dakota 1.01 - 0.01 - 1.01
Delaware 0.46 - 0.02 0.35 0.83
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Table 2.4 (continued)

State Agricultural Energy | Forest MSW | Total
Residues | Crops | and Mill
Residues
Maine - - 0.44 0.36 0.79
Other States 0.13 - 0.96 0.78 1.88
US Total® 180.00 9.00 80.00 31.00 | 300.00

* Sum of state biomass supply may not equal US tdtasto rounding

Table 2.5: Canada Geographic Distribution

Agricultural | Forest | Mill Energy
MSW | residues residueg residueg crops
Saskatchewan 0.27 16.68 0.54 0.52 16.82
Alberta 0.86 13.27 2.73 2.63 7.17
British Columbia 0.67 - 8.70 8.40 0.14
Ontario 2.46 5.54 2.91 2.81 1.53
Manitoba 0.35 6.17 0.24 0.23 4.52
Quebec 2.06 - 4.55 4.40 0.14
Other Provinces 0.32 0.16 2.32 2.24 0.01
Canada Total* 7.00 41.81 21.99 21.23 30.33

* Sum of state biomass supply do not equal US tdtadsto rounding error
of crop land is expected to convert to switchgm@ssluction on account of relatively
lower profits from traditional row crop producti@anada.
Comparison with Recent Estimates

Walsh (2008) estimates that a total of 283 milldvy short tons (256 million dt)
of biomass will be available at a price of $100/dhgrt ton ($110/dt) in 2010, consisting
of 101 million dt of agricultural residues, 18 ol dt of urban wastes, 54 million dt of
forest residues, and 52 million dt of mill residaesl 31 million dt of switchgrass. These
estimates are substantially lower than our estisadtke reasons for the differences are
discussed below. Since comparable studies of Cand&domass supply curves were not

available, this comparative analysis is limitedhe US.
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Walsh estimates that 101 million dt of agriculturegidues will be available by
2010 at a price of $110/dt compared to our estinb®50 million dt. The difference
arises mainly from assumed percentage of avail@slidues that are collected for ethanol
conversion. Our analysis assumes the recommendeldoieresidues to reduce soil
erosion below tolerable levels, will be left on fiedd, which results in collection rate of
76% of available residues. In comparison, estimayed/alsh (2008) implicitly assume a
collection of only 33-45% of available residues.|8tieestimates the amounts of residues
that should be left on the field to maintain s@itlwon and organic matter levels in
addition to soil erosion control. Our estimatesyantlude mandatory soil erosion
control requirements, but incorporate opportundgts of soil fertility maintenance.
What is the sustainable residue removal rate isbpgest of debate . Our estimates are
consistent with the ‘Billion ton’ study by Perlaekal (2005) which assumes removal of
70-80% of residues from the fields. If the colleatis limited to about 40% of available
residues, our estimates are similar to those bysk&008). Moreover, Walsh’s
estimates consider only corn-stover and wheat sivhie our estimates include residues
from other crops namely rice, barley and oats.

For estimating urban wastes, Walsh only considesdyportions of urban
wastes; but, in this study all organic componehtg®W including paper, wood, yard
trimmings and food waste are included as potefegdstocks for ethanol conversion.
Paper and food wastes accounted for 32.7% and li2§8éctively of total MSW
generated in the US compared wood and yard trimsnivigch accounted for 5.6% and
12.8% respectively (USEPA 2008). Technologies tonverting all organic fractions of

MSW into biofuels are reportedly available; e.cavgty pressure vessel process from
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Genesyst Inc . Walsh further adjusts the wood waiséatities downward by 53% to
account for contamination by paints, chemical trestt, adhesives etc.

Our estimates of forest and mill residues congistamillion dt of logging
residues and 80 million dt of mill residues. Thgdmg residue estimates are very similar
to those by Walsh. Walsh’s assumption that 10% itfresidues are not usable because
of too small particle size helps explain some efdifference in mill residue estimates.
Additional differences may arise because Walslsgliee estimates are based on
projected harvest rates for 2010, while our es@®are based on actual harvests in 2002.
Enough details are not available to reconcileredldifferences.

With regard to energy crops, Walsh projected 3lionildt by 2010 at a price of
$110/dt. Our estimate is 85 million dt of energgps at $100/dt. Her estimates are based
on dynamic projections from the POLYSYS model. WHIOLYSYS model compares
energy crop returns with field crop returns (simttaour approach), it also imposes
various ‘flexibility constraints.” For example, aiiges in acreages under different crops
are limited to a maximum of 20% from previous yearg conversion of pasture lands to
energy crops is accompanied by corresponding isergahay crop output to meet
animal feed requirements. In comparison, we emaloyuch simpler and cruder
assumption that 10% of all cropland with currergreamic returns lower than
switchgrass returns will shift to switchgrass. Rer{ in POLYSYS crop prices are
determined endogenously within the model and hanedikely to be higher in the
future, which makes energy crops relatively unativa. Our ROVC estimates are based
on historical costs. As a result, our energy crgupdy estimates are higher and represent

more optimistic estimates. The above comparisamddsnonstrates the sensitivity of the
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estimates to underlying assumptions and modelihg;wcan lead to large variations in
biomass supply estimates across studies as pdigted
24  Conclusions

The analysis suggests that more than 500 milliayf Biomass is available at
price of $100/dt in the US, while Canadian suppéieslimited to 123 million dt.
Assuming ethanol yields of 70-95 gallons of eth&ftpbiomass quantity is sufficient to
displace 27-37 billion gallons of gasoline in th8 &nd 5.8-7.8 billion gallons of gasoline
in Canada. Biomass quantities necessary to meanadu biofuel provisions of EISA
2007 will be available at prices around $50/dt.iégjtural residues such as corn stover
are the cheapest and most abundantly availablees®of biomass followed by mill
residues. Forest residues and energy crops atg likplay minor role in meeting EISA
2007 mandates. At current productivity levels, ggarops are not competitive with
conventional crops in the prime agricultural arebthe US. However in some southern
states such as Texas, Oklahoma and Tennessee engogymay be able to compete with
conventional crops and hence dedicated energyptampations are likely to appear first
in these states. For example, a 1000 acre swashgrantation is being developed by
Oklahoma Bioenergy Center, and University of Tesaesn contracting with farmers to
grow switchgrass for the proposed Dupont-Danistlolosic ethanol plant . Energy
crops may be more attractive in Canada becaussatively lower returns from
traditional crops. Saskatchewan and Alberta wiliigor sources of both agricultural
residues and energy crops, while British Columbid @uebec will be major sources of

forest and mill residues.
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The estimates of agricultural residue supply arg gensitive to the assumed
fraction of residues that can be sustainably remdran the field. Similarly the potential
of MSW as a feedstock depends on which componerdsfpod, paper, wood) can be
economically converted into liquid biofuels. Yieldsenergy crops need to improve
significantly from current levels to make them catitive with conventional crops.
Hence future research is needed in these areaslyRime static supply function approach
taken in this study, while is relatively simple anahsparent, inadequately accounts for
several factors that influence future biomass sap@uch as productivity gains,
harvesting and conversion technology improvementist-temporal variations in yields,
costs and returns, policy interventions, and irgeamal trade effects. These limitations
have to be kept in mind while interpreting and draypolicy conclusion from the

reported results.
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REGIONAL COMPETITIVENESS OF ENERGY CROPS
3.1 Introduction

Cellulosic feedstocks such as agricultural residfgeestry residues, and dedicated energy

crops (DEC) are predicted to become preferred teekis for biofuel productio%.Crop and
forestry residues are annually produced and avaifab immediate use; as a result their potential

supply can be estimated. However, the potentiatiéalicated herbaceous energy grass crops such

as miscanthus, and switchgrass is less certairubecthey are yet to be grown in large sczale.
With a growing emphasis on energy crops to meetétialosic biomass requirements, one of the
key questions is ‘whether farmers will divert thiainds from existing annual cropping practices to
planting perennial energy crops?’ This paper evakithe economic competitiveness of energy
crops with field crops and other land uses.

This study estimates the economic returns for fesméno divert their lands to energy crops
versus the returns for farmers who retain theid$awith the current crop uses. Since perennial
energy crops supply biomass for 10 years, the enmn@turns from energy crops and other crops
are compared over 10 years to account for econfhugitiations during that time frame. These
fluctuations in economic returns arise primarilyrir changes in input and output prices which are
affected by crude oil prices. In this study, | adaplonte Carlo simulation framework to analyze

the impacts of crude oil prices on energy crop #dapThe simulation framework incorporates the

1 : . . . . .

Currently, corn grains and soybean oil are usqatiagary inputs to produce biofuels; increased
use of food and feed products for fuel productias generated interest in advanced biofuels such
gs cellulosic ethanol produced from cellulosic &edk

Perennial energy crops normally supply cellulostass for 10 years
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main factors that affect economics such as regidiffgrences in crop yields, and differences in
cultivation practices of field crops across varial$. states.

Current literature compares energy crops with o#lggicultural crop enterprises largely
based on point estimates (average values) of etBut average returns do not capture the
variability in energy and conventional crop prdfilay arising from crude oil price fluctuations
and aggregate planting decisions of farmers. Faictg crude oil prices cause considerable
uncertainty in the success of investments in aadialbiofuels and the growth of energy crops.
About 20 to 50 per cent of crop production cosesdirectly or indirectly tied to crude oil price
level making it as a critical factor in the succeésnergy crops (Shoemaker, et al., 2006). Crude
oil prices have varied between $20.87 and $127e3barrel (2010 dollars) between
years....and... and preliminary evidence suggestghieatellulosic ethanol industry, and possibly
energy crops, become economically attractive drnityude oil price stays consistently above $70
per barrel (Creyts, et al., 2007; EIA, 2010; Tyaed Taheripour, 2008). Schnitkey et al (2007)
argue that the potential for biofuel feedstocksl(iding corn) should be evaluated by taking crude
oil price fluctuations into consideration. With dence that agricultural output prices — particylarl
corn, soybeans and cotton — have long run reldtipngith crude oil prices, it is important to study
the impact of crude oil prices on the competitivasnef energy crops (Harri, et al., 2009; Modi,
2009). Crude oil prices affect the prices paideioergy crop biomass making it as a crucial
determinant of the success of energy crops (M. .2009).

| first develop state level crop production buddetsvarious field crops as well as energy
crops over a 10 year planning period. Crude odgwi(COP) are a critical driver of relative returns

because they affect the market prices of biofieisygy crops and major field crops (corn and
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soybeans). Crude olil prices also affect the eneogy component (fuel and fertilizer) of crop

production? Prior literature suggests co-integrating long melationships between crude olil prices,
field crop prices and natural gas which is the nigput in nitrogen fertilizer production (GAO,
2003; Hatrri, et al., 2009; Hartley, et al., 200H&nce | first empirically estimate the historical
relationships between crude oil prices, crop pranesthe energy component of crop production
costs (natural gas). | consider three crude odepsicenarios — reference case, high and low oil
prices — as projected by USDOE over the next 1@sye@rop output prices and crop production
costs are projected for each of these scenari@sglcrop yields are modeled as a function of
state level average climatic conditions (preciptaiand temperature). Yields for conventional
crops are projected using historical trends.

Second, | use Monte-Carlo simulation techniqueéadorporate uncertainty into the static
budgets developed above. | estimate the volafipefficient of variation) of projected crude oil
prices as a weighted average of historical andiedplolatility. The crude oil price volatility is
assumed to drive the variations in crop productiosts and crop prices. | simulate variations in
energy crop yields assuming historical variancge@tipitation and temperature continue into the
future.

In the third step | consider crop switching demsi by farmers under different assumptions
regarding their risk preferences. The results efahalyses are then used to predict the breakeven
biomass prices necessary to make switching fromenticrops to energy crops attractive, and the
probabilities that such switching will occur undlee various crude oil price and farmer risk

preference scenarios.

Crude olil prices affect natural gas prices whickuim determines nitrogen fertilizer prices
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Objectives and Scope:

The primary objective of this analysis is to congptire economic returns of farmers who
convert their fields to energy crops with the eqoiwreturns of farmers who retain their fields
under existing crops. Another major objective igdientify the US states that have the greatest
potential for energy crop production in terms af #verage level and variability of returns. In
particular, the research in this paper seeks tovanthe following questions:

. How do the distribution of economic returns of gyecrops compare with that of field
crops across different states?

. What role do crude oil price fluctuations play etekmining the economics of energy crops
relative to traditional crops?

. How do state level differences in temperature (gngvdegree days, GDD) and
precipitation affect energy crop (miscanthus andchgrass) yield and returns?

. Which croplands (or fallow) are more likely to beneerted to energy crops based on
economic returns?

. How do risk preferences of farmers affect theirrgperop production decisions?

These analyses are carried out at state levelaialgtical steps in evaluating the relative

economics of energy crops and conventional crops@mmarized in Figure 3.1.
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Figure 3.1: Framework of proposed simulation study:
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3.2 Literature Review

A number of national level studies — that use adirprogramming model called Polysys —
evaluate the potential allocation of land to enemgyps. Polysys models switchgrass yields based
on hay crop yields at an agricultural statistidatritt level (ASD which is a collection of 9 or 10
geographically adjacent counties). These studiegaoe the economic returns of energy crops
(switchgrass in particular) and field crops (DeTare Ugarte and Hellwinckel, 2004; De la Torre
Ugarte, et al., 2000; Ray, et al., 1998a, 1998;sWadt al., 2003). The Polysys studies predict that
switchgrass will be competitive with field cropsirto 15 per cent of U.S. crop lands, supplying
anywhere from 25 to 334 million tons of biomass gemum.The wide range of biomass estimates
is a result of diverse assumptions used in Polgsydeling — see figure 3.2 and table 3.1 for a
summary of major Polysys studies and their assumptiBy comparing Net Present Values (NPV)
of energy crops and field crops, Polysys predigis@ of $32 — 74 per metric dry ton for
switchgrass delivered at the biorefinery.

While the Polysys studies help generate estimdtesop switching and biomass supply at
the level of individual agricultural statisticalstlicts, these estimates suffer from many limitadio
The analyses are based on deterministic (pointhatds of production costs and crop yields
failing to include the fluctuations in productioasts and returns. Polysys studies also suffer from
data mismatch while computing NPV: the gross reesrftom field crops are calculated using
ASD data (groups of counties) but the productiostEare estimated using USDA’s Farm
Production Regions (groups of states, see (De leeTdgarte and Ray, 2000; De la Torre Ugarte,

et al., 2000).
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Figure 3.2: Switchgrass production estimates — Sumary of Polysys studies
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Table 3.1: Switchgrass supply curve — summary of flerent US national level studies

Point Quantity (Million Price (2004%) Assumptions
Study Metric Tons)
De La Torre| Line 0-139 0-80 2004 Farm Bill Provisions
Ugarte and
Hellwinckel
(2004)
1 133 40.00 Moderate crop yield with land use changes
Perlack, et
al (2005) 2 334 40.00 High crop yield with land use changes
3 54.9 32.70 Wildlife Management Scenario, $1.83/GJ
4 170.9 43.60 Production Management Scenario, $2.44 /GJ
5 129 38.15 Production Management Scenario, $2.14/GJ
Production Management Scenario, $2.14/GJ,
Walsh, etal| 6 202 38.15 Switchgrass yield increases by 25%
(2003)
Production Management Scenario, $2.14/GJ,
7 67.6 38.15 Switchgrass yield decreases by 25%
8 24.2 38.15 $2.14/GJ, Cultivation costs increase by 25%
9 205.3 38.15 $2.14/GJ, Cultivation costs decrease by 25%
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Table 3.1 (Continued):

Point Quantity (Million Price (2004%) Assumptions
Study Metric Tons)

10 34 42.70 Yield = 11 Mg/ha
McLaughlin| 11 158 62.00 Yield = 9.4 Mg/ ha
S.B (2002)

12 191 73.80 Yield = 9 Mg/ ha
De la Torre 13 60 39.60 1999 USDA crop vyields, costs and prices
Ugarte, et al
(2000) 14 172 49.50 1999 USDA crop vyields, costs and prices
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Polysys studies also use arbitrary land allocatmmstraints (called flexibility constraints) to

avoid corner solutions resulting from the lineasgramming algorithrﬁ. Polysys considers only
switchgrass as the major energy crop while thexealiernative energy crops such as miscanthus
which yield higher than switchgrass and may be ncorapetitive (Khanna, et al., 2008).

Few other studies have been conducted at thelstegie These state level studies also
compare the static net present values of energysaith that of field crops — (Bangsund, et al.,
2008; Cassida, et al., 2005; Guffey, 2006; Heatba]., 2008; Khanna, et al., 2008; Maryland
Energy Administration, 2003; Perrin, et al., 200&gas, et al., 2008). Except Griffith, et al.,
(2009), the existing studies assume a certain gedevel of energy crop yield and production
costs in a state or region. Most of those studligsicitly treat energy prices to remain constant
over the entire productive life period (10 yearsgergy crops. These studies predict that
energy crops can compete with field crops or okded uses if switchgrass prices (delivered at
the biorefinery) are at least $59.52-120 per dryitoTennessee, $60-90 per dry ton in lowa or
$54 per ton in Alabama and $35-74 in North Dak8@angsund, et al., 2008; Guffey, 2006;
Jensen, et al., 2005). These price estimates hawdearange due to different assumptions used
in these state level studies.

These state level studies do capture regionalti@mgby modeling the state level crop
production practices and state level energy crefulyj but they cannot be generalized or

aggregated to derive national level estimates dwatiations in their underlying assumptions.

4 Polysys results are derived using ‘flexibility ctiagnts’ that involve arbitrary assumptions on
land allocation to energy crops (e.g. crop switghslimited at 15-20% of crop land — see
section 2.5 in De la torre Ugarte, D. G., et al0@0and section 3.1 in De la Torre Ugarte, D.,
and D. E. Ray (2000).
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Most of the studies consider only switchgrass asnhjor energy crop while a few other studies
evaluate miscanthus as a potential energy crdpeitS. Farmers in some states (Tennessee and
Oklahoma) have already adopted switchgrass asgheie energy crop due to lower
establishment costs and easier seed based prapadatit other energy crops such as

miscanthus may be more suitable due to higher yielegn though their establishment costs are
higher due to difficulties in propagation with rb'mes? The differences in switchgrass and

miscanthus yields and production costs are depint&ble 3.2 (Khanna, et al., 2008).

Table 3.2: Comparison of switchgrass and miscanthusrop yields and production costs in
lllinois

Switchgrass Miscanthus
Cumulative yield over 10 48.75 189.38*
years (dry tons per acre)
Establishment costs during 553.27 1099.19
years 1 and 2 ($/acre)
Break-even price including 64.84 49.58
transportation costs ($/ton)#

* Adapted for 10 year time fram#ésexcludes land rental costs; Source: Khanna, @08I8)

The above discussion shows that there is a neeskta uniform framework while
evaluating energy crops that accounts for flucturegiin crop revenues, yields and returns in a
similar manner across all states. This study sitaslbudgets that is consistent across the states

while incorporating the fluctuations in energy cregurns.

5 . . . . .
Agronomists and conservation experts suggest W gratchgrass since they are native
species to the US; miscanthus are native to Europeatinent and has been successfully grown

in many European countries.
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3.3 METHODS
Crop production budgets and Net Present Value (NPV)

| use field crop production budgets developed bieséxtension agencies as a primary
data source for my calculations. In particularsthbudgets are used to derive the agricultural
input quantities required for major field cropseiwvery state (table 3.3). The agricultural inputs
are divided into two groups — energy (s) and noexgy (X) inputs. The distinction between
energy and non-energy inputs is made to extradipact of energy (crude oil) price
fluctuations on crop budgets. Energy inputs incldigsel and fertilizers (N, P and K). Note that,
fertilizers contain large quantities of embodie@rgy and their prices are closely linked to fossil
fuel price movements. Non energy input costs inelexipenses on seeds, herbicides, pesticides,
and fixed costs associated with buildings and nrasfyi Similar budgets for energy crops were
developed by estimating the quantities of energyraom-energy inputs according to the
maximum yield potential of energy crops at theestavel.

A single planting of energy crop has an averagduywmtive period of 10 years. To match
with this time frame, the returns from annual fietdps are also estimated over 10 year time
frame. This assumes that the particular field cnogpattern would be maintained over the next
10 years. To account for crop rotations, a weiglategtage of returns from two or more mono-
cropping sequences is computed. The weights aeerdigied by the relative frequency of the
particular field crop in the crop rotation mix owef.0 year interval. The proportional changes in
input quantities over 2000-2009 are used to comih@energy and non-energy inputs over the

study period 2010-2019.
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Table 3.3: Use of state level crop production budd¢gin computing NPV

X

This study (for years 1 through10)

Methods adopte in
literature

Field crops or existing land uses

Yield NASS data on state level yields are projegté@eld trends are incorporated
according to their historic trend yields in Polysys models
Crop Prices Long run cointegrating relationships Derived as projections based
between crop and crude oil prices are usedpn econometric or
in NPV calculations, crude oil prices are | optimization models
derived based on DOE-NEMS data
Costs USDOE — NEMS projections for crude oil | Energy prices are assumed t
prices are used remain constant
Crop Long run cointegrating relationships Impacts of energy prices are
inputs/Energy (s,) | Petween crude oil prices and agricultural | generally ignored
inputs (diesel, N, P and K) are used to
predict energy input cost component
Non-energy Assumed to be constant within a state but| No state level comparisons
(Xrm) allowed to vary across the states except forexist, generally non energy

land rental values

inputs are assumed to be
constant

Economic returns
inyeart (F)

Price * Yield —
(Energy costs + Non energy costs)

No distinction made between
energy and non-energy costs

NPV

>t R(X1, X2, X3,...Xm: S1, ) B---- Sn)

Energy crops

Yield Derived based on a statistical model with | Based on state level plot
state level temperature and precipitation asstudies or hay crop yields
regressor

Crop Prices Derived as the residual value (defined as thBreak even prices are
revenues from biofuel in exces% of estimated based on costs of
processing and transporting costs) production

Costs
Energy (s,) Energy inputs are assumed to vary with yield

potential; energy input prices are derived
similar to above

Non-energy (%)

Assumed to be constant across states exa

ept

for land rental rates

6 : L I .
The residual values indicate the dollar valuetefay for cellulosic biomass after paying the
processing and transport costs.
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Table 3.3 (Continued)

Economic returns | Price*Yield — (Energy costs + Non energy| No distinction made between
COsts) energy and non-energy COSts
NPV Yt Gt(X1, X2, X3,---Xmi S, 2 B--- Sm)

Comparison of crop budgets over a 10 years reqgairastric such as Net Present Value
(NPV) to account for the time preferences of fasn&he traditional NPV without any

uncertainty is computed as

NPV, =Y 6t [Pricgt $ per ton * Yielgk tons per acre — Production Cesfsper acre] (Al)

Or NPV =Yt (X1, X2, X3,...Xm; S1, &, B---- Sm; 0) (A2)

where subscript i indicates energy crops (miscantbwitchgrass), field crops (corn, soybeans,
wheat, cotton) and other land uses (pasture, GR®Ynds for yearst=1, 2, ... 10 (2010-2019),

d is the discount factor = 1/(@y Table 3.3 describes how the input cost companemind s are

modeled in this analysi73Many studies use these cost components to compeiteréak-even
prices for energy crops (table 3.4 — A).

The Net Present Value is a common metric usedntpare investment alternatives
(Magni, 2002; table 3.4 - B). But NPV metric hasitations because there are additional sources
of economic value that may arise from the flexipito delay planting of energy crops. The

ability to delay energy crop planting introducesliidnal value, termed as real option value.

! Discount ratéd is assumed to be 2.01%; the discount rate is ctedprased on the yield of 10
year US treasury bonds (average of recent five ipgarest rate of inflation indexed bonds — (US
Treasury, 2009). The discount rate captures the piraference of economic returns received by
farmers over a 10 year time frame. The inflaticsheixed bond rates can be used to derive an
estimate fo® since | compute NPV in terms of constant doll2&0Q dollars). | use 10 year US
treasury bonds because energy crops normally hpuvaedaictive life of 10 years. Note that the
subscript ‘I’ can also represent a crop rotatiam éxample, combination of corn and soybean
crops such as CS or CCS) repeated over a ten gaadp
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Such additional economic values will alter farméasid allocation decisions (table 3.4 — C).

However, the current approach of using NPV withestainty remains useful for a number of

reasons. The option value of delaying planting gyerops will be similar for farmers in

different US states for the following reasons.

Table 3.4: Possible metrics to evaluate economicropetitiveness of energy crops:

d

«

Criterion | Evaluation Metric \ Remarks
Energy crops alone
A Break even prices for energy crop Calculated over 10 year time perig
production costs of energy crop’s productive life
(e.g. Brummer et al)
Comparison with other land uses
B Net Present Values (NPV) of energy crops No uncertainties accounted for (e.
compared with that of field crops Vadas et al, Polysys studies)
C Expanded NPV criterion with option to e.g. (Song, et al., 2009)
delay (real options framework)
D Empirical distributions of energy crop NP\ Uncertainty in input and output
and field crop NPV factors (e.g. fluctuating crude oil
prices — this study)
Others
E Account for available price hedging Contracting terms between biofue
mechanisms for energy crops in comparispplants and farmers
with field crops
F Account for current and potential Not included in the current analysi
government incentives and policy variables.

)

Once a biorefinery has been planned for a sitebitbrefineries promote and support

immediate establishment of energy crop biomasswaitenuates real option values in energy

crop plantations. The biorefineries are locatecetias the ability for local farmers to supply

feedstocks consistently (Robb, 2007). The efforth® biorefinery in writing long term

contracts, providing on-farm cultivation supporti@nsuring proper supply chains for energy

crop production delivery reduce the real optioruealassociated with delaying the planting of

energy crops. Other reasons are explained in app@ndhe analysis does not include hedging
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because hedging is a short run risk managemerttroatid less relevant for long term crop
switching decisions. The role of government poScee excluded from the model because the
goal of the analysis is first to figure out how tharket emerges in the absence of such support

policies. However the impacts of such support systare discussed in the conclusions.

NPV with Uncertainty

With no uncertainties, the cost components (bgthxo, X3...%; andsy, 9, s3...5,) are

well known and NPV turns into a deterministic metuch deterministic measures have been
the focus of the existing studies in evaluatingghigability of energy cops but they are not very
informative given the random fluctuations encouediein crop production costs especially the
energy cost component. This problem can be overdpnmeodeling fluctuations in some or all

cost components and simulating the distributioNBV. | introduce such fluctuations in this

analysis by modeling energy cost,(S, s3...5)) fluctuations based on crude oil price

movements. Dimakos, et al., (2006) shows the cdnaépackground of joint estimation of
stochastic variables to deriddPV with uncertaintytable 3.4 — D). This method is particularly
helpful when uncertainty is a critical factor ireteuccess of a proposed new enterprise such as
energy crops. For instance, Grove, et al., (208&)auch stochastic budgeting methods to
evaluate the profitability of converting crop-aninferm into a hunting range where the
economic returns from the proposed hunting rang@tknown with certainty. These stochastic
budgets are also useful in computing the consigténderms of probability) of generating

higher economic returns from switching to energypsr(Kleiber, 2009).
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In my analysis, stochastic budgeting technique wakfollows: a specific value for
crude oil price (dollars per barrel) is simulated éach iteration. The simulated crude oil price is
used to simulate estimates of energy costs, contynpdces, and NPV of energy crops and field
crops. The crude oil prices variations are gendrftethree different scenarios — reference case,
high and low crude oil price cases (EIA, 2009). Engpirical distribution of crude oil prices are
derived based on log normal distributional assuomptihe crude oil prices are simulated using a
log-normal distribution with mean values deriveohfr EIA estimates. The standard deviation of
crude oil price distribution is derived from thelatdity estimates using a weighted average of
historic and implied volatility. The weighted avgeaapproach helps utilize most of the available

information both from the past (historic volatilitgnd about the future (implied volatility). The

energy cost components of crop production (didéeR, K fertilizer prices denoted Isy, 5,

s3...§) are simulated based on their long run cointeggatelationship with crude oil prices

(where applicable) and their historical correlasio®ther non-energy inputs;( xo, X3...X%y) are

maintained constant with every iteration. This kaflate the impacts of energy cost variations.
But the non-energy inputs are allowed to vary acstates to reflect the differences in

production practices and land quality. Repeatedisitions of the budgets for various draws of

crude oil prices generate an empirical distribufmnNPV;. This enables the comparison of

empirical distributions of energy crops’ NPV witiat of field crops.
| use probability measures to compare the distobstand to measure the consistency of
generating higher returns with energy crops. It jgaras the consistency of receiving higher

returns from energy crops with that of existingpcrotations. The consistency of economic
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returns from energy crops is important becaussatilndy simulates crude oil prices along with
other factors. The consistency is measured by adangpthe empirical distributions of NPV
values of both energy crops and field crops. Ifghabability of receiving higher economic
returns from energy crops is higher than the exgstand uses, then energy crops can be declared
to be competitive in that state compared with thditional crops. The probability measure thus
becomes a measure of the variance of NPV values.
Climatic Factors and Crop Yields

One of the prime determinants of returns is ya#lénergy crops and field crops .
Surveys show that energy crop yield is a key dsi\a#r energy crop adoption (Anand, et al.,
2009; Jensen, et al., 2005). Switchgrass yield®mmessee average 8 to 10 tons per acre per
year while lowa switchgrass yields are only halftadt, due to differences in climatic factors
(temperature (GDD) and precipitation). Since cliengliays a major role in determining energy
crop yields, | use a statistical model that estesa&nergy crop yields as a function of state level
temperature and precipitation data. It is commomaalel crop yields based on climatic factors
(Lobell, et al., 2006). With regard to energy cyiglds, Ivanic (2008) uses a statistical model of

regional temperature and precipitation to estinfagepotential yields of switchgrass and

. . . 8 . : .
miscanthus in any locationThe estimates of the regression model are presantatle 3.5; all

coefficient estimates are significant at 1 per ¢ewel showing the high impact of temperature

8 Miscanthus is high yielding crop non-native to h® propagated through rhizomes at higher
production costs; switchgrass is a native prairasg already grown in CRP lands and easily
propagated through seeds at lower production clyvsiisic (2008) study uses yield data from 16
plots for switchgrass: Arkansas (1 plot), lllingty, Louisiana (1), Mississippi (1), North Dakota
(4), Texas (3), and Tennessee (1); for miscanthakl data from 24 plots are used: lllinois (6),
Mississippi (1), and international locations (Ais{il), Canada (2), Denmark (1), Germany (5),
Ireland (1), Netherlands (2), Poland (3 plots), &e(1), and Turkey(1)).
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and precipitation on energy crop yields. Althoughgistic, Ivanic’s model provides a

reasonable way to predict energy crop yields; éhgperature and precipitation factors explain

70% of energy crop yield variations (see the laftrmn on F% values in Table 3.5). In

comparison, advanced biophysical models such as MURNC that use micro (field) level
information on temperature, rainfall, soil charaistics such as soil water balance, soil and plant
nutrient balance, and interception of solar radragxplain about 80% of energy crop yield

variations which is only a slight improvement olganic’s model (Kiniry, et al., 2005; Kiniry,

et al., 1996; Kiniry, et al., 200§)These statistical models can yield representastienates of
energy crop Yyields at state level and have alréaéy used by other researchers to conduct state
or county level studies (Khanna, 2009). Table 8gults show that miscanthus yields will be
consistently higher than that of switchgrass irsedtes — which reiterates the results presented in
table 3.2.

Table 3.5: Maximum potential yield of energy basedn temperature and precipitation

Energy Crop Yield (metric Regression of yield on temperature and RZ value
dry tons per acre per year) precipitation
Switchgrass 2.2+ 0.02 * (GDD * Precipitation) /D0 0.69
Miscanthus 6.6 + 0.04 * (GDD * Precipitation) / 100 0.71

Source: Ivanic ( 2008); all coefficient estimades significant at 1 per cent level

o AgriculturalLand Management Alternatives with Numerical AssessnCriteria
(ALMANAC) model use information on temperature nfaill, soil characteristics such as soil
water balance, soil and plant nutrient balance,iatgiception of solar radiation to predict
energy crop Yyields at micro (field) level
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Crude oil price and agricultural input prices

The economics of energy crops or field crops haveetstudied over a 10 year time

frame.10 Crude olil prices fluctuate within a 10 year penwtich also leads to fluctuations in
energy costs (e.g. diesel and fertilizer inputgdgniculture. The amount of energy inputs vary
across crops, leading to differential impact ofderwil price fluctuations on crop production
costs. Higher diesel prices result in higher trangtion costs in agricultural operations (Huang,
2009; Olczyk, et al., n.d.). There is growing evide that natural gas prices exhibit cointegration
(‘stable long run (positive) relationship’) withuzte oil prices (Hartley, et al., 2007; Shoemaker,
et al., 2006); since natural gas price account3®®0 per cent of nitrogen fertilizer production
costs, crude oil price fluctuations indirectly affaitrogen prices as well (GAO, 2003; Huang,
2009). To incorporate these long run cointegratedationships, | empirically estimate diesel
and nitrogen prices as a function of crude oil@(COP, 2009 dollars) and natural gas price
respectively as given below (standard errors aparentheses).To forecast diesel prices based
on crude oil prices, the weekly data on diesel@nde oil prices from January 1997 to January
2009 was used. To forecast nitrogen prices basethtomal gas (which is cointegrated with
crude oil prices), the annual data from 1997 to52@@s used. Both regressions used ordinary

least squares method.

Real Diesel price (2009 $/gallon) = 1.305 + 020 * COP (I% =0.91)
(0.11) (0.0002)

10 The energy crop yield pattern gradually increandhe first two years, stabilizes and reaches
a potential maximum during years 3 through 7, aradiggally declines in years 8 through 10
(Angelinia, et al., 2009). Over this 10 year timanfie, the revenue uncertainty is high for both
field crops and energy crops. Even though theréutnees markets for field crops to hedge
against uncertainty, those markets extend only2y@ars into the future; no such markets exist
for energy crops.
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The cost of N fertilizer is calculated based oruredtgas prices:

Real Nitrogen price (2009 $/Ib) = 0.253 ©.019 * NG price (ﬁ =0.51)
(0.044) (0.007)

where NG price refers to natural gas price ($/omllBTU). The relationship between natural gas

and crude oil prices, as reported by Hartley et28107- pp: 24), is given below:

In PNC =.0.1872 + 0.8460 Ing® " —3.0032 In [HR /HRX ]

where tis the time subscriptl,\lB is natural gas price ($/MMBTU),V¥>TI is crude oil price

(West Texas Intermediate type), Nﬁ is heat rate of natural gas, ﬁF{O is heat rate of residual

fuel oil (a derivative of crude oil that is a suhge for natural gas). | use the above equation to
derive natural gas price based on the simulatediecoil price. This price relationship holds in
the long run (italics as given in the Hartley et al.) whichitsumy purposes of forecasting NG
prices over 2010-2019. The heat rates for 2010-20&3orecast using an ARIMA(1,1,0) model
at annual intervals. In spite of high correlatiagfficients reported in table 3.6, there is no
evidence for long run cointegrating relationshipazen Crude oil prices, Phosphorus (P) and
Potassium (K) fertilizer prices (Huang, 2009).rslate P and K prices based on their historical
correlations with N fertilizer prices; i.e. thermeno causal relationship between crude oil price
fluctuations and P or K fertilizer prices. | imptlg assume that the historical probability
distribution of NPK fertilizer prices will continuato the future. The mean and standard
deviation of P and K prices are derived from tlhiene series price data. The temporal

correlations between the three major fertilizees@resented in table 3.6.
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Table 3.6: Correlation between crude oil price andNPK fertilizers (1989-2008)

N price | P price | Kprice| COP

N price 1.000

. 0.925 1.000
P price

, 0.938 0.990 1.000
K price

cop 0.959 0.933 0.956 1.000

Crude oil and agricultural output prices

Crude oil prices determine the output prices parcehergy crop cellulosic biomass and
field crop grains. The maximum prices paid for dated energy crops depend directly on
ethanol prices, which in turn depend on gasolimeepr crude oil prices and biofuel processing
costs (EIA, 2008a; Kumarappan and Gustafson, 209K, et al., 2009). Gasoline prices is
derived based on simulated crude oil prices asvatg; the monthly US DOE — EIA data from

January 1986 to December 2008 was used to estih@fellowing regression estimates:

Gasoline price (2009 $/gallon) = 0.915 + 0.027 * €0 0.000032 * (COP)
(0.040) (0.001) (0.00001)

Ethanol price (2009 $/gallon) is computed as 0.poedicted gasoline price. Then, energy crop
biomass price (2009 $/ton) is computed as [Ethpriok ($/gallon) * Ethanol yield (gallons/ton) —
costs for pretreatment, processing, and transftidr()]. The above equations show how the prices
paid for energy crop biomass depend on the sindilaiede oil price. Ethanol yield from cellulosic
biomass is assumed to be 80 gallons per ton. Téteeptment and processing costs are assumed to
be $1/gallon. This is slightly above the targetgessing costs for cellulosic biofuels to be

competitive with crude oil (DOE-EERE, 2010). Kharetal (2009) uses a similar assumption; note
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that the results are sensitive to this assumptidiscuss the implications of alternative procegsin
costs in the results section. The transport coste @ssumed to be $10/ton.

Harri et al., (2009) show that crude oil pricezatf(Granger-cause) corn and soybean
prices in the US especially after 2006. Other gsidiso find evidence of co-movement of

energy prices and agricultural commodity pricethmUS (Benjamin, et al., 2009; Campiche, et

al., 2007; Du, et al., 2009; Zhang and Reed, Zéa)aauch cointegrated price movements and
correlations between crude oil (or energy) andcadftiral commodity prices are likely to

continue in the future given the continued reliaonecorn ethanol over the next 15 years (EISA,

2007).12 The cointegrating long run regression relationshigtsveen corn, soybean and cotton
prices and crude oil prices are estimated usingtinypdata after April 2006. The super
consistent estimates from ordinary least squaréS)@egression of commaodity prices on crude
oil prices and currency exchange rates are usettyaralculations. The prices for other crops
(wheat, sorghum, pasture, fallow or CRP), whichraxefound to be cointegrated with crude oll
prices are simulated as correlated time seriés.atvalid approach for the following reasons: as
explained for P and K fertilizers, the historic redations between these crops and crude oil
prices can be expected to continue in the futtensures consistency that crude oil price
fluctuations are incorporated as part of the otheps; and using correlated simulations is a

common practice to model temporal data.

1 Although these results are found in the US, sortexnational studies find no relationship
between crude oil prices and commaodity prices ireptountries — (see Benjamin et al, 2009;
Zhang and Reed, 2009)

12 Corn ethanol production is currently at 11 billigallons per year — EISA requires corn
ethanol to be capped at 15 billion gallons per geaing 2015-2022
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A major limitation of this approach is that the pesrrelations are expected to continue
in the future without any changes. It is diffictdtpredict crude oil prices and even more difficult
to predict the correlation of crude oil prices wéitricultural, and energy commaodities in the
future. One reasonable approach is to modify tehcal correlations and use it for projecting
in the future. Since the cointegration between eroitiprices and agricultural commodities is a
recent phenomenon (starting in 2006), there isladé data to predict correlation values in the
future. So, the historical correlations are assutoambntinue into the future; the results have to
be interpreted recognizing this limitation.

Simulating crude oil prices

For the purposes of this study, crude oil pricesrdlie next 10 year time frame (2010-

2019) are required at annual intervals. | use thdecoil prices projected by US-EIA’s National

Energy Modeling System (NEMS — see figure 3.3). NEe§liata provides long term forecasts

based on international energy market supply andaddmonditions (EIA, 2009, 2003’3.

NEMS model is widely used for national and inteimial policy making, including that of

USDA analysis (USDA, 2009])A.' Its forecasts are reliable because they anticiglégenative
economic growth scenarios and project crude odgsricorresponding to three scenarios: low,
reference case and high price scenarios (see f&y8r@and table 3.7). In the reference case, the
crude oil price ranged from $49/barrel in 2010 1@/barrel in 2019; in low price scenario, the

crude oil prices are expected to decline slightbyT $55 to $47/ barrel over 2010-2019; in high

13 NEMS forecast are classified under high/low ecomognowth, high/low world oil price to
reflect various levels of crude oil prices. | usled former classification.

14 USDA analysis drives the policy behind subsidydoergy crop biomass (BCAP, EIA 2007)
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price scenario, crude oil prices are expecteddeease from $88 to $178/barrel over 2010-

2019.15 The NEMS model provides only the average pricelgethe price fluctuations or
volatility around these average price levels havea modeled for conducting simulations
underlying this analysis.

Figure 3.3: NEMS forecast of crude oil prices 2012019 ($/barrel):
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Table 3.7: Three scenarios of crude oil prices ($dorel)

Scenario Crude Oil Price Range Crude QOil Price Volatility (in
2010-2019 (2009 dollars) *| terms of coefficient of variation)
Low economic growth (1) $55 - $47 From 36% in 2010 to 26% in 2019
Reference case (Il) $49 - $113 From 36% in 2010 to 24% in 2019
High economic growth $88 - $178 From 36% in 2010 to 23% in 2019
(D)

* these values are depicted in figure 3.6; Soups@E National Energy Modeling System
* these estimates are based on historical and ichptiatility figures explained below.

15 Inflation index between 2007 and 2009 is 1.04;%%in 2007 is equivalent to $1.04 in 2009
65



Estimating crude oil price volatility

For my purposes of projecting crude oil price vtitgtover 10 years, | use a weighted
average of two volatility measures (historical \iiky as described above and implied volatility)
that contain information about long term volatiliyovements in crude oil prices. The weighting
procedure is explained in Appendix B. Such a coebi@stimate is considered to be a more
reliable predictor compared to single estimatomgsirong, 2001; Poon and Granger, 2003).

Volatility of any price series is defined to be éthtandard deviation of the continuously
compounded rates of return... over a specified pémduch is “the same as the standard
deviation of the differences in the natural lodaris of... prices... over the period” (FASB,

2004). A commonly used volatility measure is dediusing historical data. For example, if
crude oil prices changed fromy @ C, at a continuous compound rate r over a periodhoé t;
. t - . ..

e. G =C e , then volatility, expressed in percentage tersigeffined as the standard

deviation of the series r. It is interpreted asfitccient of variation (volatility (%) = standard

I 6
dewatlon/mean}.

16 Hence, the continuously compounded rate of retQns ¢ = (1/t) * [In (G / C1)]. The
volatility of price series C over the period t isen by the standard deviation of the seriesr, i.e

(1At)*stdvn[In (C» / C1)], wherestdvn stands for standard deviation. To express it iuafized
terms (t = 1 year), | multiply the above expressigth V't to get the expressiadvn[ln (C» /

Cy)] or stdvn[in (Co) — In (G)]. Volatility in terms of standard deviations (thok per barrel) is
obtained by multiplying the volatility estimate (%0 a particular year with the mean crude oil
price estimate given in figure 3.5.
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Figure 3.4: Spot prices volatility of crude oil prices — January 1989-September 2009
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The distribution of crude oil prices is heteroskstdasince volatility (a measure of
variance) varies with the level of crude oil pric€ke crude oil price fluctuations vary inversely
with crude oil prices; i.e. volatility is more wherude oil prices are low and vice-versa (figure

3.4). The time series data for historical volatiistimates is forecast for 2010-2019 using
GARCH modelsl.7 Following Agnolucci (2009) | model the historicaige volatility as a
GARCH(1,1) process; this process is shown to perfioetter than other competing processes, in
terms of lowest mean absolute error (MAE), and nsprare error (MSE, for more information

see (Agnolucci, 2009; Manfredo, et al., 2001).sTieigression is used to forecast historical

17 There are other ways to model volatility of comntgglirices that include stochastic
volatility, Monte Carlo Markov Chain (MCMC) methgdmplied volatility, crack spread
futures, regime switching stochastic volatility grattern matching methods (Andersen, et al.,
2005; Fan, et al., 2008; Figlewski, 2004; Murat dioftat, 2009; Sadorsky, 2006; Vo, 2009; Yu,
et al., 2008; Zhang, et al., 2008). Many of thesthods focus on explaining past regime shifts,
or rapid increases in prices, or sudden changpsda volatility rather than focusing on the
future.
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volatility estimates (HY) for the years 2010-2019. Inclusion of crude oit@ as an exogenous

regressor in the GARCH model also helps differéatibe projected historical volatility based
on the level of crude oil prices (see figure 3thktorical volatility explained above contains
only past information. Information about the futerede oil price variations can be derived
using an implied volatility measure.

Implied volatility (IV) is computed using options@rude oil futures contracts. IV refers
to the underlying volatility that results in thessloved premium price for options. It is obtained
by inverting the Black equation used for pricindiops on futures contracts. Options on crude
oil futures are actively usually traded for thremgs (2010-2012) into the near future . Hence, |

can estimate the implied volatility measures bagedptions premiums for all months in 2010-

2012 (I\%). But, the implied volatility estimates are reeuirfor all the years between 2010 and

2019. To forecast the IV estimates for the yeard0df3 through 2019, | project the IV data from
1993 through 2012 using a GARCH(1,1) model. Agnal2009) adopted this method while

comparing alternative procedures to forecast caildarice volatility. The time series data

obtained from CRB (2009) is used for forecastinglied volatility which is explained in

Appendix C.
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Figure 3.5: Historical volatility forecast (percentage) — low, reference and high crude oil prices
scenarios
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The volatility estimate used to simulate crudepoites are derived by weighting¥nd
HV; values. The weights are derived using the proeesluggested by Granger and Ramanathan
(1984): the weights are the OLS coefficient estenatf the regression of realized spot price
volatility on the historical time series data oftorrical volatility (HVp) and implied volatility
(IVp). The data for this regression pertains to mondafa during 1993-200198. Agnolucci
found that including a constant in the above regjoesis appropriate for modeling crude oil

price volatility. The procedure is explained belowhe weights are actually the least squares

18 The past data on implied volatility is availablartihg from 1993.
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coefficient estimatesg”, 01", ™ from the regression £ wg+ w1 IVp + @ HVp, +¢, where

It is the spot price volatility estimate calculatedrtz(stlst_l)2 using daily data for years 1993 —
2009, g is the spot market price of crude oil at time t, ¥ the past data on implied volatility
(based on options on crude oil futures contractyéars 1993 — 2009, HMs the past data on
historical volatility (based on futures contracicps) for years 1993 — 2009, afnit the White's
noise ~ N(O,l)l.9 The time series data ong\and H\;, are obtained from Commodity Research
Bureau, CRB (2009). The weighted volatility meag@eressed in percentage) can also be

interpreted as coefficient of variation, i.e. startideviation divided by mean (figure 3.6).

Figure 3.6: Weighted volatility forecast — low, reérence and high crude oil prices scenarios
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19 Among GARCH models, single equation ARMA-GARCH mbidefound to be better
predictor of historical volatility than other GARQHodels (see Padorsky, 2006); Actual IV data
exist for years 2010-2012 — so the forecast fos¢hgears were not used in the analysis
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For illustrative purposes, standard deviation ofderoil price for 2014 is derived as
following: standard deviation for 2014 = weighteaatility measure for 2014 * mean price of
crude oil for 2014. Figure 3.6 shows that the pvigkatility is (slightly) higher when crude oil
prices are low confirming the inverse relationstgpicted in figure 3.4. Implied volatility
computations (based on Black equation) assumettbdtiture crude oil prices possess log-
normal distribution. | retain the same distribuibassumption for simulating crude oil prices
using mean price levels (figure 3.3) and volati(figure 3.6) described above.

Simulating energy crop yields

The yield potential of energy crops is simulateshgsistoric state level data on
temperature and precipitation. Since the climatatdrs do not vary considerably within a state
or region, historic information is useful data toject or simulate future temperature and
precipitation values. The range (minimum and maxmnaf values for temperature and
precipitation during 1970-2008 was used for simatapurposes_(Appendix DyVith regard to
climatic variables, this is rather a large timerspaer a large geographic area such as state.
Hence, any value from this range of values (betwkeminimum and maximum values) will
appear in the future. Under this assumption, soamifdistribution is valid to simulate
temperature and precipitation. | simulate statellémperature and precipitation data at annual

intervals which satisfy the above criteria, i.estaming uniform distribution (Dempster, 1999;

0 . . o
Mehrotra, et al., 200(32). The historical correlations between temperaturepaadipitation are

20 Note that uniform distributions do not fit smaltgographic locations (a single farm or zip

code) or smaller time frame (within an hour) — ibus a reasonable approximation over large

geographic areas (state) at annual intervals #&han-seasonal data. The use of 30 year

historical data ensures that the simulation of terajure and rainfall over 10 years into the
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maintained in simulated data. The yield of miscaathnd switchgrass is computed using the
simulated temperature and precipitation data aagh#nametric estimates in table 3.5. The actual
yield of energy crops would be low at the start and of the 10 year productive time frame:
30% of potential yield in year 1, 70% in year 20%in years 3-7, and 80% in years 8-10
(Angelinia, et al., 2009).
Simulating field crop yields

Historical field crop yield data for individual $&s are available from USDA.. The time
series data for field crop yields correspondingears 1970-2009 are found to be trend
stationary time series processes. Hence, | usé megjections to forecast the field crop yields
during 2010-2019. The growth in field crop yieldsmodeled using Compound Annual Growth
Rates (CAGR) because they are found to be béterlinear or exponential extrapolation
procedures when the increase in yields are detesticiifReilly and Fuglie, 1998; Taher and
Shadmehri, 2008). Reilly and Fuglie (1998) note @AGR computed using only one set of
initial and final time points can be misleading. @wercome this problem, | derive CAGR for
every 10 year time slots: i.e. a CAGR estimatel®#0-79, another estimate for 1971-1980, and
so on. The average of all CAGR estimates is uséorézast field crop yields over 2010-2019.
My approach implicitly assumes that there will lmemajor technological breakthrough altering
the yield of field crops over the next ten years.
Simulating energy crop production costs

Nitrogen fertilizer is a major input in energy crppduction. The maximum yield for

energy crops is attainable when nitrogen fertilizeapplied at a rate of 10 pounds per ton of

future will remain valid. Non-uniform distributiorege needed only in micro-field level
simulations, which is not the case here.
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potential cellulosic biomass yield (Perrin, et 2008; Vadas, et al., 2008); but the fertilizer
responsiveness of energy crop yields to nitroggriegiion flattens out beyond 70 Ibs/acre (Jain
and Erickson, 2008) — hence, the amount of nitragsatied for energy crops is 70 Ibs or less
depending on the potential yield in a state. Tieotertilizers (P and K) are required only in the
initial years of energy crop establishment. Thergnéputs required for energy crop production
are given in table 3.8. The input rates for diggkfsphorus and potassium are assumed to
remain the same across all states. The nitrogert rage alone is varied according to the
maximum biomass yield possible within the particslate.

Table 3.8: Energy input use for energy crop produdbn

Energy Input Quantity

Diesel (gallons/ton) 2.1

Nitrogen (Ibs/ton) 10 (capped at a maximum of &jdb)
Phosphorus (Ibs/ac) 18

Potassium (Ibs/ac) 36

Source: Ivanic (2008)

The non-energy inputs such as seeding, reseedaxhinery, chemicals (pesticides and
herbicides) and harvesting are assumed to be ctn#tia seed material costs were assumed to
be $22.40 per acre in the first year and $2.4Gper for subsequent years for reseeding in all
states; the fixed costs associated with machinedyn@n-energy inputs were estimated to be

$164.44 per acre for all years 1 — 10 (Perrin].e2808). The land rental rates for energy crops

will be the same as that estimated for field cr@pSDA - NASS, 2007?.1

21, . . . . . o .
In simulation studies, it is common practice touass simpler distributions that require fewer

parameters when there is limited information a\dégsuch as land values, in this case).
73



Simulating field crop production costs

The energy and non-energy inputs of field crop potidn were derived from crop
production budgets generated by the state exteagiencies. For every state in the study region,
the energy input quantities were multiplied by tlearresponding simulated prices to derive the
crop production cost. The quantities of energy taare assumed to remain the same over 2010-
2019. This assumption eliminates any input suligiittthat could result due to changing crude

oil prices. The non-energy cost component (seddsnicals and pesticides) are fixed constant

for every state (see table 3.2§)The land rental value for field crops are derivienhf NASS
reports (USDA - NASS, 2007). At the national levbE rental value for pasture is found to be
one third of prime cropland rental value. The distrop production budgets from different state
extension agencies is given_in Appendix E.
3.4 Role of Risk Aversion in Energy Crops Adoption
Aggregate utility function

Risk averse farmers derive different levels ofitytilepending on the riskiness of energy
crops vs. field crops. To study the impact of @astersion on a representative farmer as in this
study, | transform the NPV measure to reflect fashesk aversion level. | use concave utility
function to model the behavior of a representatisie averse farmer. The study of a
representative farmer generalizes the resulth®entire state. Hence, the concave utility
functions can also be interpreted as aggregatavsise utility functions commonly used in

macroeconomic studies (Pindyck, 1986; Saltari aiedhl, 2007).

22 Only the states in the eastern half of US wereidensd; the western states were not
considered due to moisture restrictions and irogatequirements that could make energy crops
non-competitive.
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Any concave von-Neumann Morgenstern utility funct@an be used to study farmers
risk aversion. | use power utility function chaex@ted by constant relative risk aversion
(CRRA). The power utility function uses one coa#it (CRRA) which reflects farmers’ risk

aversion level. It is computed using average ecanoaurns from major crops such as corn,

wheat, and soybeans at state level as foIIov%?ntjne net returns over variable costs per acre
($/acre) were computed for corn and soybeans fdr state during 1980-2009. The historic
economic returns were used to derive the cumuldisteibutions of corn and soybeans returns.
The CRRA coefficient is estimated based on thasetion point(s) of these cumulative
distributions. McCarl, et al. (1987) suggested,ttia farmers prefer one major crop (corn or
soybeans, in this case) to either side of thesetdion point. Hence, at the point of intersection,
the farmers would be indifferent between the retdram either crop. They developed a
procedure that translates this point of intersadtio a RAC metric. Hardaker, et al. (2004a)
implemented this procedure for spreadsheet apgitatl used this procedure for every state to
compute a CRRA metric. Using this CRRA metric wilile power utility function provides a
way to model the impacts of farmers’ risk aversion.

Hardaker, et al. (2004a) also demonstrated hovee¢csuch aggregate utility functions to
calculate certainty equivalent (CE) values. Thev@kie can be defined as the guaranteed payoff
that makes the average farmer indifferent betweguaaanteed payoff from energy crops
(through contracts) and a higher but uncertain ffdyam field crops. The CE values are derived

through a monotonic transformation of NPV. | useel aggregate power utility functions as

23 . . .
The average economic returns for corn, soybeansvaedt are estimated at state level. This
measure varies with the state thus enabling a wagrmpare multiple states.
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described above to compute CE values. Hardakér @0®4a) showed that CE values can be

used to rank different enterprises based on thkeaxisrsion levels of farmers (CRR%.Note

that the CE values are derived based on averagmsdor a farmer in every state — hence, they
are to be taken as evaluating the preferencesegrasentative farmer within a state.
Comparison of NPV values for risk-neutral farmers

For risk neutral farmers, the von Neumann — Mortgmsutility function is linear (line U

in figure 3.7). This leads to a linear corresporméenetween farmer’s utility and NP\Let the
field crops have an expected NPV gfith utility L and energy crops have an expected/NP
of Dy with utility H. The change in utility from conventy lands from field crops to energy crops

is represented by (H-L or#+ Dy — Dj). The empirical distribution for NPV can be used t

derive an additional probability metric which mesuthe probability of getting higher NPV

from energy crops compared to that of field crdpg)(in notation, Pr([R > Dj) = Pr(A; > 0).
The calculation of Pr(A> 0) is relatively straightforward. The cumulativistdbution function
(CDF) is derived for variable A The proportion of area corresponding to the pa@sior non-

negative) values of Agives the probability measure Pg(A 0). It is analogous to computing

24 . . . . . . .
Only the risks associated with agricultural endrgyut price risks are modeled here; other
risks related to crop yields, financial or institual risks are not included.
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the probability that energy crop’s NPWas first degree stochastic dominance (FDSD) dekt f

crop NP\ or other land uses (Hansen, et al., l&?S).

Figure 3.7: Relationship between NPV and Utility fo risk-neutral and risk-averse farmers

Utility (U, V) y

CH Ch NPV ——

Comparison of CE values for risk-averse farmers
For risk averse farmers, the correspondence betiNB&hand utility is non-linear as
depicted by the concave function V in figure 3. hig@ik, 1981; Collins and Gbur, 1991; Lai, et

al., 2003; Myers, 1989; Pei, et al., 2005; Ramamatret al., 1986). When the risk-averse farmer

shifts land from field crops (expected NPYdhdutility H1) to energy crops (expected value of

%> For two revenue variables NP&hd NPV, with cumulative distribution functions F(NPV
and G(NPY), respectively, returns from crop j (NP\étochastically dominates the other in first
degree if G(NP\) > F(NPV), with at least one strict inequality for someusabf NPV.
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Dk and utility Ly), the utility changes from Hito L3. At the NPV level of [ the certainty
equivalent value for a risk averse farmer ig;Géinilarly, at the NPV level of [ the certainty
equivalent value for a risk averse farmer ig;CHence, the change in utility for risk averse
farmers (H — L1) can be expressed in terms of difference in CHeslB = CE — CH. The
advantage of using CE (an@)Bnetric is that it can be interpreted in monetaryns. The
probability that Ck of energy crops exceeds C&f field crops, Pr(Ckg > CE) is derived from

the cumulative distribution for Bi.e. Pr(B > 0). The simulation software (@risk) is used to

calculate the probability measures explained above.

Calculation of CE values in numerical terms is blase the concept of Stochastic
Efficiency with Respect to a Function (SERF; Hamfalet al., 2004a; Richardson, 2004,
Richardson, et al., 2004). | upewer utility functionto model the risk-averse behavior of
farmers. Power utility functions are commonly usedescribe risk averse preference of

economic agents at a macro (state or aggrega)(lPwvdyck, 1986; Saltari and Ticchi,
2007).26 The power utility function also has the desirabieperty of decreasing absolute risk

aversion and constant relative risk aversion (CRRAg CRRA measure reflects a constant

level of risk aversion which is plausible at an ggte state level (Meyer and Robison, 1991;

26 Alternative approaches to eliciting individual fagnrisk preferences would be surveys that
directly compares the returns of energy crops &ld €rops — see Jensen et. al. (2005) for a
similar study that focused on Tennessee farmec$y ao approach may require considerable
resources to contact farmers in different states
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Popp, et al., 20052)? The power utility function also has the benefily@lding a good fit to the

data in many domains and is characterized by hastioity (Danyang, 2002; Wakker, 200%?.
The procedure to estimate CRRA &t state level is explained appendix F

The estimated CRRA value is substituted into tihiefong power utility function

(1-p)

expression V(NPV) = [1/ (1p)] * NPV , Wwhere V(NPV) is the power utility function of kis

averse farmers. The empirical distribution of NBWsed to derive an empirical distribution for

the utility function, V(NPV). Let the mean value tbie empirical distribution of V(NPV) be

denoted by 6(NPV). Then the utility function is inverted to @l the certainty equivalent

value as CE = (1p) * [V (NP /3P,

35 Results and Discussion

A sample budget generated for corn and miscanttoys ¢n Nebraska for the year 2013,

ie. 4Fh year in a 10-year rotation, is given in the follogiitable 3.9a. Similar budgets were

forecast for all field crops and energy crops cspoading to years 2010-2019. In 2013, the yield
of corn could be expected to average 122.5 bustveésin Nebraska. The net economic returns
for corn was calculated at $ 153.58, 286.56 and3®ger acre for low, reference and high crude

oil price scenarios respectively. The yield of maisithus would be 9.9 tons/acre with net returns

27 Aggregate risk aversion at the level of state oltipie counties — since ‘a group’ of farmers
in that region have to plant energy crops if enengps were to become a major feedstock for
cellulosic ethanol production in that region. Tinest resolution of data for costs of production
and commodity prices are available only at statellgather than county level or farm level); an
implicit assumption here is that farmers are cagrg@d to be homogeneous within a state.

Homotheticity: Multiplication of the same constan{> 0) with NPV of either enterprise do
not change the preferential order derived basedibralues, among alternative enterprises
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of $-180.38, 331.44 and 1043.57 per acre undeettioee scenarios. The returns from one year
are not sufficient to compute the overall changiaimers’ income due to shifting to energy
crops. Hence, similar budgets were created foyealls during 2010-2019, and used to compute
an estimate of NPV for energy crops and field crdpe NPV estimates for Nebraska
corn/soybean-miscanthus comparison are given ie 8&aBb. The average NPV values differ
with every scenario. Energy crop NPV is less thet 6f corn when crude oil prices are low
(scenario ), comparable under reference casedsoel) and higher than that of corn crop
when crude oil prices are high (scenatrio Ill). Threct implication of these results is that high
yielding energy crops (miscanthus) can be expaciedmpete with field crops if crude oll

prices stay high in the next 10 years. Since, coilderices fluctuate, NPV values also fluctuate

resulting in an empirical distribution for NPV.
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Table 3.9a:Model Budget for corn and miscanthus crops in Nebrska (Year 4)

Crude oil price scenario

Low Reference | High
economic case economic
growth growth

Expected Crude oil price in 2013 49.20 81.00 128.90
($/barrel)
Field crop: Corn
Yield in 2013 (bu/ac) 122.50 122.50 122.50
Projected price ($/bushel) 3.14 4.20 5.64
Production costs ($/ac)
Energy input costs
Diesel 6.82 9.29 12.73
N fertilizer 30.86 37.91 46.95
P fertilizer 3.25 8.56 13.61
K fertilizer - - -
Non energy input costs 117.19 117.19 117.19
Fixed costs
Land rent 66.71 66.71 66.71
Labor 5.72 5.72 5.72
Net returns for 2013 ($/ac) 153.58 268.56 428.33
Energy crop: Miscanthus
Yield (ton/ac) 9.93 9.93 9.93
Residual value ($/ton) 24.40 78.58 153.88
Production costs ($/ac)
Energy input costs
Diesel 49.93 68.03 03.17
N fertilizer 35.39 43.47 53.84
P fertilizer - - -
K fertilizer - - -
Non energy input costs 235.65 235.65 235.65
Fixed costs
Land rent 66.71 66.71 66.71
Labor 35.00 35.00 35.00
Net returns for 2013 ($/ac) -180.38 331.44| 104357

* the values are very high due to very high resigaale that could be paid for
energy crop biomass under higher crude oil pritesactual prices paid by the
biorefinery will be less than these residual val#dso note that miscanthus yield
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levels are very high in Nebraska making it highigfgable if there is demand for
miscanthus biomass.

Table 3.9b: NPV values of corn and miscanthus crofor Nebraska (2010-2019)

Crude oil price scenario
NPV value Low Reference case| High
Corn-Soybean rotation $ 1538 $ 2547 $ 3949
Miscanthus crop -$183P $ 2096 $ 7587

Miscanthus and corn-soybean (CS) rotation

The following results are derived based on the engidistributions of NPV for risk
neutral farmers based on 1000 simulations for estte. The break-even prices required for
miscanthus to compete with CS rotation — to conergy crop production costs and the
opportunity costs (lost profits) — are given inuiig 3.8. The three figures correspond to three
high, reference case and low crude oil price séesafhe subsidies required for cellulosic
biomass are summarized in figure 3.9. If the brexadx price was more than the residual value
of biomass (biofuel revenues minus processing Ldsisn subsidies for cellulosic biomass are
required as required in low crude oil price scemdsiut if the residual value is more than the
break-even price, then subsidies are not requsezha be seen in high crude oil price scenario.

The probability of biomass residual value exceediegbreak-even price (corresponding to CS

rotation) is given in figure 3.1%)9 Figures 3.8, 3.9 and 3.10 correspond to plantirsgamthus in
fields that are traditionally planted with corn aswybeans in yearly rotation.

When crude oil prices are low, the break evengsriequired for miscanthus range from
$27-71/ton. The residual value of energy crop b&sria the corresponding low crude oil price

scenario was estimated at $22 per ton. Since taklaven prices are higher than the residual

29 . . . ,
Similar tables are available for other field cr¢pstton, wheat) and other energy crop
switchgrass. Only the results comparing miscanttitis corn are discussed here.
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value of biomass, additional subsidy support isleddo convert lands from corn-soybean
rotation to energy crops (miscanthus in this cdsehe absence of subsidy support over the
entire 10 year time frame, it will not be econorhicedivert corn-soybean fields to miscanthus
production in low crude oil price scenario becaiti$eads to a reduction of expected NPV.
Hence farmers would not convert their lands froatdficrops to energy crops when crude oil
prices are low. To illustrate, the break-even pfageniscanthus in Alabama is $31/ton. Only
$22/ton would be covered by the residual valuenddea subsidy of $9/ton is required for

Alabama (figure 3.9). The subsidy of $9/ton for Bdana is required for all biomass produced

during 2010-201‘3’.o That is, if 84 tons of miscanthus were producedaoee over a 10 year
time-period, then the total amount of subsidy rezpliwvould be $9/ton * 84 tons = $756 per acre
over 10 years. Such large amounts of required digssindicate that energy crops are
uncompetitive against corn-soybeans rotation whedecoil prices are low. The results derived
from the empirical distributions on the probabilitiyreceiving higher returns from miscanthus
also reflect the same result (figure 3.10). Comgh@memiscanthus, switchgrass yields would be
even lower leading to higher break even pricesragdiring more subsidies. Hence, conversion
of corn-soybean cropland to switchgrass (or angrogimergy crop with similar yield potential) is
much more unlikely when crude oil prices are lolweamount of subsidies reported above is
very sensitive to processing costs. When processiaty are assumed to increase from the target
rate of $1/gallon to the current levels of $1.506y8 the required subsidies are found to

increase substantially.

30 There is a federal subsidy of $45/ton under USDAAB®rogram for all biomass including
energy crops during the first two years of plan{id&DA, 2010).
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Figure 3.8: Break even prices for miscanthus replacing corn-sdyean rotation ($/ton)31
l. Low Crude Oil Price _II. Reference Case

5P 5

Legend

31 Figures 3.8, 3.9 and 3.10 compare the competitsenémiscanthus against that of corn-
soybeans rotation
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Figure 3.9: Subsidy required for miscanthus replacing corn-soyban rotation ($/ton)

l. Low Crude Oil Price Il. Reference Case
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Legend
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Figure 3.10: Probability that cellulosic biomass subsidies areat required for miscanthus
replacing corn-soybean rotation (percentage)

l. Low Crude Oil Price _II. Reference Case

Legend
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In reference case scenario (Il), the state lewalysis suggest that miscanthus is
competitive with CS rotation in the states Alabakansas, Florida, Georgia, Kentucky,
Louisiana, Mississippi, North Carolina, South Cara) Tennessee and Virginia. When the crude
oil prices fluctuate in the range of $49-113 pardlan scenario Il, the break even prices for
miscanthus increase by 17% to 45% compared to sodndhe reasons for an increase in
break-even prices are two-fold: (i) higher miscastproduction costs due to higher agricultural
input costs and (ii) higher opportunity costs agged with higher profits that were lost with
replacing corn-soybeans rotation with miscanthuscenario 11, there is no need for cellulosic
biomass subsidies because the break even pricésaamethan residual value estimated at
$70/ton (except the Midwestern states). The higibability estimates (figure 3.10) shows that
the economic returns are consistently higher witkcemthus. The reasons for better consistency
are two-fold: (i) the residual value of cellulofiomass is higher in the reference crude oil price
scenario which consistently increased the retuora £nergy crops; (ii) while the NPV for
miscanthus and corn—soybeans increased in scéhadmpared to scenario |, the increase in
the former is much higher than for the latter; ihe opportunity cost of planting miscanthus and
replacing corn-soybean crops declined. In scenHr{orude oil prices ranged from $88-
178/barrel), miscanthus is found to be attractivali states including the Midwestern corn-
soybean belt. The residual value available to pagéllulosic biomass is above $150/ton
eliminating the need for any cellulosic biomasssadiles. That is, energy crop cultivation would
be very competitive with corn-soybeans rotation mitee crude oil prices stay high over the 10

year duration, 2010-2019.
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Miscanthus and other crops
Table 3.10 presents a comparison of miscanthusatlittr major crops such as wheat,
sorghum, and cotton or land uses such as pastuselérted states. The pattern of results is

similar to those discussed above. The major diffezaes with the specific

Table 3.10: Break-even price for miscanthus ($/ton} selected crops, selected sta?es

State Crop Crude olil price scenario
I Low™* Il. Reference case ll.  High
Indiana Corn-soybeans 59 (37) 72 87
Missouri | Wheat 42 (20) 50 59
Texas Cotton 41 (19) 48 56
Kansas Sorghum 49 (27) 59 69
Tennessee Pasture 32 (10) 35 38

* The amount of subsidies required (given in the mhesis) is calculated as Max[0, Break-
even price — residual value ($22/ton in low crudece scenario)]. Under the assumption of
$1/gallon processing costs, subsidies are notmedjfior reference case and high crude oil price
scenario.

# . . .
More results on break-even prices for miscanthusnaglanted in place of other crops are
given in Appendix G

values estimated for break-even prices of miscant8unce wheat, cotton and sorghum crops are
less profitable than corn and soybeans, the break-prices are lower. This also reduces the
amount of required subsidies. These results shatthle competitiveness of energy crops is
heavily dependent on the type of land that is gldntith miscanthus and the type of crop that is
replaced.

The energy crops would be more competitive in padands or other marginal lands
such as Conservation Reserve Program (CRP) landube of low economic returns from
pasturelands. Although field crop productivityasviin pasture or marginal lands, pastures are
more suitable to grow herbaceous grasses suchsaamthus. The low land opportunity cost of

diverting them to energy crop production is anotie@son that contributes to low break-even
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price for miscanthus and low subsidies. These te$oi other states were found to follow the
same pattern and remain consistent with all crogher states and not presented here. The
probability of getting higher economic returns e&sed substantially in crude oil price scenarios
II'and 111
Impact of risk aversion

For risk-averse farmers, the comparison of NPV esiis replaced with a comparison of
certainty equivalent values. Even when the farrmeesmodeled as risk averse, the economic
returns from miscanthus compare favorably withdfielop returns when crude oil prices are
high. The results remain the same in terms of ggaigc suitability and economic viability in all
three scenarios. The risk-averse farmers would @egrgy crops less favorably (favorably)
when the crude oil prices are low (high). The majfference is in value of probability estimate.
Due to greater dependence on fossil fuel inputéiétd crop production, the fluctuations in
crude oil prices translate into higher fluctuatiamshe NPV values of corn-soybeans returns.
This reduces the certainty equivalent value derfvath corn-soybeans which in turn increases
the probability of receiving higher returns fromeegy crops for risk-averse farmers. The results
are not very different for risk neutral (NPV) anskraverse (CE) farmers because the estimated
constant relative risk aversion coefficients (CRR#¢9 relatively low. CRRA estimates can
range from zero to infinity. The break-even riskesion coefficient procedure following in this
study gave CRRA estimates in the range of 0.9931L.08is range corresponds to lower end of

risk aversion. Hence, the impacts of risk can lgeeted to be low at the aggregate (state) level.
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3.6  Conclusions

The potential for dedicated herbaceous energy graps such as miscanthus, and
switchgrass is less certain because they are ye ggown in large scale. The demand for
energy crops and the economics of energy cropafeeted by crude oil prices. To evaluate the
role of crude oil prices, a multi-state study wasducted over a 10 year 2010-2019 time frame.
First, crude oil prices were simulated using Elfireates and a weighted average of historical
and implied price volatility of crude oil pricesh& cost of energy inputs (diesel, fertilizers
NPK), prices for agricultural outputs (corn, soybgavheat, sorghum, cotton) were derived
based on the simulated crude oil price. The yiélietd crops were projected using the
historical trend levels. Similarly, the crop protlan budgets for energy crops (miscanthus and
switchgrass) were generated for the years 2010-2Z(4®energy crop input costs and output
prices were derived based on crude oil pricesettergy crop yields were derived based on the
state level temperature and precipitation data.répeated simulation of budgets over 1000
iterations enabled estimation of empirical disttiba for the NPV values for field crops and
energy crops. The NPV values for field crops anergy crops were compared to model the
decision of risk neutral farmers. The NPV valuesenaonotonically transformed to derive
certainty equivalent (CE) values for modeling r@slerse farmer decisions. The CE values were
derived by assuming a power utility function chaeazed by constant relative risk aversion
(CRRA). The CRRAs were derived for each state uSBRF procedure described in Hardaker
et al (2004).

The results suggested that for energy crops tmbwgetitive with existing land uses, the

crude oil prices would have to be high over thequeR010-19. The probability of getting higher
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economic returns from energy crops such as misoarntitreased substantially when crude oll
prices, biofuel and cellulosic biomass prices wegh. In particular, the southeastern states such
as Alabama, Arkansas, Florida, Georgia, Kentuclogisiana, Mississippi, North Carolina,
South Carolina, Tennessee and Virginia would beersaitable for energy crop cultivation due
to higher yields and higher economic returns. Gadlic biomass subsidies for energy crops
would be required only when crude oil prices reraditow. The amount of subsidies estimated
for energy crops was found to be sensitive to lgibfuocessing cost assumption Switchgrass
might not become a major cellulosic feedstock witsyield levels are comparable to that of
miscanthus or other high yielding energy crops. dlbeve results derived for a risk neutral
farmer by comparing NPV values remained relatiwgtyilar for risk averse farmers as well. The
low level of risk aversion level at the aggregatate) level was the main reason for lack of
differences between risk neutral and risk aversades. The key determinants of energy crop
competitiveness were found to be the yield poténfianergy crop which depends on the
regional climatic differences, and the residuatieadf cellulosic biomass that depends on crude
oil prices, processing and transport costs. Thidystonfirms that subsidies for energy crops are
required when the crude oil prices are low. Thathe subsidies have to be counter-cyclical to
crude oil price movements. This is markedly différigom the proposed Biomass Crop
Assistance Program (BCAP) which pays matching sliksiwhere the subsidies are equal to the
payment received from the biomass processing fiadiinder the BCAP program, the subsidies
will be higher when the crude oil prices are higbecause the latter increases the ability to pay
more for energy crops. The results of this studygsst an alternative way to administer the

biomass subsidy program.
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Appendix A Real options value

| account for the important factors that cause ttaggy in energy crop returns: crude oil
prices, and climatic parameters. In addition talerail price fluctuations, farmers face other
types of uncertainties that may add or reduce vahgeaffect their utility derived from planting
energy crops. One of the most common forms of amtdit economic value emerge from the
ability to delay energy crop planting till a latate (Dixit and Pindyck, 1994; Price and
Wetzstein, 1999; Song, et al., 2009). Other sountescertainties that affect energy crop
planting include (i) delay in energy crop adoptiorwait of better energy crop varieties, (ii)
delay in energy crop adoption in search of morermftion about local markets for energy
crops and prices (which implicitly depends on croderices), (iii) uncertainty due to public
policy changes that affect monies (prices and slidrs) available for energy crop biomass and
cellulosic biofuels, (iv) lack of perspectives arferred feedstock or technology for cellulosic
biofuel production, and (v) unknown demand for ykéto-be planted energy cro%zsAII these
factors delay immediate planting of energy crops wuinherent economic value (termed as real
options value — see criterion D in table 3.2).dlage these factors for the following reasons:

(a) The uncertainties such as ‘information on preféfeedstock, demand for feedstock,
better seed varieties,’ are faced equally by aih&s in all states. Hence, the economic value
arising with delaying the adoption of energy crapbkely to be similar for farmers across the
US states. In other words, the real option valigray from these factors will not be the
distinguishing factor across the states. In féoet,farmers will not grow energy crops if there is
no biorefinery within a 50-100 mile radius, becateze will be no demand for energy crop

biomass. This study is applicable to cases whenetimery is planned creating sufficient

32 Agricultural lands can be converted from energypqgutantations to field crop production as
already seen with returning CRP lands into row gnaluction. Although such a conversion
potentially incurs high costs of land reclamatithe farmers would require a higher price for
energy crop biomass rather than delay plantingiefgy crops to avoid land irreversibility.
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demand for cellulosic biomass for biofuel productpurposes. Alternatively, if energy crop
production is competitive in a location, it willdece the constraints faced by the biorefinery
with regard to sourcing biomass feedstocks.

(b) The farmers do not delay energy crop plantihgmvthere is demand for energy crops
resulting in higher prices for energy crops or kigresidual value after accounting for biofuel
processing costs. The farmers subscribed to groswitghgrass in Tennessee pilot project, and
in Charitan Valley Biomass Project in lowa becatlmemarkets and prices were assured.
Switchgrass planting was immediate in both casemwhe farmers have assured contracts for
energy crops — hence, the main question remains pritas and revenues would farmers require
as part of the contract to plant energy crops atstd# existing land uses.

(c) If the biorefineries consider energy cropshespreferred feedstocks, then
biorefineries would promote planting of energy @opiorefineries would rather not delay
planting of energy crops because energy cropsnmeqguiestablishment period of 1-2 years
before achieving maximum yield potential. Henceyéiineries have incentives to reduce the
value arising due to additional real options vatusecure cellulosic biomass for biorefinery
operations. In fact, the farmers who sign up fiveuld be the preferred suppliers since those
farmers help reduce uncertainty faced by the hioeey. This study is applicable to evaluating
energy crop competitiveness when there is suffiaemand for biomass. The results from this
study can help decide whether to locate a biorgfirtbat prefers energy crop biomass, in a
particular geographic region or not.

(d) Crude oil price fluctuations affect the abilityconstruct a biorefinery and create
demand for energy crop biomass. The uncertairgiesd in the construction of biorefineries are
much bigger than the uncertainties faced by thadas in growing energy crops. The results
from this analysis are applicable when a biorefirteas been decided in a location removing the

uncertainties described above.
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e) Long term contracts are needed to procure dritraass produced from energy crop
fields. These long term contracts will include teraf farm production support to farmers in
establishing, and growing energy crops immedigtiélymarappan and Gustafson, 2009). That
is, the contract terms will be designed to redueeket uncertainties and promote planting of
energy crops immediately once the biorefinery tated in the vicinity. These contract terms
essentially function to diminish the real optiormdue in delaying the planting of energy crops by
farmers. Although individual efforts of biorefines to encourage farmers plant energy crops
would vary with the location and management, atdiineries will have to provide comparable
incentives. This study evaluates those incentingsrims of break-even prices, subsidies and
probability of receiving higher returns from enexggps. A simulation study that derives an
empirical distribution of NPV for energy crops s aseful analysis — this is the focus of my
research. Due to the above reasons, the real sptadue to delay energy crop planting is

deemed low and excluded from this study.
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Appendix B Forecasting Historical Volatility
Step1: Calculation of weights (based on 1993-2009 da?g‘)(Granger and Ramanathan, 1984):

oo, 01", 0" are the estimated weights (regression coefficistinates) derived from
the regression = og+ 01 IVp + w2 HVp + ¢, where

rt is the spot price volatility estimate calculatedré§/S;.1)* using daily data for years 1993 —
2009

S is the spot market price of crude oil at time t
IV is the past data on implied volatility (based otias on futures) for years 1993 — 2009

HVp is the past data on historical volatility (basedares contracts) for years 1993 — 2009
¢ is the error term ~ N(0,1)

Step 2: Forecast of crude oil price volatility (foryears 2010-2019)
SVy =g + 01™ IVt + 0™ HVf, where

SVy is the weighted volatility forecast for every yger 2010...2019 (t=1, 2, ...10)
IV¢ is the implied volatility forecast (using pyfor years 2010 — 20%r
HVt is the historical volatility forecast (using |Mor years 2010 — 20f8

The series Iy and H\}, are available from Commodity Research Bureau, CRBY). These
two series Iy and H\j, are used to forecast future valuesg(nd H\f) for years 2010-2019
using GARCH type models.
Forecasting historical volatility (HV+):

| use H\p, estimates provided by CRB (2009) to forecast Hsimilar to 1\, series, the

historical volatility data series (Hy is assembled by averaging daily estimates cooretipg to

33 Data on historic volatility is available from 1993ence that is the reason for the starting
year in 1993.

34 For years 2016 through 2018, less number of op@oasraded in NYMEX. Hence, the 2015
value for implied volatility will be multiplied byT, where T = 2 for year 2016, 3 for year 2017
and so on.

3 Among GARCH models, single equation GARCH(1,1) nasléound to be better predictor

of historical volatility than other GARCH modelsésPadorsky, 2006)
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crude oil futures contracts. To illustrate, consitthe crude oil futures contract that would expire
in September 1995. This contract would have be@wedy traded on a daily basis during the
months of September 1994 — August 1995. Thus, #rerabout 250 estimates of KYor the
futures contract expiring in September 1995. A leirgstorical volatility estimate for the
September 1995 contract is derived as an equallyhtexl average of all those 250 estimates.
Using equally weighted averages ensures consisteitisthe procedure used for assembling the
dataset on I. This procedure was repeated for all months dutiegyears 1989-2009 to
assemble the monthly time series data fopHWhis series is fitted with an ARMA-GARCH
model to forecast HV

Based on the correlogram, and information critghilC), an ARMA(3,1) was found to
account for autocorrelation in HiVAn ARMA(3,1)-GARCH(1,1) model was chosen to fast
HV+. To account for the fact that crude oil price Vitity is heteroskedastic (see figure 3.5), |
included crude oil prices as an exogenous regréssbe ARMA-GARCH estimation. |
compared two GARCH models where crude oil pricégered only the mean equation or only
the variance equation as a regressor. Using criigeice as a regressor in theeanequation
yielded normally distributed errorbl(ll HypothesisNormally distributed errors; Jarque Bera
statistic = 2.778483 with a p-value of 0.2492) is ttwvercomes the problem noted by Agnolucci
(2009) that the residual error terms were not ndynaiéstributed for any of the GARCH type
models fitted for crude oil price volatility. Therecast HY values are presented in figure 3.5.
Since the projections are made using monthly dlagaie are 12 volatility estimates for every
year during 2010-19. | compute a simple averadesifl2 observations and use it as the
projected HY estimate for 2010; the forecast observations nueth&B to 24 are used to derive

the HV4 forecast for year 2011 and so on.
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Appendix C Forecasting implied volatility

The IV data for the years 1993-2015 (only a fevesteld months for the years 2010-
2015) is available from Commodity Research Bur&ziRE, 2009, 2009b§.6 The daily IV
estimate for a contract is computed using eightazal put options on crude oil price futures
contracts:

two call options that are just in-the-money;

two call options that are just out-of-the-money;

two put options that are just in-the-money and

two put options that are just out-of-the-money.

There are many advantages to using only the cdsttlaat are just in or out-of-the-money
contracts (in other words, nearest to the moneyracts): they are found to be the least biased
when volatility is time-varying; using only the meat to the money options provides implied
volatility forecast estimates that are robust to-normal errors; and nearest to the money
options yield estimates that are least affecteddoysimultaneity (Corrado and Miller, 1996;
Fleming, et al., 1995); also see footnote 1 in Agoa (2009).

Since options contracts are traded daily till expaptions contract for every month has
daily estimates of implied volatility expressedamnualized terms. | derive one representative
estimate from this time series data. For exampkepptions contract expiring in June 2011 is
actively traded during the prior 30 months (2008-Ror this example). There are
approximately 660 daily observations (22 days pentm* 30 months = 660 daily observations)
for June 2011 alone the options contract was tradsampute the equally weighted mean of

these estimates and use it as the volatility eséirffea June 2011. | adjust the time to expiry to

36 Options on crude oil futures are actively traded4f¢o 5 years (2010-2015). Beyond that,
they are less liquid and those options do not pi®wuch information on future implied
volatility
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compute the equally weighted mean values (Hull6200niformly weighted measures are
found to be the least biased estimates comparethés weighting procedures (Corrado and
Miller, 1996; Ederington and Guan, 2002). This mahere is repeated for all months between
January 1993 and December 2012. Since there astmoates of 1Y for the months during
2013-2019, I use ARMA-GARCH model to projectytable 3.6). The forecast values are in
monthly terms; since | need only annual estimatd¥ g | compute non-overlapping average of

IV estimates from January till December for the yeéis3-2019.

99



Appendix D Temperature (GDD) and Precipitation Values

GDD and precipitation values in various statesgaren in tables 3.D1 and 3.D2,
respectively. Both GDD and precipitation vary asretates affecting energy crop yields. Even
within a state, they vary over time. These intatesivariations are captured using a uniform
distribution. The simulated values of temperature precipitation are plugged into equations in
table 3.5 with minimum and maximum values. To iitate a representative energy crop yield
calculation, consider the state of Alabama: theaye GDD is 5535, precipitation is 57.3 inches
resulting in switchgrass yield of 2.2 + 0.02 * 55357.3/1000 = 8.5 tons per acre per year and

miscanthus yield of 6.6+0.04 * 5535 * 57.3/10009=3ltons per acre per year.
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Table 3.D1: Growing Degree Days in US states

FIPS State Min | Average| Median | Max
1| Alabama 4,978 5535 5,671 5,914
5 | Arkansas 4,334 4,995 5,224| 5,363
4 | Arizona 2,804 4,861 4,747 7,381
6 | California 1,163 4,333| 4,515/ 6,861
8 | Colorado 2,451 3,185/ 3,228| 4,019
9 | Connecticut 3,321 3,381 3,381| 3,441
10 | Delaware 3,921 3,967 3,967| 4,012
12 | Florida 5,998 6,836 6,770, 8,122
13| Georgia 5,044 5,599 5,678 5,977
19 | lowa 2,862 3,193 3,182 3,702
16 | Idaho 2,345 2,830, 2,675 3,347
17 | lllinois 3,287 3,628, 3,633| 4,066
18 | Indiana 3,229 3,658, 3,621 4,291
20 | Kansas 3,528 4,083 4,133| 4,488
21 | Kentucky 4,030 4,406| 4,514| 4,639
22 | Louisiana 5,726 6,155| 6,319 6,463
25 | Massachusetts 2,706 2,903 2,845 3,159
24 | Maryland 3,858 3,911 3,911 3,963
23 | Maine 1,903 2,215/ 2,238| 2,524
26 | Michigan 1,724 2,543 2,548 3,259
27 | Minnesota 1,723 2,370 2,387 3,082
29 | Missouri 3,358 3,962 3,942, 4,570
28 | Mississippi 5,125 5,651 5,655| 6,315
30 | Montana 1,846 2,378 2,387| 2,887
37 | North Carolina 3,80% 4,739 4,714 5,335
38| North Dakota 2,172 2,432 2,441 2,684
31| Nebraska 3,028 3,332 3,243 3,792
33 | New Hampshire 290 1,531 1531 2,771
34 | New Jersey 3,879 3,889 3,889| 3,899
35| New Mexico 3,358 4,453, 4,574| 5,316
32| Nevada 2,79% 3,773 3,599| 6,592
36 | New York 2,518 2,933 2,933| 3,436
39 | Ohio 3,004 3,423 3,419| 3,868
40 | Oklahoma 4,69% 4,985 5,054 5,179
41 | Oregon 1,593 2,471 2,511 3,177
42 | Pennsylvania 2,173 3,150 3,208| 4,085
44 | Rhode Island 3,344 3,344 3,344, 3,344
45 | South Carolina 4929 5,417 5,356| 5,902
46 | South Dakota 2,469 2,750| 2,749 3,098
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Table 3.D1 (Continued)

FIPS State Min | Average| Median | Max
47 | Tennessee 3,916 4,656] 4,771| 5,356
48 | Texas 4,253 5,952| 5,979| 7,504
49 | Utah 2,768  3,258| 3,350/ 3,550
51 | Virginia 3,830 4,325| 4,282 4,767
50 | Vermont 2,382 2554| 2554 2,725
53 | Washington 1,067 2,312 2,406| 3,199
55 | Wisconsin 2,181 2,678 2,694 3,059
54 | West Virginia 2,779 3,491 3,547 3,992
56 | Wyoming 1,693 2,376| 2,480 2,630

Source: (NOAA, 2009)
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Table 3.D2: Precipitation in US states (in inches)

FIPS State Min | Average| Median| Max
1| Alabama 534 57.3 55.9 64.0
5 | Arkansas 40.9 54.8 49.3 74.1
4 | Arizona 3.2 10.7 8.0 22.8
6 | California - 15.0 13.2 37.0
8 | Colorado 7.6 11.8 11.2 16.2
9 | Connecticut 41.7 42.9 42.9 44.1
10 | Delaware 40.9 40.8 40.8 40.8
12 | Florida 39.6 52.8 51.8 65.7
13| Georgia 44.6 48.3 49.5 51.0
19 | lowa 25.9 32.8 334 38.4
16 | Idaho 12.1 12.2 12.1 12.4
17 | lllinois - 30.4 36.0 39.1
18 | Indiana 34.8 39.2 39.5 43.1
20 | Kansas 18.2 26.6 28.8 35.2
21 | Kentucky 44.4 47.0 46.9 49.7
22 | Louisiana 46.1 55.9 57.9 61.9
25 | Massachusetts 415 46.1 47.8 49.0
24 | Maryland 40.8 40.8 40.8 40.8
23 | Maine 36.6 40.5 40.5 44.3
26 | Michigan 28.3 32.1 32.6 36.0
27 | Minnesota 24 .4 28.0 28.3 30.0
29 | Missouri 375 39.3 38.3 43.0
28 | Mississippi 55.4 56.0 55.9 56.7
30 | Montana 11.G 13.8 14.3 16.5
37 | North Carolina 41.4 48.5 47.6 56.1
38 | North Dakota 13.7 16.2 15.5 19.5
31 | Nebraska 15.3 23.8 25.0 29.9
33 | New Hampshire 36.4 67.7 67.7 99.0
34 | New Jersey 40.8 42.1 42.1 44.0
35| New Mexico 8.9 12.2 12.6 15.1
32 | Nevada 4.1 8.0 8.2 10.1
36 | New York 32.0 40.0 38.9 47.3
39| Ohio 33.0 36.9 36.8 39.7
40 | Oklahoma 33.4 37.0 37.0 40.6
41 | Oregon 10.G 33.5 36.0 66.4
42 | Pennsylvania 36.2 39.9 40.6 43.5
44 | Rhode Island 455 45,5 45,5 45,5
45| South Carolina 48.5 50.3 50.6 51.5
46 | South Dakota 16.6 19.8 19.3 23.9
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Table 3.D2 (Continued)

FIPS State Min | Average| Median| Max
47 | Tennessee 40,7 49.1 49.7 53.8
48 | Texas 8.8 29.0 29.5 57.2
49 | Utah 9.8 13.0 13.0 16.2
51 | Virginia 39.9 41.9 41.1 44.6
50 | Vermont 34.5 34.5 34.5 34.5
53 | Washington . 36.5 37.2| 105.2
55 | Wisconsin 28.8 30.8 30.7 32.9
54 | West Virginia 41.0 42.5 42.0 44.8
56 | Wyoming 12.5 13.6 13.7 14.5

Source: (Utah Weather Center, 2009)

Table 3.D3: Fixed costs of land in crop productionn US states

Land Rental Value ($/ac/year)
Compound
Annual Growth
State Minimum | Average | Maximum Rate

AL 20 40 80 0.97%
AR 19 61 98 0.00%
AZ 32 172 236 2.78%
CA 13 342 369

CO 5 24 33

DE 28 67 122

FL 21 39 82 2.59%
GA 26 45 96 -0.60%
IA 38 140 216 0.45%
ID 5 59 70 -0.07%
IL 37 140 213 0.43%
IN 32 118 183 0.83%
KS 15 41 70 2.21%
KY 22 81 125 0.97%
LA 19 68 106 -0.18%
MD 28 65 120

MI 29 69 127 1.92%
MN 21 93 135 0.43%
MO 28 82 138 0.04%
MS 18 65 101 0.74%
MT 6 21 32

NC 26 56 109 -2.26%
ND 12 42 65 -0.08%
NE 13 78 105 0.56%
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Table 3.D3 (Continued)
Land Rental Value ($/ac/year)
Compound
Annual Growth
State Minimum | Average | Maximum Rate

NJ 28 51 106 -2.46%
NM 2 43 a7

NV 6 43 54

NY 28 42 97 -1.67%
OH 32 90 154 0.87%
OK 10 30 50 -3.44%
OR 15 107 138

PA 28 438 105 0.95%
SC 21 31 74 -2.12%
SD 13 54 81 2.70%
TN 20 71 112 -0.68%
TX 9 24 42 -0.71%
uT 11 67 89

VA 20 43 84 2.25%
WA 15 207 237

WI 41 76 157 -1.56%
A 22 31 76 -1.26%
WY 4 45 54

Source: (USDA - NASS, 2007); the growth rates amputed only for major states in the
eastern half of US which suit energy crop produc{@raham, et al., 2007).
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Appendix E List of State Extension Websites

Table 3.E1: List of state extension websites used tollect field crop production costs

State State Extension Budget link

Alabama | http://www.ag.auburn.edu/agec/pubs/budgets/

Arkansas | http://www.uaex.edu/depts/ag_economics/crop_buduets

Florida http://nfrec.ifas.ufl.edu/programs/enterprise_busdghtml

Georgia http://www.ces.uga.edu/Agriculture/agecon/printetfiets. htm

lowa http://www.extension.iastate.edu/agdm/crops/pdf@lpdf

Illinois http://www.farmdoc.illinois.edu/manage/newslettiE®08 13/fefo08 13.html

Indiana http://www.agecon.purdue.edu/extension/pubs/crojeg®5.pdf

Kansas http://www.ksre.ksu.edu/library/DesktopDefault.a®mbid=16#FarmRanch
http://www.uky.edu/Ag/AgEcon/pubsperson.php?searchthalig&db=faculty

Kentucky | &ppage=halich.php

Louisiana | http://www.lsuagcenter.com/en/money _business/fatsiness/budgets/

Minnesota | http://www.apec.umn.edu/faculty/wlazarus/tools.htmi

Missouri http://www.agecon.msstate.edu/what/farm/generator/

North

Carolina http://www.ag-econ.ncsu.edu/faculty/bullen/bullémh

North

Dakota http://www.ag.ndsu.edu/pubs/ecquides.html

New

Jersey http://aesop.rutgers.edu/~farmmgmt/ne-budgets/adioseal_practices.html

Ohio http://aede.osu.edu/Programs/FarmManagement/Budagis-2009/

Oklahoma | http://agecon.okstate.edu/budgets/sample_pdf ddes.

Pennsylva

nia http://agquide.agronomy.psu.edu/cm/secl2/secl2ioc.c

South

Carolina http://cherokee.agecon.clemson.edu/crop bud.htm

South

Dakota http://econ.sdstate.edu/Extension/otherlinks.htm

Tennessee| http://economics.ag.utk.edu/budgets.html

Texas http://agecoext.tamu.edu/resources/crop-livestaakgbts/by-commaodity.html

Virginia http://www.ext.vt.edu/pubs/agecon/446-047/446-0idlh
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Appendix F Calculation of Break-even Risk AversionCoefficient

McCarl, et al., (1987) developed a procedure toBreak-even Risk Aversion
Coefficient (BRAC) to estimate CRRA. The conceptibd BRAC metric §) is that farmers
prefer to grow field cropjrather thanjwhen the utility from4 (R1) is higher and vice versa.
At a particular level of returns, the farmers v indifferent between growing either crqpoy
jo. Hardaker et al (2004a) argued that the leveétafrns can be estimated as the certainty
equivalent value which I the basis of SERF procedHardaker, et al., (2004a) estimatas the
constant that drives the differencg 8 (CE; — CEp) to zero, wherejjand p refer to two major

Y0 and ey = (1-p)* vV IR Ry and B are

field crops, CR = (1-p)* [V "(Rip)]
the returns from the two major cropsﬁ;t(Rj) represents the average utility achieved fromeeith
crop. | choose corn and soybeans as the two maps Gince they are grown in most states in
the study region. Hardaker, et al., (2004a - AppeBdl illustrate the procedure to calculgtéor
power utility functional form (V)?.’7 Repeating this procedure for every US state geeerat

different risk aversion coefficients for farmersass various US states.

37 See (Griffith, et al., 2009) for an alternative @edure to compute the risk aversion coefficient
for negative exponential utility function (usingsdRiRoot software).
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Appendix G Break-even prices for miscanthus replacig wheat

Table 3.G1: Break-even price for miscanthus when phted in wheat fields ($/tonf

Crude QOil Price Scenario
State . Low ll. Reference [1l.High
FL 51.66 53.75 57.92
GA 49.66 51.68 55.70
IL 63.70 66.10 70.86
KY 41.36 43.74 48.51
MN 31.21 32.82 36.04
MS 47.78 49.86 54.02
NC 50.83 52.72 56.48
ND 42.37 44.01 47.26
NE 49.50 51.16 54.45
OH 56.68 59.25 64.35
OK 44.38 45.71 48.36
PA 55.69 57.98 62.54
SC 38.95 40.72 44.25
SD 46.23 47.75 50.78
TN 47.38 49.44 53.56
TX 37.60 38.80 41.20
Wi 46.78 49.04 53.55

* These dollar values refer to the average break-priee required for
miscanthus to replace continuous wheat crop irce=lestates.

These break-even prices for planting wheat fietdssamilar to the break-even price values

presented in table 3.10 (various crops) and fi@u8gcorresponding to corn-soybean rotation).

These results confirm that energy crops have wupgorted in selective US states because the

break-even prices (and profitability) vary by statel by the crude oil price scenario.
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CHOICE OF OPTIMUM FEEDSTOCK PORTFOLIO FOR A CELLULO SIC
ETHANOL PLANT — A MULTI-PERIOD LINEAR PROGRAMMING S OLUTION
4.1 Introduction

Future cellulosic biorefineries are expected tdelbge-scale facilities using
multiple sources of feedstocks. Determining themalt combination of feedstocks for
these biorefineries involves a number of considlenat (i) assuring a reliable supply and
uniform quality of biomass over the entire produetiifetime of cellulosic biorefinery; (ii)
lowering procurement costs (harvest, baling, trarnsgtorage, and seasonal costs); and
(i) reducing in greenhouse gas (GHG) emissia@ngualify as a cellulosic biofuel under
the federal renewable fuels standard or similauleggns, and possibly for tradable GHG
credits . To ensure that cellulosic biomass feattstoeets these requirements, biorefineries
take a lead role in developing their feedstock sugince the biorefineries control the
extent of acreage contracted with one or more teeklls, their feedstock procurement
process would resemble a vertically integrated atpmr where the suppliers deliver
cellulosic feedstock as per the needs of the e/ which essentially gets control of
fields planted and feedstocks supplied to the fiegy. In this paper, | evaluate the spatial
and temporal patterns of such vertically integrddiesnass procurement that include both
perennial and annual agricultural feedstocks.

Biorefineries constructed in the Midwest are likedydraw from two major types of
agricultural feedstocks: (1) energy crop biomass/dd from perennial grasses such as
switchgrass, miscanthus, and mixed grasses araj(@ultural residue biomass derived
from annual field crops such as corn, wheat, ampawhile agricultural residues are

already produced along with feedgrains, perennadggs are not yet grown commercially
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Table 4.1: Differences between agricultural residugand energy crops

Feedstock Type Annuals Perennials
Crops Corn stover, Wheat or Sorghum Miscanthus, Switchgrass
straw
Available biomass for 1_108 10 maximuns

harvest (dry tons/ac)

(harvest limited quantities
every year or larger quantities
once every 2 - 3 years)

3 100% years 3 — 7,

(30% year 1; 70% year 2;

80% years 8 — 10)

Standard deviation of
yield in percent terms

Relatively stable — depends gn

how much is collected

2504

Typical harvest spa#

July — December

November— February

Contracting

Farmers allow
. .4
periodic harvesting

Need to be harvested eve
5
year or season

[y

Cost of biomass raw
materials

$20 - $25 per ton

$30-$45 per ton

Harvest costs

Low

High

Transport costs

High, due to low biomass dens|
and large collection area

tySlightly lower, due to high
biomass density

Theoretical ethanol 99— corn stover 106. 17
conversion rate 06.4 — wheat straf\j/v
(gallons/dry ton)
Conversion rate at 70% 69.3 74.3

of theoretical maximum

GHG emissioné3

(based on actual
conversion rate)

Byproduct residues are not
allocated any GHG emission
associated with corn grain
production, only conversion

48,500 g of GHG per ton gf

5 cellulosic biomass (511-65
tons of GHG per million

gallon of cellulosic ethanol

w

related GHGs are considereq

T . . :
Assuming a collection rate of 33% of total strawduced as a coproduct with
grains (footnotes continued in the next page)
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2 . L . ,
Maximum potential yield based on miscanthus yield

3Annual crop harvest starts with spring wheat hamgsn May/June and extends
till corn harvesting in Oct/Nov/Dec ; energy crae expected to be harvested by
the end of the growing season and possibly intdeximonths

4 Contracts can be written with an option (not) tovkat depending on the needs of
the biorefinery

5 . . . :

If energy crops are grown in a field, harvestingnbass would be the only source
of income from that piece of land — hence, the &aswgrowing energy crops would
require harvesting every year

6 Corn stover chemical composition: Arabinan (2.54%s8), Xylan (18.32%),
Mannan (0.4%), Galactan (0.95%) and Glucan (34.61%@rresponding to 44
Corn stoveZea maysStalks and Leaves without cobs ; wheat straw caitipa:
Arabinan (2.35% mass), Xylan (19.22%), Mannan (@B1Galactan (0.75%) and
Glucan (32.64%) %) — corresponding to 154 Wheatviiriticum aestivum
Thunderbird whole plant

! Switchgrass chemical composition: Arabinan (3.19%)an (23.27%), Mannan
(0.22%), Galactan (1.05%) and Glucan (33.04%) sresponding to 126 Cave-in-
rock high vyield variety ; ethanol yield from switptass and miscanthus are will be
comparable because both are herbaceous energyvatbpsmilar physiological
traits and chemical composition.

8 Based on the default parametric assumptions las&REET model version 1.8

on a large scale. Thus, biorefineries need to e¢htwstotal acreage and locations
contracted for agricultural residues and perergnass production/harvest. To address this
guestion, | develop a cost minimization model fdentifies the optimal temporal and
geographical combination of perennial and annwaddeocks surrounding a biorefinery.
The optimization problem accounts for the differhin characteristics between the two
feedstocks (table 4.1). As a demonstration, | hiserhodel to calculate the optimal
feedstock mix for a representative biorefinery tedan Hugoton, southwest Kansas.

The two feedstocks — perennial energy crops anduiyrral residues — differ on
various characteristics. Energy crops have higienass yields, which increase the
density of biomass availability (more tons per w@méa) and shrink the extent of biomass

collection area. The climate hardiness of energpsallows flexible harvest that extends
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into winter months. The disadvantages with the p&igd crops are higher establishment
costs, longer time delay to achieve higher yidiisg term contracts necessary due to lack
of alternative markets, and potential problemdéagng the lands planted with perennial

crops. While the long-term contracts provide a secevenue stream for farmers, they are

more constraining for biorefineriéls.

In contrast, agricultural residues have a diffesmitof feedstock characteristics.
The revenues from agricultural residues are secgridaevenues from feedgrains — hence,
farmers are likely to be flexible with harvestingyiaultural residues. Farmers also have the
option of not harvesting agricultural residues dejiieg on whether feedstock prices more
than compensate for the added production costshenealue of leaving crop residues in
the field to maintain soil quality. More importaytbiorefineries may prefer agricultural
residues as feedstock because they result in grealgction of greenhouse gas (GHG)
emissions. The reduction in GHG emissions is tyfyicaeater with agricultural residues
because residues are allocated little or noneiwfgoy crop production related GHG
emissions. A major disadvantage with agricultuesidgues is the lower yield of biomass
per acre than that of energy crops which incretieesollection area radius and transport
costs. A cellulosic biorefinery also has to consgl®duction costs, harvest costs, transport
costs, short-term versus long-term contractual cimemts, life-cycle GHG emissions,
and other factors, such as losses in biomass starad)ethanol yield differences across the
two feedstocks. These factors will affect biorefine spatial and temporal choice of

feedstocks within the feedstock collection aremest as ‘harvest shed.” Typically, a

1., P . :
While the long-term contracts enable biorefinet@secure biomass supply, the prices at

which they will be purchased is expected to chamge time depending on their

production costs.
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cellulosic biomass harvest shed encompasses falus fivithin a 50-mile to 100-mile
radius around the biorefinery. A harvest shed waaptimal if it can help reduce costs
based on where (spatial) and when (temporal) the@stecks are grown.

| first develop a general mathematical programnmagiel that can serve as a
decision tool for any biorefinery and address suatieoffs across multiple feedstocks.
The objective is to minimize the cumulative disciaahcosts of biomass procurement over
the biorefinery’s productive life. | model the spatistribution by subdividing the harvest
shed into multiple concentric circular zones. Iraate the optimal acreage to contract
within each zone and the optimal time to plantybat, and replant over the life of the
biorefinery. Quarterly intervals are chosen to actdor seasonal cost variations. The
transport costs vary depending on the density aflahility of the feedstocks. Hence, the
transport costs are endogenously determined bas#te@mount of biomass per unit area
— for instance, total tons per square mile. Themeal costs are endogenously determined
based on transport costs. The environmental costsralogenously determined based on
the acreages planted with various feedstocks. @heelt costs are exogenous but different
across the feedstocks; the studies that modelegstazosts endogenous found no
appreciable difference between keeping harvess auststant versus determining them
endogenously in the model . The storage costs kegyeexogenous because they are likely
to be the same irrespective of the feedstock. Githegenous parameters include biomass
yield, ethanol conversion rates, production cdsdsyesting costs, long-term contractual
commitment needed to procure perennial feedstdibkssycle GHG emissions, and the

rate of storage loss.
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The novel features of this modeling approach coexgbarith existing studies are
summarized below. (i) Existing studies treat thailable biomass quantities in the region
as exogenously given and then try to minimize precient costs. In comparison, the

proposed model treats biomass acreage to be heava@sian endogenous decision variable

subject to overall biomass availability constral%(s};i) transport costs are endogenously
determined as a function of harvesting decisionghvhas not been done in any existing
studies; (iii) the temporal yield patterns of enecgops are modeled explicitly that also
affect feedstock acreage decisions unlike manyratiuelies which use steady state average
yields; (iv) the current model incorporates theifbdity available with agricultural residue
harvest and the restrictions due to long term emitgrwith energy crops; (v) the possible
impacts of GHG emissions on feedstock sourcingsitats are also incorporated in the
model. As a result, this model provides betterghts into the realities of biomass
procurement.

The model’'s constraints include the land availdbitesourcing either feedstock. For
example, a certain proportion of geographic aresssimed to be potentially available for
supplying biomass within each concentric circulame around the biorefinery. This
assumption is required because the land aroungiohefinery includes non-agricultural
lands and farmlands not capable of supplying feetist | assume that agricultural

residues will be procured only from these primeptands within each concentric zone

2 Mapemba et al (2008) model acreage harvested asdogenous variable. However,
their analyses and results are specific to Oklahdihis model extends their analysis by
modeling a generic harvest-shed with a number nEeotric circles around the biorefinery
for any location.
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because the prime croplands are usually plantddfieit crops, such as corn and wh?éat.
In contrast, | assume that dedicated energy crap$e grown either on prime cropland or
on marginal croplands (e.qg., pasture, fallow laas, Conservation Reserve Program
(CRP)). The perennial energy crops will displaeddficrops and be grown in prime
croplands if their economic returns are competitivi the existing land uses.

| demonstrate the usefulness of the model usiegase study @tbengoa
Bioenergy’spilot plant in Hugoton, south-west Kansas. | iltage the feedstock

composition for a proposed cellulosic ethanol Hiaery of 53 million gallons or 200

million liters of annual capacit?'/.To simplify the analysis, only two feedstocks are
considered: corn stover (an annual crop residughaecanthus (a perennial dedicated
energy crop). Corn stover is produced every yeargalvith corn grains; for miscanthus, |
assume that cellulosic biomass will be suppliedilfoyears before replanting is required.
The biorefinery is assumed to operate for 20 yglgjuarters).

The potential harvest shed around the biorefiredjvided into six concentric
circular zones with outer radii of 5, 10, 15, 20, &nd 50 miles. Surrounding Hugoton, KS,

prime croplands account for 12% of the geograpiaa,avhile marginal crop lands

.5 .
account for 10% of geographic aredevaluate two scenarios where the two feedstocks

3 This assumption will not be binding because, asekalts show, the agricultural residues
are only second choice feedstocks. The chance®wirgy row crops on marginal lands

are rather slim because those lands are not grbyfitgerable with row crops currently. |
maintain the same assumption that row crops willb@economical in marginal lands over
the next 10 years as well.

4Abengoa Bioenergymitial production capacity will be 18 MGY whichilater be
expanded to 25-75 million gallons

> The remaining 78% of geographic area consists ¢w@tural lands where biomass is
not harvested from and non-agricultural lands.tRercase study, | assume that residues
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are harvested in the same (simultaneous) seasan difterent or subsequent (staggered)
seasons. These two scenarios help analyze thetipbffect of harvest timing on the
optimal feedstock composition (Table 4.2). In scEnA, both feedstocks are harvested in
the third quarter of every year (July-Sept). Innsgé B, agricultural residues and energy
crops are harvested in subsequent third quartgr-&Rptember) and fourth quarter
(October-December), respectively.

Table 4.2: Alternative scenarios based on harvestinseason and harvest shed
demarcation

Scenario A B
Agricultural residues from Both feedstocks Agricultural residues
prime croplands; harvested during the | harvested in the third quarter;
same season (third | Energy crops harvested in the
Energy crops from prime guarter) fourth quarter
and marginal croplands of every year

The results from the optimization suggest thatcglilosic biomass raw material
costs range from 60 to 70 cents per annual gafi@eltulosic biofuel. This estimate is in
the ballpark of estimates from other biomass fertdsstudies . Biorefineries would prefer
to source a larger proportion of biomass from detéid energy crops such as miscanthus in
spite of their higher establishment and productiosts. The proportion of energy crops
was about 70% and 80% of cellulosic biomass ravenads in scenarios A and B,
respectively. The higher proportion of energy crajas due to the benefits of higher yields
and dense availability of biomass (tons per actems per square mile around the
biorefinery). The increase in energy crops proporth scenario B, compared to scenario
A, suggests that the ability to spread biomassdsamuring lean seasons would be a

preferred characteristic. In both scenarios théiapdistribution turned out to be similar:

can be contracted only from prime croplands, wéarlergy crops can be grown from either
on prime or on marginal croplands.
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the energy crops were grown closer to the biorefinghile the agricultural residues were
transported from fields farther from the biorefinefor energy crops, the higher density of
biomass availability (in scenarios A and B) andjgi&aed harvesting (in scenario B) offset
higher production costs. The staggered harvestidgaed biomass raw material costs
because it increased the proportion of energy drofislds closer to the biorefinery which
in turn reduced transport costs.

The proportion of energy crops and agriculturaldess depended on two factors:
the extent of marginal croplands available to gemergy crops, and the costs of sourcing
either feedstock from their ‘outer margins.’ Tagtrate, let the energy crops be grown
within 15 miles radius and agricultural residuegybmwvn within a 30 miles radius around
the biorefinery. Energy crops would be part of tipemal feedstock mix as long as the
material, transport and other costs of transpoitifrgm a 15 mile radius were lower than
the total cost of acquiring agricultural residuesi a 30 mile radius. Hence, the delivered
costs of the two feedstocks, which in turn depemthe acreages planted, would be used to
determine the optimal combination of feedstocksesEresults for an individual
biorefinery reflect the outcome from other studiest estimate optimal feedstock
composition of annual and perennial feedstocksafbmnal level . The environmental costs

did not seem to affect the optimal biomass poxfatuch. Even when environmental costs

rose, the proportion of energy crops declined slightly from 73% to 690/55.
The optimization results generated shadow pricebif@ing land acreage
constraints. These shadow prices represent the tad biorefineries place on an

additional acre (or ton) of energy crops or agtimall residues grown within the harvest

6 by increasing the prices of GHG emissions from ®i1$50 per ton of carbon dioxide
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shed. These shadow prices can be interpreted asaetkienum amount that the biorefineries
are willing to pay to have one additional acre phaticular feedstock. The biorefineries
can pay a few more dollars not exceeding the shamms amount. If the additional
payment brings in another acre or retains thedast, then the biorefinery would still
reduce its biomass raw material cost. The shad@egpranged from $2-8 per ton for
energy crops grown in fields located within a 10emadius. The shadow prices ranged
from $5-16 per ton for agricultural residues gromithin a 10-20 mile radius. The salient
feature of the shadow prices was that the shadmsgvaried significantly over time. The
shadow prices for agricultural residues were higtieenever energy crop output is lower.
For example, the additional value (shadow priceremium) placed on agricultural

residues was $16 per ton during the first yeampairations but it declined gradually over

20 years7. The shadow prices for energy crops were low irbigginning years; it
gradually increased over time. The yield patterfisodh feedstocks and land restrictions
determined these results. The shadow prices fadhes with binding land acreage
constraints showed similar temporal pattern. Tragletv prices gradually declined with an
increase in the distance of the fields/zones frioenprocessing plant. Hence, the
biorefineries could adopt a differential pricingaseégy depending on the location or
distance of the fields from the biorefinery. Thevéwy material costs could justify a larger
price premium (shadow price) paid for agricultuesdidues. Adding the shadow prices to

the corresponding material and delivery costs wouddte both feedstocks comparable at

For instance, in case of scenario B, the price pnew for increasing agricultural residue
by an acre fell to $6 per ton in years 2, and galigualeclined with increased supply of
biomass from energy crops.
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the margin in every zone and every year, in othends these would also represent free
market feedstock prices.

The shadow prices for annual feedstocks declingdeasupply of energy crop
biomass production ramped up over time. This shbatsannual feedstocks are sought
after only as buffer feedstocks to meet biomassateimvhen the energy crop output is low
due to yield pattern differences. The shadow pricegnergy crops were lower due to
their yield patterns and contracting limitationsurdg the first two years of establishment
phase, the energy crop yields would only be onetdund two-thirds of the maximum
potential yield (10 tons per acre per year). Se hnefits from an additional acre of
energy crop would accrue slowly over many yearsiddat would not be valued as much
as an additional acre of agricultural residues.édger, the restriction that energy crop
should be harvested during all 10 years createekxibility and reduced the amount of
shadow price for energy crops..

4.2 Literature Review

There is a growing body of literature on issuesaurding the supply of cellulosic
biomass feedstock for biofuel production. Thesdistivary significantly in scope. Some
studies focus on supplying a single biorefineryhvatsingle feedstock, while other studies
analyze the total potential supply of single feedstwithin a region. Other studies analyze
supply of multiple feedstocks to a single biorefiner to a number of refineries within a
region. These studies employ various methods, aa@nterprise budgeting, supply curve
analysis, simulation modeling, and mathematicaihagation.

Single feedstock for a single biorefineMhese studies typically focus on low cost

delivery of individual feedstocks based on mathémabhprogramming models. Wang et al.
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used a mixed integer linear programming modeludysswitchgrass harvest sheds. They
evaluated how the harvest shed expands with agaserin biorefinery size (from 25
million gallons to 50 million gallons) and the ingiga of weather on harvesting season,
storage loss, and other related biomass supplgsssuch as type of baling operations
(rectangular vs. round bales), transport and séocagts. Their results show that

harvesting, baling and storage costs have to edad while modeling optimal feedstock

combinations for biorefinerieSS.

Sokhansanj et al. (2006) developed a simulatioedaptimization model called
Integrated Biomass Supply and Logistics (IBSAL) miao study the supply of
agricultural residues for day-to-day biorefineryeggtions. Kumar and Sokhansanj
modified IBSAL to study switchgrass supply in attative forms such as circular vs.
rectangular bales, loaves or ensiled loafs. TheAlB®odel identifies the optimal
sequence of activities to harvest, transport amigtetecellulosic biomass to the biorefinery
at a low cost. The biomass raw material costs wstienated at 70 — 73 cents per gallon of
cellulosic ethanol. This estimate was substantiaiyner than US Department of Energy
estimates of 40 — 45 cents per gallon reporteéddhno-economic studies . Currently, the
IBSAL model is being expanded to evaluate supptysiens of multiple cellulosic
feedstocks .

Single feedstock in a regioNany studies estimate the costs of crop establishme
management, harvest and transport costs of enengg.cThese cost estimates for a

particular enterprise, known as enterprise budgeéscommonly used to estimate the

8 . . .

Wang et al argued that rectangular bales will pedfiy be used immediately after the
harvest due to shorter shelf life while the rouateb would be stored with plastic cover
and used during lean seasons
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supply costs of energy crops such as miscanthuswitchgrass . These studies used
agricultural input data derived from trial plothéresults from these studies showed that
the potential for energy crops varied across regaepending on energy crop yields and
production costs. While this approach has beentaddpr many states, their results are
largely limited to the region or state where thst f@ot sites are located. Other studies used
formulas to estimate the transport costs and liegisff supplying biomass in various
forms, such as chopped, rectangular bales, andliroaies (Atchison and Hettenhaus,
2003; Gallagher, et al, 2003). They estimated hsraed baling costs to range from $11 to
$20 per ton depending on feedstock and regionalitions. A few other studies evaluated
the regional potential within the region, suchlrestumber of biorefineries that can be
supported within a state based on feedstock composind available biomass quantity .

Multiple feedstocks for a single biorefineBunnett et al. and Jacobson et al.
argued that biomass yield levels of alternativeléecks should be considered while
determining the optimal supply of multiple feed#®¢o a biorefinery. Epplin et al.,
(2007), and Mapemba et al., (2007, 2008) develapseties of linear programming models
which studied the optimal combinations of naturgilgwn grasses and agricultural
residues. Their objective was to analyze the coatlnn of multiple feedstocks for a single
biorefinery as well as multiple biorefineries iretitate of Oklahoma by choosing the
number of acres planted with grasses and othestieeks as well as the number of
harvesting units/machines required supplying cedligl biomass.

Their mixed integer mathematical programming madakimized the net present
value of profits for a biorefinery that used thedarification and fermentation process

over a 20 year time frame. They evaluated two migjoes of feedstocks: perennial grasses
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naturally grown on Conservation Reserve ProgramR)d&nds and agricultural residues
collected from prime croplands. They found thaiagdtural residues had a cost advantage
over cultivating perennial grasses. The energyscohg not feature prominently due to low
cellulosic biomass yield levels when their yielddbs were at 3 to 4 tons per acre. These
yields are much lesser than the potential yield® tf 10 tons per acre when energy crops
are grown using intensive cultivation practicescércling to their model, agricultural
residues were preferred more to energy crop bioohasso low raw material costs.

| analyze a different set of questions compareddapemba et al (2007, 2008) and
Epplin et al (2007). My model focuses on the optipraportion of energy crops when
energy crops are cultivated intensively (Table 4spgcifically, on the spatial and temporal
distribution of energy crops and agricultural resl within concentric circles around the
biorefinery. By changing the parameters, my modael loe applied to multiple locations or
even different bioenergy outputs (generation ofteilgty from biomass).

Multiple feedstocks in a regioMcCarl et al., evaluated the supply of agricwtur
residues and forestry biomass for electricity gatien purposes. Their mathematical
programming model (FASOM) was designed to maxirttieeobjective of U.S. national
social welfare defined as the net present valubefntegral of biomass demand curves
minus the integral of supply curves for the U.Se HFASOM model included biomass
supply and harvest in agricultural and forestry@es the amount of land used for biomass
harvesting, and shifting of lands between agrigeltand forestry. The results showed that
large amounts of biomass could be sourced witteri thited States to displace coal.

Although the FASOM model does not have direct icgtions for an individual
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biorefinery’s operations, it presents a set of t@msts useful to model available land and
required biomass for energy production.

Khanna, et al., used a mathematical programmihligdcBiofuel and
Environmental Policy Analysis Model (BEPAM) to emvate the optimal composition of
multiple feedstocks at the U.S. national level.yastimated the supply potential of
perennial and annual feedstocks (energy crops gmcli#ural residues respectively) based
on economic returns from row crops, dairy operatiand available farmland in 41 states to
supply one billion ton of cellulosic biomass by P0Fhe BEPAM model predicted that
energy crops would be economically more suitabl@amginal croplands. The state level
potential for energy crops varied with the regioctaracteristics, biomass yields (tons per
acre), and relative price of alternative feedstocks

Research Gaps and Contributioriie literature review shows that many studies
focus on regional or national level biomass sumgliential. While these studies are useful
for policy analysis, there is a gap in identifyithg optimal feedstock combination for
individual biorefineries operations. The optimipatimodels employed by Epplin et al.
(2007) and Mapemba et al. (2007, 2008) partialgresss this issue. The results from these
studies cannot be generalized because they emplaaparticular processing technology
(saccharification and fermentation process), tyfpeutput (liquid biofuel), and their
analysis is largely confined to the state of Oklahol develop a more general model
which evaluates biomass feedstock supply potefatiahultiple outputs, with an emphasis
on the spatial and temporal patterns of harvestsstaptimal acreage decisions and

additional price premiums, if any, payable for gkgbic biomass.
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The existing literature largely treats the feedssamosts constant or exogenous.
While it is a simpler approach, the biomass feetkstmsts depend on acreage planting
decisions and density of biomass availability. firegor cost components such as harvest,
baling and transport costs can potentially varjhwirvest shed pattern. In this model |

compute transport costs, seasonal costs, and emrtal costs endogenously based on

the decision variables (acreage and yield den%ity).

Biorefineries could pay a higher price to achiedesaired spatial and temporal
pattern of harvest shed. The existing studies dpravide a reliable method to compute
such price premiums. Using this model, | derivehsoneasures using the shadow prices of

binding land acreage constraints. These shadovesa@ive an upper bound for price

premiums payable for a feedstock in a zone at ticp&ar time.10 This model evaluates
how GHG emission requirements affect the optimatgosition of biomass feedstocks.
4.3  Model

Consider a generic biorefinery with ethanol productapacity PC (million
gallons/quarter). Its biomass raw material requeets can be met with multiple
feedstocks that include annually produced cropmltees § = 1, 2, ... $and perennialgy(=

1, 2, ... G. Agricultural residue yield levels are low (abdub tons per acre per year); they

9 The models by Mapemba et al., and Epplin et atlpganize only the harvesting costs by
choosing the number of harvesting units. Theirltsghow that the number of harvesting
units was cut in half when harvesting costs arerd@hed endogenously. But the
harvesting costs remained at $11/ton irrespecfivehether they are determined
endogenously or whether they were treated exogeropgssible reason for this result is
the change in other assumptions: for instanceh#neesting units would have been
assumed to work 24 (12) hours a day when the himgesosts were endogenously
determined (maintained exogenous).

10 These shadow prices show the cost savings redlizedding or retaining one more
acre for biomass feedstock supply.
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are annually produced as coproducts with feedgr&erennial energy crop yields are

relatively high; they are productive fej years (normally 10 years). Since the

establishment costs of perennial crops are high,not economical to remove a perennial

crop soon after establishment. Hence, the farmerddiseek assured contracts to sell all
energy crop biomass produced fgryears . This farmer requirement alters how
biorefineries design their harvest shed and enterdontracts for biomass. The
commitment of harvesting perennial energy cropsdagrears is imposed as a constraint in
the model. This restricts that the land allocateddrennial energy crops would be retained

under energy crops fag years. All biomass produced in those fields arerassl to be

purchased by the biorefine%;}.The model is formulated over quarterly intervalstp
study how seasonal cost differences affect biorsagply and storage. The quarterly

intervals match the harvesting pattern of feedgramd cellulosic biomass that usually

. 12 . .
extends over three months during a crop yedrhe quarterly intervals also help include
storage and seasonal costs that help maintainaregupply of biomass during the peak and

lean seasons of biomass harvests.

11 . L
The farmers do not have any other alternative niarkéhin the harvest sheds and rely
entirely on the single biorefinery which requirggggy crops as raw materials.

12 . . . .
Monthly intervals were not chosen due to lack dfiskent information on monthly
differences in perennial energy crop yields.
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Figure 4.1: Concentric circular harvest shed areamund the biorefinery (arrows
represent perpendicular roads used for transport):

The harvest shed is assumed to be circular witlittrefinery located at the center
(figure 4.1). The harvest shed is divided intoaantric circular production zones £

1,2,... 4, each zone corresponding to a concentric ciradae of outer radius &, and

inner radius oR,.1 miles. Each zone consists of both agricultural mowtagricultural

lands. | eliminate the non-agricultural and languitable for producing cellulosic biomass
by estimating the available fraction of the areagioergy crop production or agricultural

residue collection. The available area is modeted fraction of total geographic area in

each zone and is denoted by the synab(el;, for annual feedstocks)(andoy; for

perennial feedstockg)). The harvested acreage is assumed to be distdilbuniformly
within every zone of the harvest shed.
Total transport costs (CT) and transport distargggedds on the density of biomass

availability i.e. CT is a function of (acreage pkeoh* yield / zone area). Thus the transport
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costs are determined endogenously in the modehsprat costs include loading,
unloading, and trucking costs. French gave anesgion for transport cost calculations for

circular harvest sheds. For a circular harvest stiedtotal costs for transporting biomass

] 2m R 2 .
can be written aC =N g + fo fo W a Dr dr df where TC is the total transport

cost during a quarter (in dollars), N is the taadount of biomass required by the
biorefinery (in tons), @is fixed costs of transport equipment that dodegend on

distance, loading and unloading (in $/ton)isavariable costs ($/ton-mile), w is a constant
parameter to convert air distance to road distadds,the density of biomass within the

circular harvest shed, and$the outer radius of the circular harvest shedr(€h,
13 o . :
1960). ~ For a concentric circular harvest shed, | modify &éihove equation. The total

amount of biomass from zoues set to N, range of radii is set toFand R.1; and

biomass density within zorss set to D to reflect the concentric circular zone variables.

_ 21T rRZ 2
TC —qua0+f0 ey W @ Dyr"drdo 1)

In equation (1)D; is the density of biomass availability in tons pguare mile in zone It

is substituted with another equivalent expresglgr N g/ = RZZ. Similarly, the total
amount of all cellulosic biomass from zanean be expressed Bgg = [YsAszq™ Yszq*

g 2t Agztq® Ygtgl - Substituting both expressions fogd\and Dy, the cost of transporting

biomass from zone z is calculated as following:

2 3 3 2 2
TC; = Ngq [ag + a1 /3w (R, -Ry-1) (Ry -Ry-1)] (22)

13 This is obtained by combining equations (2) andr{3jrench (1960)
137



TCzq =[2s Aszq* Yszq"‘ Zg 2t Agth* Ygtq] *
2 3 3 2 2
[ag +a1 [3w (Ry -Rp-1) (Ry -Ry-1)] (2b)
Summing the transport costs across all zonespthettansport costs GTn quarterm

CTq = 2z[2sAszq”* Yszqt+ Xg 2t Agztq”™ Ygtal *

2 3 3 2
[a0 + a1 /3 W (R -Rp-0)( Ry’ ~Rp-1)] 3)
Equation (3) is added to other costs that are ma@din the objective function. Note that

CTgq is dependent on the acreage decision varighjggand Agztq Assuming

transportation is done through perpendicular rotmsyalue ofv can be approximated at

\2 14

Current developments in pilot cellulosic plantsicade that biomass will largely be
stored on field and transported to the biorefireesyand when needed for processing.
Moreover, moving the entire harvest of biomassruthe harvest season is difficult due to
logistical issues and storage capacity limits n§porting biomass during different seasons
leads to seasonal costs. The seasonal cost flitaatrise due to changes in diesel fuel
and labor costs. The differences in labor costsiateonsidered for the following reason.
Harvesting cellulosic biomass requires skilled laihat operates expensive harvesting

equipment (tractors, collectors). The cost of skillabor is relatively steady during peak

14 With perpendicular roads? & ¥ = &, where a = distance traveled north-south, b =
distance traveled east-west, and ¢ = air distddpen normalizing both a and ¥ € 2 or ¢
=+2. That is, the sum (a+b) is also equivalent totiplying ¢ with V2. For example,
consider the air distance of a field from the biiory is 10 miles. With perpendicular
roads, the actual distance traveled would be 6-+118 miles, derived from the relationship
6%+ & = 1. Multiplying 10 with2, gives 14.14, a close approximation to the actual
travel distance of 14 miles.
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and lean season; hence, there will not be muchrdifite in costs across different

15
seasons.
The fuel costs do change over seasons affectingdse procurement costs . The

seasonal costs (CL) are computed by multiplyingithiesport costs and harvesting costs

with a factora)q. This factor estimates the increase or decreasesits over the four

seasons. The base or reference season is takertlie becond quarter extending from
April-June. The seasonal costs are endogenous $edailepends on transport costs.
Material costs (CM), harvest costs (CH), and steraagsts (CS) are assumed to be
exogenous and treated as constants in the modeheske costs are maintained the same
across all zones, expressed in terms of dollarsopefThis assumption is reasonable
because these cost components are relatively the iseespective of the field location

within the harvest shed. Other parameters incluoe&ss yield patterns of annual and
perennial feedstock¥¢ Yy respectively), storage costis(dg), proportion of biomass lost
in storage 4, ¢g), the amount of biomass to be maintained in thentory for continuous
functioning of the biorefinery (minimum inventorgquired MIR), ethanol yield per ton of
annual and perennial feedstocKs, (Kg), fixed and variable cost components of transport

costs per ton mileaf, a1), and the fraction of area available to plantesitieedstock within

each zonedgz og2).-

The use of cellulosic biomass for bioenergy prouchas environmental benefits

such as reduced GHG emissions and environmentts sosh as, increased soil erosion,

15 . . .
Unskilled labor wages is more likely to fluctuateeo seasons
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and greater use of chemicals (herbicides and iicsses). The promotion of biofuels to
reduce GHG emissions has led to accounting of GHM@=ons at different life cycle
stages such as biomass feedstock production, bsoooasersion to ethanol, and final
distribution. Leading models such as Argonne Natidaboratory’'s GREET model use
this approach to compare the environmental impboatof using alternative feedstocks for
bioenergy production . | use GREET model’'s GHG siniss data to compute the

environmental costs (or benefits) of using alteusateedstocks.

Table 4.3: Lifecycle GHG Emissions from energy cropand agricultural residues1

Category Fermentation process
Energy crops Agricultural residues
GHG emissions (herbaceous biomass (corn stover)
In grams per million 4589 -6999
BTU of cellulosic
ethano%
In tons of CQe per 350 -534

- 3
million gallon

Net change in emissions
due to energy crops 884 04
compared to agricultural
residues (C@etons per
million gallon)

Source: GREET model v1.8¢c

Emissions embodied in using farming equipmentilifzets, pesticides and
transportation of biomass are included

2These numbers are taken from GREET model (seenitherkying excel sheet,
EtOH worksheet, summary table 4). These data amea$two forms of emissions

— CO and other forms of GHG emissions from biofuelgadsitive (negative)
number indicates an overall increase (decreaseHG emissions

3Ethanol energy content = 76,300 BTU/gallon; gramsgallon is converted into
tons per million gallon by multiplying and dividirtgy 1,000,000

4 _ . . . : .
Emissions from agricultural residues are normdliaezero
Table 4.3 data correspond to GHG emissions fronettiee life-cycle (biomass

cultivation, harvest, transport, processing, arstridiution of fuels) in producing and
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processing biomass for cellulosic ethanol. Thetp@s{negative) numbers refer to an

increase (decrease) in GHG emissions due to tbaepsing pathwa%/(.i Since the
objective of my study is to compare two alternafeedstocks, | consider the emissions
from agricultural residues as the baseline. Thaheenvironmental cost (QBf using
agricultural residues is normalized to zero.

As seen from table 4.3, the environmental costg wath the processing
technology. Energy crops emit more GHG than aguical residues (+884 tons per million
gallons) under fermentation processing technolbggmpute the environmental costs by
multiplying the GHG credits in table 4.3 by an esfeel GHG price. A reduction of GHG
emissions by one metric ton results in one GHGitrétle environmental costs depend on
the amount of annual versus perennial feedstoaksepsed which in turn depends on the
acreage decision variables. Hence, the environmheosés are also endogenously
determined together with transport and season&s.closxclude the ‘indirect’ GHG
emissions associated with land use changes daek®f scientific consensus on how to
estimate them .

The biorefinery’s decision problem is to minimibetnet present value of
cumulative biomass procurement costs over the pien®d of its entire operations (e.g. 15-
20 years). The total biomass procurement costadiegbayments made directly to farmers
for biomass material (CM); payments made to cotarador harvesting (CH), transport
costs (CT), seasonal costs (CL); payments madeaiotaning on-site storage structures

(CS), and internalized environmental costs (CEg d@écision variables are (i) the acreage

16 . " .
Even though the emissions data are positive fdaicebiomass feedstocks or processes,
biofuels help reduce GHG emissions compared to @Hhhizsions from fossil fuels.
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Aszgcontracted to harvest agricultural residie quarterg in zonez, and the acreag®yziqg

contracted to plant energy crgpn yeart in zonez and, (ii) the amount of feedstock Q
processed during every quarteiThe storage quantities are implicitly determibgd
subtracting the amount of biomass processed frenatiount produced during each

guarter. Note that, if some acreage is planted ernrgy crops in yeaythen that acreage

will be retained with energy crops for the nexyears. This restriction does not apply to

agricultural residues.
Model Equations
The symbolic notations of the model are explaineld\w:

Subscript notation:

S = Annual agricultural residue feedstocks sucsti@sv or stover [s =1, 2, ... S]
g = Perennial grass feedstocks such as miscarsitshgrass [g = 1, 2, ... G]

z = Concentric circular production zone [z = 1,.2/7]

q = The production/harvesting time period (quaiig = 1, 2... Q]

t = Year in which perennial crops are planted It,2, ... T]. Perennial crop is

assumed to supply biomass fgiyears following establishment; hence, the
perennial crog established in year 3 (t=3) will supply biomasststg in year 3

Until 3 +Tg

Parameters:

CMg, CMg = Unit material cost of feedstocks s and g (aslfzer ton, price paid to
farmers)

CHg, CHy = Unit harvest cost of feedstocks s and g (delteer ton)

CT, = Unit transport cost of feedstock from zone #i® biorefinery located at
the center (dollars per ton)
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CSq C§q = Unit storage cost of feedstocks s and g intguar (dollars per ton per

quarter)

CEqyq = Unit incremental environmental cost of perenfealdstock g in quarter g
(dollars per ton)

CXszq = Total exogenous costs of anneatiftocks s processed in quarter
(CMs + CS + (1+wg) CHg, dollars per ton)

CXgzq = Total exogenous costs of perdrfa@dstocks g processed in quarter
(CMg + CH + (1+wg) CHg + CEy, dollars per ton)

Ygtq = Yield of perennial feedstock g, planted in yedor quarter gFixed pattern of

yields in tons per acre per quarter; e.g. in séer@rmiscanthus crop planted in
year t = 3 will yield 3.33 tons/acre in quarter 647 tons/acre in quarter 16, 10
tons/acre every fourth quarter during quarters 26,-8 tons/acre every fourth
guarter during quarters 40 — 48, and O tons iotakr quarters If miscanthus crop
were planted in year t = 5, then the same yieltepawill be shifted from quarters
20 through 56. The amount of biomass availableusrtgr g depends on the
planting year (t) of miscanthus]

= Yield of annual agricultural residugghat remains constant — harvested only once
in a year either during the third or during thertbuguarter)

Ysq Pgq= Quantity of feedstock (s, g) produced within émgire harvest shed during

guarter g (tons)

Dsg Dgq= Quantity of feedstock s and g processed at theetiery during quarter g

g

d

€s

€g

(tons)

= Factor to compute seasonal costs related tsgating; second quarter is taken
as the reference season, i>g=2 is normalized at 1 (see table 4.5)

= Quarterly discount factor

= Storage cost parameter (dollars per ton petena

= Rate of loss of agricultural residue due toager(percentage per quarter)

= Rate of loss of perennial grasses due to stofpgecentage per quarter)

143



PCy = Quarterly ethanol processing capacity (gallons)

Ks Kg = Ethanol output for feedstock s and g respefti{gallons per ton)
MIR = Minimum Inventory Requirement (tons)
Q = Terminal time period

PgHg = Price for one ton of greenhouse gas ($ per t@pequivalent)

GCy = Greenhouse gas credit for using energy cropspamparison to using agricultural
residues (tons of GHG per million gallon of celsilmethanol)

a0 = Fixed component of transport costs ($ per tofeedistock)

a = Variable component of transport costs ($ pemtile)

osz = Fraction of total land area available in zorte harvest annual feedstock s (in
percentage)

ogz = Fraction of land area available in zone z to/estrall perennial feedstocks g (in

percentage)

ZA, = Total geographic area within zone z (acres)

Ry = Quter radius of zone z (miles)

w = factor to convert radial distance to road distg with perpendicular road
network, w equals/2

Objective function:

Minimize discounted cumulative feedstock procurement costs @ quarters:

2q 5+ [Xg 2z 2t CXg* Ygiq* Agztg +2s 2z CXs * Ys* Agzg
+ (1+wg) CTy

+d* X5 Xsq + d* 2g Xgq + Cgql

where CX refers to exogenous costs of cellulosienaiss, CT refers to endogenously
determined transport costs and d*X refers to stoE$ts
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with respect to decision variables:
Aszq= Acreage contracted to harvest annual feedstatkjsarter g, zone z (in acres)

Agztq = Acreage planted with perennial feedstock g irr yezone z (in acres; yield pattern
of perennial feedstocks is described in tablesadd 4.5)

Xsg Xgq = Storage levels (stock variable, either at thedfinery or on farm fields) of
feedstock s and g at the end of quarter g (in tons)

Dsg Dgq = Quantity of feedstock (stover s, grasses g) ms@e/demanded in quarter g —
which are implicitly determined as residuals upbnasing Xg and Xyq

subject to the following accounting relationshig4{E4) and constraints (E5-E10):

Accounting relationships:

El: Zone area ZA(in acres) around the biorefinery extending fromaaadius R.1
to zonal radii B (in miles); the constant 640 converts square naufegea to acres

ZA, = 6401 (R,” - Ry.1)

E2: Total biomass produced during every quatgy) (s computed by multiplying the
acreage harvested {fy Agztg) With yield (Ysg Y gtg)

Wsq=2z Ysq* Aszq
Yoq = 2z 2t Yotq * Agztq

Yq =2s¥sq+2g Ygq

E3: Transport costs (equation (3) from section 3):

2 3 3 2 2
CTq=2z[a0+a 3w (Ry -Ry-1)/( Ry -Rz-1)] *
[XsAszq™ Yszq+ 2g 2t Agztq™ Y gtdl
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E4: Environmental costs () of perennial feedstocks are computed based on
expected GHG prices () and GHG credit (G). In case of fermentation technology,
this term will be positive (additional costs duaiging energy crops])7.

Constraints:

E5: Land availability constraints for perennialdstocks:

The acreage harvested with grasseg{# and agricultural residues {4y should be
less than the available area from crop lamds ZA7) and marginaldg; ZA;)
croplands. This constraint has to be satisfied/aryquarter q across all zones z.

29 2t Agztq < 0gz ZA;
Land availability constraints for annual feedstocks
2sAszq<0sz ZAz for all g and z

E6: Biomass mass balance constraints: Biomassisddpbm fields and storage
should equal the sum of biomass processed andtoneshin each quarter:

Biomass produced in quarter'fd) + Stocks from previous quarter (g-1) = Biomass
used for biofuel conversion in quarter qy> Dsg) + Ending stock for quarter g

Yq+[(1-29* XsXsqg1t (1 —¢g) * Xg Xgg-1
= Dgg+ Dsq* [Xs Xsq * 2g Xgd

17 The division by 1000000 converts ethanol gallonsitidion gallons.

18 A different formulation of land allocation is wheleth feedstocks can be harvested
from all available lands. The restriction to souaggicultural residues from prime
croplands and energy crops from marginal croplaatsbe relaxed in the following
manner. When all feedstocks can be grown in bathepand marginal croplands, the
constraint E5 is replaced with the following. Tl&at proportion of available (prime

and marginal) cropland in every zone willgewheres; = 6g; + 64z The summation
over years (t) adds up the acreage allotted taygrezops that are planted at different
times during the years 1 — 11. This constraint khba satisfied in every quarter q
across all zones z.

YsAszqt Xg 2tAgzt<oz ZA; forallgandall z
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E7: Biofuel produced has to meet or exceed thegssing capacity (R{in every
quarter:

YsKs* Dsgt 2g Kg* Dgq = PGy for all g
E8: Biomass stored at the biorefinery has to mezttinimum inventory required

(MIR) at the biorefinery — only this quantity ofdsnass incurs storage costs. The
excess biomass, if any, would be stored on fieltiauit storage costs.

Ys Ksq* Xsq+ Xg Kgg* Xgq=MIR * PCy for all q

E9: Terminal conditions for the last quarter (Q@ amposed by restricting the final
period storage to zero after meeting the biomassasssing requirements

Biomass supplied from the fields in final quartet@upply from the storage in quarter
(Q-1) — Biomass used for conversion in Q = Endiioglsfor quarter Q =0

Yo + s (1 —egdXs Q-1+ Xg (1 —&g) Xg @-1— Ds@— Dyo
=2g2s (Xsq+ Xg) =0

E10: Non negativity constraints of acreage andagi@idecision variables:

The cost minimization problem is coded in GAMS aoted using MINOS solver.

The chosen solver helps achieve globally optimhkitems when the objective function and

constraints are convex sets ; in this model, theylinear yielding globally optimal

solutions. The results from the optimization madelude: (i) the minimized total cost of

biomass, expressed in terms of dollars per anralrgof ethanol, (ii) acreages of all

feedstocks (annuals and perennials) harvestecchhaaarter in each zone, (iii) variations

in biomass quantities processed versus maintamstbiage, and (iv) shadow prices or

price premiums to expand land acreage within eack.zAdditional sensitivity analyses

are conducted to analyze the impact of changesdagemous parameters (e.g., land

availability, change in material costs).
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4.4 Case Study
For the case study, | consider a biorefinery wittapacity of 53 MGY. The

geographic parameters are calculated for HugotansKs wher@dbengoa Bioenergs

building one of its pilot cellulosic ethanol plar%tgsThere are similarities among various
annual feedstocks in terms of harvesting flexilegitand stable biomass yield levels.
Similarly, there are also similarities among vasq@erennial grasses in terms of plantation
establishment, productive life period (10 years) gield patterns. Hence, | choose to
represent annual feedstockpWith corn stover and perennial grass feedstogkw/ith
miscanthus. Although only one annual and one péaefeedstock are used for this case
study, the model results can be extended to odseistocks.

The objective of the optimization problem is to mmize (cumulative) biomass
feedstock procurement costs over 20 years (2010)268bject to following constraints:
biomass availability by type and season, biomagsirements for processing and storage,
land allocation restrictions for perennial energyps, and the type of lands available to
grow energy crops and corn stover (see generic handetable 4.2). At an average
conversion rate of 70 gallons per ton, about 19D{06s of biomass from both corn stover
and miscanthus would be required during each qudrtesupply the required biomass,

multiple harvests of corn stover and energy cropslévbe required.

19 : .
Abengoa Bioenergplans to use 75% of biomass from corn stover afd 26m energy
crops, provided the latter becomes economicallylava
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Harvest shed around Hugoton, Kansas

| focus on the harvesting decisions within a 5Ceméldius harvest shed since

previous estimates indicate availability of sufici biomass potential within that arzeoa.
The circular harvest shed around the biorefinesuils-divided into six concentric zones (z)
with outer radii of 5, 10, 15, 20, 30 and 50 mil€ése geographic area within a 50 mile
radius around Hugoton, KS include the countieste¥éns, Morton, Seward, Stanton,
Grant, Haskell in Kansas; the counties of TexaswvBeand Harper in Oklahoma,; the
counties of Dallam, Hansford, Ochil-tree and Sherinalexas; and the counties of Baca,
Bent, Kiowa and Prowers in Colorado.

An average of 36% of the geographic area in thesatees is classified as prime
cropland. Crops such as corn, wheat, sorghum arelttdat can supply agricultural
residues make up two-thirds of cropland area isdtwunties. Hence, agricultural residues
can potentially be collected from 24% of geogragrea (two thirds of 36%). Since
agricultural residue collection is rotated amoreds, only a portion of these fields would
be harvested in any given year. | assume thatwgrial residues are harvested once every
two years. Thus, 12% of geographic area (onedi@f%) would potentially be available
to harvest agricultural residues during each yatdnimv50 mile radius around Hugoton,

KS. Although it is possible to supply agriculturasidues from marginal lands, it is not
likely to be significant because the additionalires from agricultural residues may not be
sufficient enough to warrant growing row crops iarginal lands where the economic

returns are low in general. For simplicity, | assutiat feedstock acreage is distributed

20 . . .. . .
As the subsequent results show, this restrictioisinding — i.e. there is surplus
unused land within the harvest shed of 50 mileusdi
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uniformly within each concentric circular zone. $hissumption matches the assumption
underlying equation (3) used for calculating trassposts .

Table 4.4: Land area available for harvesting celllosic feedstocks — case study
assumptions

Harvest shed area is divided
into two sections for the two feedstocks
Agricultural residues Energy crops sourced from
sourced from prime prime and marginal
croplands croplands
Zone — @ 12% of geographic @ 22% of geographic area
Outer Geographic area (047~0.22)
Radius Area (057~0.13
Miles Thousand Acres
Z1—- 5 50 6 11
Z>-10 201 18 33
Z3—15 453 30 55
Z4—20 806 42 77
Z5—30 1,813 121 221
Zg—50 5,035 426 709

Energy crops can be grown in marginal croplande. [@tter includes permanent
pastures, rangelands, and Conservation ReserveaRtd@RP) acres. Mapemba et al.,
(2008) estimated that 10% of geographic area catassified as marginal cropland in the
south-west Kansas and Oklahoma Panhandle areasm¢afugoton, KS). Energy crops

can also be grown in prime croplands provided treyeconomically competitive; there is

a possibility that farmers replant some of the pricropland with energy croé%.The
above calculations show that 12% of prime croplemad be available for energy crop

production (where agricultural residues are novésted from). Hence, a total of 22% of

21 . . . .

To grow energy crops in prime croplands, their @coic returns have to be comparable
with that of field crop returns. Since it is a faris decision to plant or not plant a field
with energy crops, it is not explicitly modeledry optimization model for the
biorefinery. An extension of this research is todelca multi-objective optimization
problem that models both biorefinery and farmeegisions.
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geographic area — 10% marginal lands and 12% prio@ands — is assumed to be

available for planting energy crops. These asswngtare retained for all zoneg;= 12%

andogz = 22% — see table 4.4. These assumptions are debgxeonducting sensitivity

analysis by changing the parametric values{grandog;

Decision variables

There are two sets of decision variables: (1) argdanted with annual and
perennial feedstocks, and (2) quantity of biomassgssed versus retained in storage
during each quarter.
(1a) For agricultural residues, there are potdgt#0 acreage decision variables, i.e. 20
years * 4 quarters/year * 6 zones/quarter. Howeagricultural residues are only harvested

during the third quarter of every year (table 4.Zhe yield is restricted to zero when

biomass is not supplied from the fields durir?gt; :End and Ah quarters of each year.

(1b) For energy crops, the yield pattern is difféy@nce established, energy crops can be

harvested during the next 10 yeatg=(L0 years or 40 quarters). That is, energy crop

established in year 1 will supply biomass duringrgel-10, energy crop established in year
2 will supply biomass during years 2-11 and solbtine energy crops are planted in each
of the 20 years, then there are potentially 120ceheariables related to energy crop
acreage (20 years * 6 zones/year). But as thefbierg nears its shut down at the end of
20 years, the farmers may be unwilling to estabiislv acreages of perennial energy crops.
To reflect this unwillingness, establishment of n@svennial crops is restricted to years 1
through 11; this ensures that the crop plantecear ¥1 will be fully harvested by year 20.

In this case, there are 66 choice variables agsdlcwth planting energy crops (11 years *
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6 zones/year). The energy crop biomass may be $tad/simultaneously with agricultural
residues during the third quarter of every yeagrigacio A) or in a staggered manner during
the fourth quarter of every year (scenario B).
(2) The second set of decision variables choosequhantity of biomass processed versus
the kept in storage, either at the biorefinerymfield. There are a total of 79 storage
variables corresponding to all quarters exceptabiequarter (20 years * 4 quarters/year —
1). For the last time period (q = 80, denoted by@)storage level is restricted to zero to
reflect the terminal condition.
Cost Parameters

The following section describes how the model p&tans are estimated for the
case study location in Hugoton, KS. The materighroduct costs refer to prices that
farmers receive for agricultural residues and energps. For agricultural residues, the
material costs cover opportunity costs such asyiateevenues lost from selling residues

as animal bedding material and the lost fertiliza@ue when residues are removed. |
assume the material costs of agricultural residti&22 per tor%.2 For energy crops, the
material costs cover crop production costs and dppiby costs such as potential lost
revenues (e.g., revenues lost from CRP paymergsamromic returns from earlier land
uses). | assume the material costs of energy @o$30 per tor%.3 | conduct sensitivity

analyses to evaluate the impacts of changes inrialatests on the optimal proportion of

energy crop feedstock.

22 In 2009, farmers in south central Nebraska werd paiaverage of $22 per ton as
material cost for agricultural residues supplie@Et@rgy Grains Biomass LLC .

23 Mooney, et al. and Wang, et al. estimated theeni@tcosts of energy crops at $25-35
per dry metric ton.
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Harvest costs include fixed costs of machinery maeint and variable costs of
chopping, raking, collecting, baling, hauling, astdging biomass within the farms. |
estimate harvesting costs (H@)agricultural residues and energy crops at $TMI6 per
ton, respectively, based on USDA reports . Thedstmg costs for energy crops are
slightly higher because of intensive use of madlyiire handling energy crop biomass.
These harvesting cost estimates are within theerah11 to $20 per ton estimated by
other studies (Epplin, et al., 2007; Sokhansarg).e2006; Thorsell, et al., 2004; Wang, et
al., 2009). Treating the harvest costs as an exageparameter is not limiting. The results
from Epplin et al (2007) and Mapemba et al (20@WQ8 showed that harvest costs
remained at about $11 per ton whether they weregardzed or held constant.

Transportation cost per ton mile is assumed at830e2 ton-mile based on previous
estimates . The transportation costs are endoghndeiermined based on the acreages
planted with either feedstock as shown in equai8nFor seasonal cost variations, |
consider the (real) price fluctuations of diesd@lfat quarterly intervals — Jan-Mar, Apl-

Jun, Jul-Sep, Oct-Dec. The first quarter servab@aseference point (normalized at 100%).
The seasonal price differencesy) during other quarters are given in table 4.5. The

seasonal costs are computed by multiplying theamyeepercentage changes for a particular
season with harvest costs (CH) and transport ¢63ts The seasonal costs are also
endogenously determined due to their dependent@esport costs.

Table 4.5: Seasonal cost variations based on quantiediesel prices (1990-2009)

Q1 —Jan-Mar | Q2 — Apr-Jun | Q3 —Jul-Sep| Q4 — Oct-Dec

1994-2010 Average 100% 105% 108% 109%
Source: EIA
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Cellulosic biomass harvest is usually limited ®hart harvest window, during the
third or fourth quarter of every year. This reqaio®nstruction of storage facilities,
associated costs and biomass quantity lossesémtory . Mapemba et al. estimated that
on-site storage would retain storage to supplytmic biomass for three weeks. In this
case study modeled in quarterly terms, this is kegustoring 25 percent of quarterly
biomass requirement (3 weeks out of a 12 week eaAny additional biomass would be
stored on field eliminating storage costs or logeeshe biorefinery. The storage will be
maintained during all quarters except the finaktiperiod (Q = 80). The storage costs and
the biomass lost in storage (both on-field and ite}-are estimated at $3/ton/quarter and
3% per quarter respectively .

The environmental costs of cellulosic biomass famtks are computed based on
the amount of GHG emitted with processing agricaltuesidues or energy crops. Energy
crops result in higher GHG emissions when processetd) fermentation and
saccharification technology (last row of table 41)e economic costs due to GHG
emissions (Cp for energy crop feedstock are added to the algétinction. | treat the

emissions from agricultural residues as baselihe. GHG prices ranged from $0.10 — $5

per ton of GHG in the U.S. compared to $20-30 periih the European markeztg.l use

the expected GHG price level of $15 per ton of G is a reasonable estimate of GHG

24 Over the past 2 years, GHG prices ranged from $@.85 per metric ton in Chicago
Climate Exchange in the US and $10 - $25 in overetbunter (OTC) exchanges in
Europe. Note that revenues from GHG reduction belrealized in dollars only if the
biorefineries become eligible to trade them. Fismsh as Agra and AgRefresh working
towards creating this new market for biofuels sectven if the biofuel projects become
eligible for GHG trading, only a small part of thmfuels and biomass would satisfy the
additionality requirement and become eligible fadable GHG credits . Including
environmental costs in the cost minimization prabknsures that the additional
environmental value created for the society dueetlulosic biofuel use is accounted for.
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price and frequently quoted by North American eroiss management funds . To compute
the environmental costs (or benefits), | multiglg IGHG price of $15 per ton with the
relative GHG emissions from energy crops.
4.5  Results

The raw material costs of cellulosic biomass fafieel production are estimated
for the parametric values reported in table 4.&danario A, where both agricultural
residues and energy crops are harvested simultalygatthe third quarter, the raw

Table 4.6: Parametric values for scenarios A and B preliminary results
Level in base

Parameter case scenario

Costs of storage, d (per metric dry ton/year) $12
Storage Loss (per year) 12%
Energy crops and stover grown in separate
fields

Land available for perennial energy 22%

crop cultivation

Land available for stover collection 12%
Discount rate 2%

Minimum inventory maintained at the
biorefinery facility (biomass worth 3 week
of storage in a total of 12 weeks)

Material costs ($/dry ton, modeled using Atchisoid Hettenhaus, 2003)

25%

V)

Energy crop $ 30

Stover $22
Harvesting costs ($/ dry ton)

Grasses $ 16

Stover $14
Transport costs per ton mile $0.28/ton mile
Seasonal costs Reference season: quarter 1;

seasonal cost factor (table 4.5)
multiplied with transport and harvest costs
Environmental costs $15/ton of GHG;
guantities given in table 4.3
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material costs are estimated at 64.5 cents perrg%ﬁlln scenario B, where the agricultural
residues are harvested in the third quarter andygroeops are harvested in the fourth
guarter (staggered harvesting), the biomass rawrmhtosts are estimated at 60.6 cents
per annual gallon. The raw material costs are lowscenario B because staggered
harvesting helps reduce storage requirements aodiated costs. These biomass raw
material cost estimates are within the range of6@ents per gallon reported in other
studies.

Under the set of land and cost assumptions ustulsistudy, the results suggest
that energy crops can be expected to supply afsigni portion of cellulosic biomass. The
proportion of energy crops in the optimal suppbost at 70% and 73% of total biomass
requirements in scenarios A and B respectivelgpite of higher material and harvesting
costs, energy crops appeared in the optimal patédlraw materials due to two reasons.
(1) Staggered harvesting reduce storage requiremestenario B compared to scenario A
(see table 4.2); hence, any feedstock that extinedsarvest window and reduce storage
requirements would be suitable as part of cellalbgimass portfolio. (2) Reserving
marginal croplands for exclusive cultivation of egyecrops also contributed to a higher
proportion of energy crop biomass.

The temporal distribution of the acreage planted#sted for energy crops and
agricultural residues is given in figure 4.2. Tloeemge under energy crops was less but
remained steady over the 20 year period. In spikess acreage, up to 70% of biomass was

derived from energy crops. The long term land allimn restrictions and the higher yields

25

Cost per annual gallon
= (cumulative discounted cost of biomass over 20rg)total amount of biomass
processed over 20 years)
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of energy crops contributed to these results. hiregt, the acreage under agricultural
residues fluctuated heavily. More acreage was atiéutto agricultural residues whenever
the energy crop biomass output was low. Hence ggr@pps turned out to be the preferred
feedstock. This result confirms the industry asserthat more cellulosic biomass would

be derived from energy crops .

Figure 4.2: Acreage contracted (000 acres) with &ier feedstock — Scenario B
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Figure 4.3: Composition of biomass used for biofugdroduction (000 tons)
— Scenario B
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Even though a larger proportion of land (acresjesponded to harvesting agricultural

residues, the amount of agricultural residues jtaas much less as shown in figure 4.3.
The spatial and temporal distribution of the haree®d is given in figures 4.4 and

4.5 for scenarios A and B, respectively. The nunamethe right shows the sum of prime

and marginal croplands in each zone (in thousahdsres). The results show that the
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harvest shed extends only up to 30 mile radiusratdiie biorefinery (zonegf in scenario

A; the spread is even lower at 20 mile radiug) (& scenario B. The geographic spread

shrank in scenario B because the higher propodi@mergy crops that produce more
biomass per unit area. These results confirm thiemthat whenever high yielding energy
crops are included as part of feedstock portfahien the fields within a 20-30 mile radius
would be sufficient to supply the biomass requiretador a biorefinery of about 50
million gallon capacity.

The optimal composition of feedstock depends oretteomic trade-off between
delivered costs, biomass density (tons per acid)ard available for harvesting alternative
feedstocks. As an instance, consider how agri@lltesidues and energy crops are planted
in various zones. Energy crops are grown in fieddated closer to biorefinery.

Agricultural residues are predominantly collecteshf fields/zones farther from the
biorefinery. In the model, the fields closer to therefinery are ideally planted with energy
crops and this forces collection of agriculturaideies from fields that are farther away
from the biorefinery. The lower material costs gfieultural residues enable a higher
payment for transport costs from fields farthendrthe biorefinery as long as the combined
material and transport costs of agricultural resgis lower than that of energy crops.
Agricultural residues provide larger quantitiedadmass whenever energy crop supply is
low in years 1-2, and 10 when energy crops ardksitie@d, and reestablished. The supply
of agricultural residues is also higher duringiiddle years 4-7, and 14-17 due to lower
costs of transporting agricultural residues fror200mile radius rather than growing
energy crops within a 10 mile radius around thedfinery (and other associated land

constraints).
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Figure 4.4: Spatial and temporal distribution of havest shed — Scenario A (000 at)
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* Even though the bars in figure 4.2 and 4.3 lookstirae, note that the acreage (denoted
by the number on the right) is significantly diiet across the zones.

The results show an interesting pattern of spdigtibution of feedstocks. All available
area is allotted to only one of the two feedstoglhin a 10 mile radius (zones andz).

This appears like a corner solution within eachezoHowever, when the entire harvest
shed is considered, the solution is in fact arriotesolution. The harvest shed includes
both energy crops and agricultural residues withitb radius (zones or z3) but during
different years. The major implication of this rkgs that optimal biomass supply varies
not only spatially but also temporally. The answee the question ‘which feedstocks
would feature in the interior solution?’ is simjgled intuitive — the feedstock that has lower

delivery costs (sum of all cost components expthimigove) would appear as part of the
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Figure 4.5: Spatial and temporal distribution of havest shed — Scenario B (000 ac)
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optimal feedstock portfolio — such a cost compariand trade-off of land acreages to

either feedstock occurs in fields 10-20 mile radiusund the biorefinery (zones or z).

Substitution of energy crops with agricultural dess becomes more apparent (in the
initial and final years) in scenario B. The higlpeoportion of energy crops in scenario B
show that staggered harvesting is a preferred ctaistic while developing feedstock
portfolios since they help reduce costs and storageirements. In spite of lower material
costs, the proportion of agricultural crops is ldwe to lower yields per acre and inability
to extend harvest into winter months.
Shadow Prices

The land acreage constraints are binding onlyeil$i closer to the biorefinery i.e.

within 0-15 mile radius around the biorefinery.atls, the biorefineries could reduce
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Figure 4.6: Price premiums paid for cellulosic bionass by zone and year — Scenario A
Price Premium ($/ton)
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Figure 4.7: Price premiums paid for cellulosic biomss by zone and year — Scenario B
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biomass raw material costs if more acres were torne available within this radius.
Expanding the harvest shed area by a few acregigatent to relaxing the constraints that
are binding. The biorefinery would be indifferemteen ‘expanding the acreage by one
more acre by paying a premium’ that is equal td sagings not exceeding the shadow
prices and ‘sourcing biomass from a field fartirent the biorefinery.” See figures 4.6 and
4.7 for the shadow prices of binding land constgain scenarios A and B respectively. The
price premiums (dollars per ton) are obtained wddig the shadow price (in dollars per
acre) by the amount of biomass harvested from oreda harvest shed with any one of the
feedstocks (tons). In case of agricultural residtresyield per acre is relatively simple at
1.25 tons per acre. In case of energy crops, thadss yield from one acre would be 84
tons per acre (3.3 tons per acre in year 1; 6.3 pan acre in year 2; 10 tons per acre in
years 3 through 7; 8 tons per acre in years 8ddlan

The shadow prices are a result of land constraintise model; they are interpreted
as the maximum amount of price premium payableithier feedstock over the estimated
material prices. The shadow prices for agricultoealdues are generally higher than that

of energy crops. That is, a higher premium coulgéid for agricultural residues until the

delivered costs of both feedstocks become equttieamarginz.6 In scenario A, the
biorefinery could pay a premium ranging from $5gB8 ton of agricultural residues and
$1-2 per ton of energy crops (figure 4.6). Thesapums are warranted only for
feedstocks grown closer to the biorefinery: 0-1Gmadius for energy crops and 10-20
mile radius for agricultural residues. The premiudasline with increasing distance from

the biorefinery because of the interplay of incieg$ransport costs and varying density of

26 : : . . .
A larger premium for agricultural residues wouldinectly result in a larger output of
feedgrains as well.
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biomass (tons per square mile). The shadow prareagricultural residues are higher in
the initial years but decline gradually when largeantities of energy crops become
available. On the other hand, the shadow pricesriergy crops increase over time as the
proportion of energy crop biomass increases.

These shadow price results hold true for both seen& and B (figures 4.4 and
4.5). The main difference is with the dollar amauot shadow prices. Energy crops
command a higher price premium in scenario B bexatithe benefits of staggered
harvesting. The shadow prices are choppier foccaljural residues in scenario B, because
the reliance on agricultural residues in generaftelses in scenario B where energy crop
become more preferable.
4.6  Sensitivity Analysis

This section focuses on the impacts of relaxingorametric assumptions on the
proportion of energy crops and cost of cellulosantass raw materials. All results pertain
to staggered harvesting in scenario B. Table 4gqnts the proportion of energy crops
under different material cost (CM): $30, 33, 364 &9 per ton of energy crops and $22,

24.2, 26.4, and 28.6 per ton of agricultural resgdr hese values correspond to 10%-30%

increase in their respective material costs. Cemgfte ratio of material costs: GM

divided by CM;. An increase in this ratio corresponds to energp€ becoming more

expensive than agricultural residues (moving al@mglumn from top to bottom). When

this relative price ratio (CllI/ CMg) increased, the proportion of energy crops deexkas

The rate of substitution of agricultural residuesdnergy crops differed with the absolute
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values of material costs. For instance, the sulbistit was at a faster rate when the material
cost of agricultural residues was lower.

Table 4.7: Proportion of energy crops at differentmaterial costs (percentage) —
Scenario B

Agricultural Residues ($/ton)
22 | 242 | 26.4] 28.6
Energy crops ($/ton) percentages
30 72.9 74 80| 81
33 67 71 74| 81
36 56 64 70| 73
39 48 51 64| 70

To illustrate, consider the case where the mateasis of agricultural residue are
$22/ton and $28.60/ton. In the first case, wheretiergy crop material costs increased by
30%, the proportion of energy crops decreased #2r8% to 48% (by 24% - first column
in table 4.7). In the second case, for the sanmease in energy crop prices, the proportion
of energy crops decreased from 81% to 70% (onl$X® - last column). These results
show that the proportion of any feedstock andutssstution depends on both absolute and
relative costs of delivering alternative feedstodise ratio of material costs remain same
along the leading diagonal cells (i.e. same redgpirice ratio, highlighted by grey
background in table 4.7), the proportion of enasgps was relatively stable. Table 4.8
presents the biomass raw material costs per agailah of biofuel when the material
costs of energy crops and agricultural residesssz by 10% to 30%. The raw material
costs range between 60 and 70 cents per galloellafasic ethanol and remain in the

ballpark of estimates from previous studies.
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Table 4.8: Cellulosic biomass raw material cost (c#s per gallon) — Scenario B

Agricultural Residues ($/ton)
22 | 242 | 26.4| 28.6
Energy crops ($/ton) cents per gallon
30 60.6 61 62 62
33 63 64 64| 65
36 65 66 67 68
39 67 68 69| 70

Table 4.9 presents the impacts of greenhouse gaspum optimal feedstock
portfolio. When the GHG prices are increased frdrh ® $50 per ton of carbon dioxide
equivalent, the changes in feedstock mix are ontymal. The proportion of energy crops
decreased slightly from 73% to 69%. Hence, GHG sioms do not seem to be a major
factor determining the optimal feedstock mix or gineportion of energy crops. The
optimal biomass portfolio may not vary with reveadi®m emissions markets or the lack
of it. The differences in environmental benefitsoss energy crops and agricultural
residues may not be sufficient enough to warrardlmnative feedstock composition.

Table 4.9: Impact of higher greenhouse gas prices@ptimal feedstock portfolio —
Scenario B

Technology GHG Price Proportion of Biomass raw
($/ton) energy crops material cost
(percentage) (cents per gallon)
15 72.9 60.6
Fermentation 25 70.7 61.1
50 69.0 62.3

Table 4.10 presents the changes in energy cropgrop with an increase in the
land acreage available to source either feedsidokresults are intuitive. An increase in
the acreage of marginal lands increases the piopast energy crops (along the columns
from top to bottom); an increase in the acreageriofie croplands decreases the proportion
of energy crops (along the rows from left to riglim) either case, the proportion of energy

crops stayed relatively high at 70% or more. Thesalts reinforce that biorefineries
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would prefer a higher proportion of energy croppars of their feedstock portfolios, in
spite of higher material costs (or production cpstee advantages of energy crops include
higher yields (tons per acre) and ability to hatwes staggered manner play a crucial role

in making them an attractive source of feedstockHe biorefineries.

Table 4.10: Proportion of energy crops under diffeent land availability (percentage)

— Scenario B
Prime + Marginal cropland Prime cropland supplying
supplying energy crops agricultural residues
5% of 10% of 15% of
geographic area| geographic area| geographic area
14% of geographic area 78.6 72.0 NA
22% of geographic area 80.6 72.9 71.2
30% of geographic area 81.9 77.2 74.2

4.7 Conclusions

Cellulosic biorefineries face a challenge in depeig low cost biomaterial raw

supplies including multiple feedstocks. The biarefies use waste materials that do not

have much competing uses currently. This gives ttienopportunity to design the harvest

shed or collection area that can reduce biomassuggrment costs and ensure reliable

supply. Particularly, the biorefineries need toidedhow, where and how much of

alternative feedstocks to be grown within the harnghed. In this paper, | evaluate the

spatial and temporal design of such a harvest stegdnclude multiple agricultural

feedstocks such as perennial energy crops and kaguultural residues.

| develop a cost minimization model for a Midweaterorefinery that will use

agricultural feedstocks such as agricultural ressdand energy crops. The model is

developed to estimate the demand for these twsteeks from the biorefinery’'s

perspective. The optimization model minimize thenalative costs associated with

feedstock production, harvest, transport, storagasonal, and any environmental costs of
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choosing a feedstock. The objective is to ideritiy criteria that affect the preference for
annual versus perennial feedstocks. The choicedaetwnnual and perennial feedstocks is
important because they impose significantly diffémestrictions and planning
requirements for the biorefinery. The two feedstodiffer in terms of yield levels, yield
pattern, cost of production, and GHG emissions.

The constraints facing the biorefinery include &alae land area for sourcing
feedstock, suitability of those lands, and bionwsantity required for continuous
functioning of the biorefinery. The biorefinery dddace contractual inflexibilities with
perennial feedstocks (energy crops) because thgyeomp farmers would require long
term contracts that ensure demand for all cellalbeasmass that do not have many
alternative uses. There is flexibility in harvesgtior not harvesting agricultural residues
because the revenues from agricultural residuesrdyesecondary compared to the
primary output of feedgrains. The biorefinery hashoose the acreage where energy crop
and agricultural residues are planted. The transsts, seasonal costs and environmental
costs are modeled endogenous where they depeind @erieage decision variables. The
spatial patterns around the biorefinery and temm#aisions are included in the
optimization model.

The model parameters are calibrated for a casly &gation in Hugoton, KS
where Abengoa Bioenergy is constructing its cefliddiorefinery. The feedstock
procurement decisions are modeled using one regegse annual feedstock (corn stover)
and one perennial feedstock (miscanthus). Fordke study, the energy crops are assumed
to supply biomass over 10 years. The feedstockelsashed is divided into six concentric

circular zones with outer radii of 5, 10, 15, 20,8hd 50 miles. The agricultural residues
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are estimated to be harvested from prime croplatehding up to 12% of geographic area
around the biorefinery. The energy crops are asgumbe harvested from either prime
croplands (12%) or marginal croplands (10% of gaphic area). The objective of the
model is to minimize the cumulative discounted bassprocurement cost over the 20 year
productive period of the biorefinery. The optimipatresults show that the biomass raw
material cost would range from $0.60 to $0.70 perual gallon of cellulosic biofuel. The
energy crops are found to be preferred over thiewtural residues. The proportion of
energy crop biomass ranged from 70-80% of totdllgalic biomass quantity used over 20
year time period. Although energy crops are mogpeasive and they impose contractual
limitations on biorefineries, the benefits of enecgops’ higher density (up to 10 tons per
acre per year at its maximum production level) Wwedjin their favor. The energy crops
are preferably grown within a 10 mile radius arotimel biorefinery. Beyond that radius, it
would be cheaper to harvest agricultural residhas growing energy crops. These results
are robust to many parametric assumptions inclutfiagand area available to harvest
either feedstock.

The temporal pattern of harvest shed suggestagnatultural residues would be
used as buffer feedstock to meet where therehedage of energy crop biomass. Such
shortages happen in the initial years and middéesyehen the energy crops are being
established or reestablished. The proportion ofggnerops increased when they can offer
other benefits such as extended harvest into wigasons. Any feedstock that expands the
harvest shed could ideally be part of the biomassmaterial portfolio for the biorefinery.
The shadow prices for the binding land constrashtsw that biorefineries could pay up to

$16 per ton of additional agricultural residueséntain years depending on the location.
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This model presents shadow prices for binding Eer@age constraints that can be
interpreted as the upper bound of price premiungalga to either feedstock. The shadow
prices declined for agricultural residues over timecontrast, the shadow prices for energy
crops grew over time from $2-8 per ton. The shagdees declined as the fields are
located farther from the biorefinery. The enviromtad costs (due to GHG emissions in
feedstock cultivation, harvest and transport) assed with energy crops are not found to

be substantial to cause a change in the optimaidse portfolio of the biorefinery.
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