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ABSTRACT

Economics of Biomass Fuels for Electricity ProdoctiA Case Study with Crop
Residues. (August 2008)
Thein Aye Maung, B.S.; B.A.; M.A., Ohio University;
M.S., Texas A&M University
Chair of Advisory Committee: Dr. Bruce A. McCarl

In the United Sates and around the world, elepmiwer plants are among the biggest
sources of greenhouse gas emissions which thegggwemmental Panel on Climate
Change argued was the main cause of climate clamyglobal warming. This
dissertation explores the factors which may indeleetricity producers to use biomass
fuels for power generation and thereby mitigateitgact of greenhouse gas emissions.
Analyses in this dissertation suggest that thezevao important factors which will play
a major role in determining the future degree okkectricity production: the price of
coal and the future price of carbon emissions. Y3ine Forest and Agricultural Sector
Optimization Model—Green House Gas version (FASOME3h a case study
examining the competitiveness of crop residues,digsertation finds that crop residues
currently cost much more than coal as an electrggheration feedstock because they
have lower heat content and higher production ihguosts. For them to become cost
competitive with coal, the combined costs of prdotucand hauling must be cut by
more than half or the coal price needs to ris@adricular, for crop residues to have any
role in electricity generation either the pricecofl has to increase to about $43 per ton
or the carbon equivalent price must rise to abast$er ton.

The simulation results also show trap residues with higher heat content such
as wheat residues will have greater opportunitidsaelectricity production than the
residues with lower heat content. In addition,dhalysis shows that improvements in
crop yield do not have much impact on bioelectipitoduction. However, the energy
recovery efficiency does have significant posiiivg@act on the bioelectricity

desirability but again only if the carbon equivdlprice rises substantially. The analysis



also shows the desirability of cofiring biomasspposed to 100% replacement because
this reduces haling costs and increases the eftigief heat recovery.

In terms of policy implications, impog carbon emission restrictions could be
an important step in inducing electric power pragtado include biofuels in their fuel-
mix power generation portfolios and achieve sigaifit greenhouse gas emission

reductions.
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1. INTRODUCTION

More than a century ago the U.S. relied on enemgy fvood and other biofuel
resources for almost all of its energy needs. Tdraahd for wood was so great that by
the end of 19th century a wood shortage was engergiowever the shortage did not
become a crisis as wood reliance began to dimimitgha switch to fossil fuels. By
1940, only 20 percent of US energy came from bisfiReliance dropped even further
during the 50's, 60's and early 70's. Increaseulast in biofuels arose in the late 70’s
stimulated by rising oil prices during the “enexgisis”, with biofuels seen as a way to
protect against rising fossil fuel priéeand the political insecurity of foreign energy
supply. Biofuel related concerns and interest sldaksfollowing the sharp, mid 80’s, oill
price decline. Nevertheless, the pleas for proomodif biofuels remained and were even
emphasized (Radetzki, 1997). Today with recenprde rises, issues regarding Middle
East stability and concerns for climate changeredts to use biofuels are again on the
rise (Kolstad, 2000). Climate change concernsameulating interest as EPA (2006)
indicates that combustion of fossil fuel is consetkto be the largest contributing factor
to the atmospheric release of greenhouse gased) Wia Intergovernmental Panel on
Climate Change (IPCC) argued was the main caugbél warming.

Biofuels are generally derived from biomass and thast prominently arises
from agriculture and forestry. Use of biofuels qday an important role in reducing
greenhouse gas emissions because biomass basaeldretycle atmospheric carbon,
first absorbing it through photosynthesis thenrlegéeasing it through combustion.

This reduces greenhouse gas (GHG) emissions relatifossil fuel use which draw
carbon from the ground and release it to the athmergpcreating a net addition and
hence reduce greenhouse gas contributions to ghedrahing. This dissertation will

only focus on biomass for power generation.

This dissertation follows the style of tAenerican Journal of Agricultural Economics

! Source: Sharing Sustainable Solutions (Date unkhown
2 Increases in fossil fuel prices during the 70’'senieterpreted by many observers as importantlgeduly depletion
(Radetzki, 1997).



1.1 Research Objectives and Methodology

The goal of this dissertation is to investigate anderstand the economics of biofuels
for electricity generation as a contribution to #o®nomic analysis of climate change
and global warming mitigation. In particular thissertation strives to enhance the
understanding of current and future roles of bicteieity production as a mechanism for
reducing net greenhouse gas emissions. In purshisgoal this dissertation has three
primary objectives: 1) to analyze the prospectgteruse of biomass fired electricity
generation including current market opportunies barriers, and transaction costs and
market structure, 2) to examine the influence aeleictricity market penetration of
factors such as price of fossil fuels, vintage eaypital turnover rate for fossil and
nuclear power plants, power generation technolageiselectricity demand growth, and
3) to estimate costs of crop residue productiaheraluate its relative economic
competitiveness for electricity generation in aecsiidy setting. In terms of
methodology, the Forest and Agricultural Sectori@ation Model—Green House
Gas version (FASOMGHG) will be used to simulateifatmarket scenarios for
bioelectricity production from crop residues. FASGMG will be discussed later in

detail.

1.2 Organization

The dissertation is organized as follows. Sectigmdvides an introduction to biomass
fuels for power production and discusses the gufatsis study Section 2 overviews the
literature on the economics of biomass fuels. Issul problems related to biomass
fuels and bioelectricity generation are also diseds Section 3 explores various factors
which will influence the future market penetratioinbioelectricity production. Section 4
and the following sections empirically study thadwility of crop residues for
bioelectricity production using FASOMGHG. Methdds harvesting, production and
cost evaluation of crop residues are also desciibedction 4. Section 5 reports the
amount of residue available for power generatiesidue density, hauling distance and

delivered cost estimates. Section 6 simulatesdubioelectricity production for the case



of crop residues employing FASOMGHG under varidteraative scenarios.

Simulation results are interpreted and then commhssare provided.



2. ECONOMICS OF BIOMASS FUELS FOR POWER GENERATION
2.1 Background on Biomass Fuels

Biofuels as defined herein are any fuels that @efiem agricultural and forestry (AF)
biomass. There are many forms of AF biomass thabeaused to create energy.
Biomass can be used in creating electric powet, kd@anol or biodiesel. Biomass fuels
typically used for fueling electric power plantsh@at producing processes include the
following:
» Agricultural crop residues- corn stover, wheat straw, sugar cane bagasse, rice
straw and husks etc.
* Forest residues logging residues and salvageable dead wood alahgwiling
residues.
* Energy crops- switchgrass, willow and poplar.
» Urban wood wastes wood pallets and products of demolition.
* Animal manure and associated methane emissions.
Liquid fuels arising from biomass include,
* Bioalcohols— ethanol produced from corn and sugarcane, andameth
produced from wood, and
» Biologically produced oils- biodiesel produced from vegetable oil and animal
fats.

Since biomass feedstocks for biofuel productiontlaeeproducts or by-products
of agriculture and forestry (AF), the AF sectordl wiay a very important role in the set
of biofuel production possibilities and in subsegueductions in GHG net emissions
(Schneider and McCarl, 2003).

2.1.1 Current Market Status of Biomass

This dissertation will only focus on biomass fom@w generation. Biomass power has a

number of attributes. The biomass feedstock iswab&e; it is low in sulfur and

3 For more information on the reduction of net GHGsmions see McCarl and Schneider (1999 & 2000).



mercury. Its combustion generally adds less ndtacadioxide to the atmosphere than
do fossil fuels. Biomass is currently used as $emak for the supply of about 3% of
total U.S. energy consumption. In 2002, the U.8mercial biomass fueled electricity
generation amounted to about 9,733 megawatts (Métaliled capacity, being the
single largest source of non-hydro renewable egti(Department of Energy, 2004).
At present, residues from agriculture and foreptocessing operations are the largest
power related biomass sources. In terms of residsed, most are used to generate
electricity or process heat in cogeneration syst@oibined heat and power
production) at industrial sites or municipal distteating facilities (Larson, 1993).
Bagasse, and milling residues are the most commamercially industrial site
feedstocks with little use of other biomass feetlstdo generate electricity.

Biomass-based energy is generally not economicaltypetitive with
conventional fossil fuel-based energy. Accordingdtdl and Scrase (1998), biomass
fuels are bulky often with high water content. Fgehlity may not be predictable.
Physical handling of the material can be challegghtauling can be expensive. These
characteristics drive up the cost of biomass enexgyadditional land, labor and
equipment is required for feedstock planting, hating, transport, storage and
processing compared to conventional fuels. Moredviemass-based power plants are
relatively small in size, and they tend have highital cost. Hence, relative to electricity
generated from coal or natural gas, biomass-basedmqs more expensive on average.
Given the current economic situation, feasible ®ohbiomass tend to be those in
which feedstock is and industrial by product (galigtagasse and milling residue)
generated at the same site where electricity ggaprsystem is located. For instance,
most existing biomass-based power plants are Idaatbuilt where biomass feedstock
is cheaply available or incurs disposal costs, sscim sugar milling, wood product and
paper industries (Shakya, 2000). Biomass-basettielptants have also flourished in
the areas where electricity is more expensive thamational average electricity price
(Graham et. al., 1996; Shakya, 2000).



Another feasible option currently in use is to oe-biomass feedstock with coal
in power generating plants. This happens for séveazsons
» The capital costs for co-firing are less than thassociated with standalone
biomass power projects.
» Co-firing projects capitalize on existing genergtstations and can be operated
at the plant’s discretion. Hence the risks relavétl co-firing projects are rather
low (Hughes, 2000).
To make biomass fuels competitive with fossil fuet®netization of the environmental
attributes of biomass power (for instance, GHG siisreductions) would be required,
i.e. suppose one had to pay for emissions or wiastalsell emission reductions, then
there would be an extra benefit from using bionfasts relative to fossil fuels. McCarl
et al. (2004) show that the existence of a suhislazdrbon equivalent price applied to
net emissions would make biomass fuels competithcgeenter the market in substantial

amounts. Namely at low carbon prices, they firat thhomass fuels are not competitive.

2.2 Rationales and Incentives for Using Biomass
2.2.1 Climate Change

Concerns for climate change dominate the currevit@mmental agenda as evidenced
by the increased in published articles, sympostakghops, and other scientific forums
dealing with this issue (Adams, 1989). Climatengeis one of the most serious
environmental threats facing the world today. Rjsgtobal temperatures will bring
changes in weather patterns, rising sea levelsrandased frequency and intensity of
extreme weather events. The effects will be faliafe already felt) here in the U.S. and
internationally, there may be severe problems &apte in regions that are particularly
vulnerable to change. The main human influencelobad climate is likely to be
emissions of greenhouse gases (GHG) such as cdriyade (CQ), methane (Ch) and
other gases. At present, about 6.5 billion metnstof CQ is emitted globally each



year, mostly through burning coal, oil and gaseieergy’ The U.S. alone accounts for
about 24 percent of global G@missions.

Power plants are among the biggest sources of Ghi€s®ns in the U.S.
Currently, the electric power sector emits aboup8&ent of the total U.S. GO
emissions from all sources (EP2Q06). Burning coal produces more £@an any
other method of generating electricity, with coséd to generate more than half of the
electricity in the U.S (see Table 2.1). To redu€& €missions from electricity
generation, one solution is to switch to renewalergy sources, such as biomass, solar
and wind. Biomass accounts for only about 1.5 p#roEnet electricity generation
(Table 2.1). The potential use of biomass for gatiey power can be increased from the
current level of 1.5 percent, if some of the fofisdls used in power plants are replaced
with biomass feedstock. In turn by replacing fofiséls with biomass fuels, GHG

emissions from fossil-fired power plants can beuosdi.

2.2.2 National Energy Security

Energy security generally focuses on the threaudfien supply disruptions. In the U.S.,
concerns over energy security reached a peak dima$970s, when the nation’s
economy struggled to overcome the negative econonpacts of the "energy crisis",
experiencing inflation, high unemployment and low®growth. Today, energy

security has again become an important public iasuie concerns about high energy
prices, shortage and disruptions in oil and gaplggpdue to competing global demands
and terrorist attacks. Disruptions of energy sumplyld also occur due to extreme
weather conditions and political factors. Over plast decades, energy security concerns
were mainly determined by oil security concernst, Babst recently this traditional
concept of supply security is being expanded ttuthe other energy sources such as
natural gas (Bielecki, 2002). For example, Eurag@ies on Russia for about a third of its
natural gas supplies. As a result of the receputéesbetween Russia and Ukraine over

natural gas supplies, the flow of natural gas antemgpean nations is disrupted. This

* Source: Department for Environment, Food and Réffalirs (2005).
® Source: Energy Information Administration (2005a).



disruption in gas supplies has aroused energy isgconcerns in Europe (Simons,
2006).

Most of the natural gas consumed in the U.S. idyeed domestically. At
present, about 82 percent of the natural gas coedumthe U.S. is produced within the
country. Canada provides about 15 percent, witBrdgmt imported as liquefied natural
gas (LNG) from other countriédn contrast, only about 30 percent of crude oil is
produced domestically, with 70 percent importedrfforeign nationd.Hence, U.S.
energy security will continue to be determined rydsy the security of foreign crude
oil. However, with constant threats from terroatiacks, and unforeseen geopolitical
and severe weather events, the risks of disrupti@xisting energy supplies are high
regardless of fuel sources. To reduce supply dignug, a key factor in global energy
security is diversification (Simons, 2006). Increédsupply diversity from renewables
and alternative fuels could play an important rolpromoting national energy security
interests. In 2005, petroleum crude oil accounteahly about three percent of
electricity generation in the U.S. (see Table 2riprder to diversify fuel supplies and
achieve national energy security objectives, biaaamsl other renewables should be
used to replace petroleum crude oil and other lfasslis for electricity generation. By
doing so, not only energy security objectives camthieved but also GHG emission

reductions.

% Source: Energy Information Administration (2005b).
" Source: Energy Information Administration (2005c).



Table 2.1 Percent of Net Electricity Generation byDifferent Fuel Sources, 1990 and
2005

Fuel Type\Year 1990 (%) 2005 (%)
Coa 52.6¢ 50.0¢«
Natural Ga 12.31 18.67
Nuclea 19.0¢ 19.3¢
Petroleur 4.1¢ 3.0¢
Hvdrc 9.67 6.5¢
Biomas® 1.51 1.5¢
Geotherme 0.51 0.3¢
Sdar 0.01 0.01
Wind 0.09 0.36

Source: Energy Information Administration (2006a)

2.2.3 Higher Fossil Fuel Prices

Historically, natural gas and petroleum pricesdal dollar term have been extremely
volatile compared with the real price of coal (Fg@.1). Due to the energy crisis in the
1970s, both natural gas and petroleum prices wantansequently, the price of coal
also increased in the 1970s because of the denméfhérem oil and gas to coal in
electric power sectors. After the crisis, the @l price has gradually started to decline
to the pre-1970 level as shown in Figure 2.1.\&rage real price hovers around $1 per
million Btu. On the other hand, since the early@@te real price of natural gas and
crude oil has been increasing significantly whiglguite similar to the price-rising
pattern of the 1970s. Would electric power prodsishift toward coal again in response

to recent rising costs for natural gas and petrofzu

8 Biomass includes wood, wood waste, sludge wasaekbiquor, municipal solid waste, landfill gases,
agricultural byproducts and other biomass.
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According to the Energy Information Administrati(2007a), coal will continue
to be the dominant fuel used for electricity getierain the foreseeable future due to its
low cost. Because of the possibility of induceeiruel substitution among fossil fuels
as their prices change (Sweeney, 1984); the mpdtential of biomass fuels for
electricity generation would likely depend on thiéufe costs of carbon emission
reductions. Higher carbon abatement costs in thedicould discourage the use of
fossil fuels for electricity generation. Schneidad McCarl (2003) argue that the higher
the cost of carbon emission reduction (i.e., tlgér the future external costs of GHG
emissions into the atmosphere); the more competitie biomass fuels will be in

generating electricity.
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Figure 2.1 Average Annual Real Fossil Fuel Price4965 to 2006
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2.3 Government Support, Policy Choices and Incentives

Electric power plants emit large quantities of L8O, (sulfur dioxide) and NQ
(nitrous oxide) that contribute to three major eanmental problems: acid rain, urban
air quality, and global climate change. The emissiof these pollutants result in
negative externaliti@svhich are often viewed as examples of market failin the case
of the electricity market, market failure occurs@ese the market price of electricity
does not reflect the true cost of generating ettty i.e. the market price fails to
include pollution costs. The effects of externadityd market failure can be seen in
Figure 2.2, which depicts the electricity markdteTdemand for electricity is shown by
the demand curve D, and marginal private cost ofipcing electricity is denoted as
MPC. Since both the cost of pollution and the cdgjenerating electricity are
considered by the society, the marginal social @dSC) will include both of these

costs.

Electricity Price MSC
(dollars per uni

External cos
b MPC
P.

Po

Quantity
C Ci Qo

Figure 2.2 The Effect of an Externality on the Demad for Electricity
Modified from Tietenberg (2006)

° Externalities occur when one person's actions a#fiecther person's well-being and the relevanscast benefits
are not reflected in market prices.
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In a competitive market setting, if the electrictee faces no emission control, it
will produce @ amount of electricity at pricepP But, a resource allocation is inefficient
at the point “a”, because the societal costs digoh are not considered. Therefore,
market failure occurs. As long as this externat @xists, the electric industry will be
reluctant to allocate its resources and operagdarst to maximize social welfare at the
point “b”. To correct the market imperfections doeexternal costs, some sort of outside
intervention is needed. In this case, the governrcam help internalize the external
costs by using different policy options. The cutrelectricity prices in the U.S. or other
countries could fall somewhere betwegraRd R, depending on which environmental
policy options are employed. For example, as atre$more stringent carbon emission
regulations, electricity prices in Europe couldhgher than the prices in the U.S.

If the current electricity prices were to reaghtlien electricity generated by
biomass would have become cost competitive withetbetricity generated by fossil
fuels, since all the external costs of pollutioa flly internalized at the point “b”. The
competitiveness of biomass fuels for power genamatiill critically depend on the
implementation of government’s environmental pekcwhich internalize external costs.
Currently available policy options used to promioiemass and other renewables

throughout the U.S. and other nations are deschieémlv.

2.3.1 Public Utility Regulatory Policies Act

The Public Utility Regulatory Policies Act (PURPARs a law passed in 1978 by the
U.S. Congress as part of the National Energy Aetak passed in response to the
unstable energy climate of the late 1970s and weetrto encourage a shift from fossil
energy to renewables. According to Joskow (2008l Tof PURPA required states to
determine whether they would introduce new prigimgchanisms to encourage more
efficient utilization of electricity. Title Il of BRPA obligated electric utilities to
purchase power from cogeneration plants and sroalepproduction facilities using
renewable and waste fuels. PURPA created a masketdependent power (i.e. non-

utility) producers requiring electric utilities furchase surplus electricity from these
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non-utility producers at a price equal to the ti¢i§i' avoided co8t of producing

electricity (see Bain et al., 2003). As a resulpa$sing PURPA, Bain et al. (1998) have
indicated that the period from 1973 to the predastshown a dramatic increase in
biomass energy use, especially in thermal andredatapplications of wood residues.
The wood processing and pulp and paper sectorsraeahout 70% self-sufficient in
energy in this period.

However, some power purchase agreements that wguiated under PURPA
in the 1980’s are no longer available today duleigh avoided cost rates which result in
significant costs to consumers as electric utdipassed through the costs of PURPA
power (Darmstadter, 2001). Because of high avoadestls, a number of plants have
closed as their power contracts come up for renélvedse plants could be competitive
in today’s environment using low cost waste anddtesfuels if their efficiency were
much higher. This has been demonstrated in the Haugar industry where the sugar
mill power plants operate for a major part of tiearyas combined heat and power
(CHP) installations (Overend, 1997; Bain et al980 In any case, under PURPA,
electric utilities were encouraged to invest incéht boiler technologies that resulted in
a competitive rate of power generation. For insta@verend (1997) and Bain et al.
(1998) suggested that low-pressure boilers weres\aically replaced by higher-
pressure boiler systems of larger capacity in #reod 1960 through 1980 as a result of
PURPA.

2.3.2 Renewable Portfolio Standard

A Renewable Portfolio Standard (RPS) is a policyetigped by the Clinton
administration during 1999 that requires a reti@ticity supplier to include in its
electricity generation portfolio, a certain amouohelectricity from renewable energy
resources. Retail suppliers can meet this obligdiypeither owning renewable energy

facilities which produce their own renewable powepurchasing power from eligible

10 Avoided cost is the cost the utility would havetirred had it supplied the power itself or obtaiitétbm another
source. Avoided cost is simply the price at whinhegectric utility purchases the output of an inelegient power
producer.
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generators. The RPS policy is generally designadctease the contribution of
renewable energy to the electricity supply mix @adjoal is to ensure that some
minimum percentage of generation originates with-hgdro renewable energy sources
(Darmstadter, 2001; Wiser et al., 2005). It aldaldshes numeric targets for renewable
energy supply and applies those targets to rd&trecity suppliers. Penalties will be
imposed on those suppliers who fail to meet themiewable energy purchase
obligations.

To add flexibility and reduce the cost of meetihg tequirement, tradable
renewable energy certificates (TRECS), also knosvgraen certificates or renewable
energy production credits (REPC), can be used &gtippliers to track and verify RPS
compliance (Langnissa and Wiser, 2003). A TREGeated whenever a unit of
renewable energy is generated. This is purelyantiral product and can be traded
separately from the underlying electricity genenmatimuch like tradable emissions
permits (Mozumdera and Maratheb, 2004ser et al., 2005). The main difference
between RPS and PURPA is that RPS allows elegtsappliers flexibility in how to
meet specific targets for the supply of renewahblergy. It is expected that an RPS will
lead to strong motivations for cost reduction. Li@isga and Wiser (2003) have argued
that RPS policies have been established by legislat 10 U.S. states, and in Australia,
Austria, Belgium, Italy, and the United Kingdom tlittle experience has been gained
with the actual operation of the policy. Noneths]e¢bey have pointed out that emerging
experience from the state of Texas demonstratéstvall-crafted and implemented
RPS can deliver on its promise of strong and cfistive support for renewable energy

with a minimum of ongoing administrative intervemtiby the government.

2.3.3 System Benefit Charge

According to National Renewable Energy Laboratdgi{akken, 2006), a System
Benefit Charge (SBC) is a small fee added to aotost’s electricity bill used to fund
programs that benefit the public, such as low-ine@nergy assistance, energy
efficiency, and renewable energy. SBC is a wayottect funds from electric customers

and support renewable energy projects. There astai®&s with SBCs through which a
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portion of the money will be used to support rengleraesources. Together, these states
will collect about $4 billion in funds to suppognewable resources between 1998 and
2017. SBC funding has supported the developmenddfMW of generating capacity
(see Aabakken, 2006).

2.4 Emergence of Green Power Markets

Green power refers to all form of electricity prodd from renewable energy sources. In
order to increase green power capacity, a markejré®en power needs to emerge. At
present, the green market has been relatively smaikasing environmental and energy
security concerns are main reasons for the devedapof green markets. Green power
marketing takes advantage of environmentally cansccustomers who are willing to
purchase and pay a premium for electricity supdbgdenewable energy sources (Wiser
and Pickle, 1997). A small number of U.S. utilitiegegulated electricity markets began
offering green power options to their customerthmearly 1990s. Since then, these
green products have become more prevalent, bath dgitdities and in states that have
introduced competition into their retail electnciharkets. Currently, about 600 utilities
or 20% of utilities nationally offer green powelograms to customers in 34 states (see
Bird and Swezey, 2006).

As indicated in Bird et al. (2002), green power kediprograms can provide
renewable energy developers with access to aniadairevenue stream to cover the
above-market costs of generating electricity fremewable sources. These programs
allow customers to buy some portion of their posiguply as renewable energy at a
higher price. Consumers can also support reneveaddagy development through
TREC purchases regardless of whether they havesataca green power product from
their retail power supplier and without having waitsh to an alternative electricity
supplier. At present, a few dozen companies agtinelrket TRECs to residential or
business customers throughout the U.S (see Birdsamzey, 2006).

Wiser and Pickle (1997) argue that green poweioffased new market
opportunities for renewables, causing some to stggat public policies supporting

these technologies will no longer be needed. Badabse renewable energy provides
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public goods, few customers will voluntarily purskagreen power and most will instead
free ride on others’ participation. Since the béaeff a public good cannot be captured
solely by the purchasing customer, economic theaggests that consumers have
incentives to free ride the benefits of the pugbod rather than contribute to it. If
individual consumers free ride on rather than dbuate to public goods, then they may
be unwilling to pay a premium for green power. T$itsiation constitutes a market
failure and is often a rationale for governmengéimméntion (Rader and Norgaard, 1996;
Wiser and Pickle, 1997).

Bird et al. (2002) indicate that the market pen&trarate for green power in the
U.S. is about 1%, i.e. only about 1% of utility tareers participate in green power
programs. There has been little growth in greengr@ales to residential customers in
competitive markets in the U.S. Most recent groladk been fueled by green power
sales to large, non-residential customers, patiipsHetween marketers and utilities,
and sales of TRECs that do not require custonoeswitch suppliers. In contrast, about
13% of residential customers in Netherlands hawseh green power. The relative
success of the Dutch market can be explained,rinipaaggressive marketing
campaigns by utilities and marketers, a restruatupolicy that has allowed early access
to retail green power suppliers and tax exemptiongreen power purchases (see Bird
et al., 2002).

In order to reach a higher market penetration green power would have to be
aggressively marketed in the U.S. Policies andnitiee programs set up to boost the
market for renewables also will play a key roléhia development and success of the
markets. However, the ultimate success of greeketgrests on consumers’
willingness to pay for green electricity and thdigbof power providers to offer the

availability and benefits of green power optionststomers.

2.5 Barriers to Biomass Power Generation

The key challenges facing biomass for electricégeyation are to commercialize high
efficiency generating plant and to secure sustdnsigpplies of relatively low cost

biomass feedstock. As indicated in studies (see®éf Technology Assessment, 1995;
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Sathaye and Bouille, 2001), a key barrier to theetigpment of bio-energy markets is
the “chicken and egg” problem. For example, farncarsot afford to grow and supply
biomass feedstock in a sustainable way unlessriel@ower conversion facilities are in
place to purchase it. Power conversion faciliti@snot be built unless biomass
feedstock is constantly available and end-use m#&skeady. An end-use market is
difficult to develop without assured supplies of fieedstock. Due to the lack of
infrastructure development and integration atredke levels, the potential market
growth for biomass power has not been able tozeallrhere are many barriers that
currently and potentially impede the developmerdugdply and demand markets for
biomass feedstock. These barriers include techiwabligarriers and institutional

barriers.

2.5.1 Overcoming Technological Barriers

To overcome the technological barriers, two systefriechnologies need to be
developed. (1) On the biomass supply side, teclgrddor biomass feedstock supply
systems need to be improved, and (2) on the desidadthe biomass power-generation

technologies also need to be developed and impriseedthe current situation.

(1) Technologies for biomass feedstock supplyesyst
Technological advancement in the following systeviisbring down the cost of
biomass feedstock supply
* Production— cost reductions are needed through increaseglisyor input
efficiency.
» Harvest and Collectior- a new form of bulk harvesting and collection sysie
is needed in order to decrease the cost of hangeatid collection.
» Storage— improvements are needed in the areas of feedgtoalky and

monitoring, dry storage systems, and wet storagteBys.

11 Source: Department of Energy (2003).
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Reprocessing- technical barriers such as low bulk density, costibity, and
variability in physical and chemical characteristaanong others impede the

ability to deliver high-quality, low-cost biomass.

(2) Biomass power-generation technologies

The cost of power generation from biomass can batlyrreduced if the conversion

technologies are developed and improved for tHeiahg generation systerifs

Conventional steam cycle plantbiomass is burned in an excess of air to
produce heat which is in turn used to raise higlsgure steam in a boiler. Many
types of biomass contain alkali metal species:wsadpotassium, and calcium.
And the combustion products of these species, idl@sy silicates, etc. can form
deposits on heat transfer surfaces reducing readfer, and thus, overall plant
efficiency.

Gasification— biomass can be converted to a clean-burning gas#m be used
to power gas turbines. In the longer term, gadificatechnologies hold the most
promise for the next generation power generatifiniefcy improvements from
combined cycles and fuel cells.

Co-firing — biomass can replace a portion of the coal us@tdaduce power in
an existing power plant. But, when biomass is cedfiwith coal (even in small
percentages), alkali species can change the prepeftthe resulting mixed ash,
which can have a significant impact on the coahdaoperating and
maintenance costs or even operability.

Pyrolysis— biomass is heated rapidly in a high-temperaturggen-free
environment, converting it into a liquid fuel (baah as well as other products.
The bio-oil can then be used to generate heat laattieity by combustion in
boilers, engines and turbines.

On the supply side, biomass energy systems haaeexhnical barrier the cost

of producing, transporting, preparing and procesbiomass feedstock. To be

12 5ources: European Network of Energy Agencies (Daksmown), Pioneer Valley Renewable Energy Collative
(2007), and Bain et al. (2003).
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economically competitive, new production technodsgand methods must be
developed. Bain et al. (2003) point out that haiags preparation, transportation, and
feeding of a variety of biomass feedstocks thasarable for power production must be
demonstrated, and new methods developed for reglecosts and energy requirements
must be verified. This will reduce the deliveredicof feedstock to the power facility to
a level more competitive with fossil fuels as wadlincrease the return to the farmer
producing the biomass.

On the demand side, current biopower generatiotesyssuffer from poor
efficiencies (see Wiltsee, 2000). To improve tHericies of power generation,
technologies described above need to be develaopkorgroved. The development of
power generation technologies will significantlgoee biomass power generation costs.
As discussed in Bain et al. (2003), the advancemiibmass power generation
technologies can be impeded by barriers that denwotve technical issues.
Technological progress that improves performandaareases system efficiency can
give opportunities to deployment. However, marketgh ultimately depends on

overcoming the institutional challenges.

2.5.2 Overcoming Institutional Barriers

In order to successfully create bioenergy marketsta implement biopower
technologies, institutional issues such as regatmancial, infrastructural, and
perceptual have to be overcome (Costello and Hint@98). The regulations in the U.S.
that control the emission of pollutants such ags&@ NQ are rapidly tightening under
a variety of cap and trading schemes. These regutamay work as a potential blessing
to biopower because technologies such as co-finayg improve electric utilities’
emissions profiles in SCGand NG (Bain et al., 2003). In the future, it appearelykthat
regulations to restrict carbon emissions will cante effect through the Kyoto Protocol
in the form of tradable carbon permits as more fgebpcome involved in fighting
against global warming caused by the increasingeaamation of GHG in our
atmosphere. This potential regulation of carbonssians will be of advantageous for

biomass fuels to be cost competitive with fosséll$u
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The main concern for firms entering into new biombssinesses and offering
biomass feedstock products to the marketplaca@nbing. Given the uncertainty and
policy dependent nature of biomass market conditioew firms will incur a significant
amount of entrance costs. As suggested in Costetid=innell (1998) capital and
financial markets generally perceive the deploynoémew emerging biopower
generation technologies as involving more risk testablished technologies such as
coal-fired power generation technologies. The highe risk, the higher the rate of
return demanded on capital thus impacting theofitevestment in these new emerging
technologies (Costello and Finnell, 1998; SathaykBouille, 2001). Due to the
perceived uncertainty and risk, most private esgisuch as commercial banks and
others are not willing to provide loans or fundsreest in biomass related businesses
that could be financially viable and in additioaduce carbon emissions. Hence, they
constitute failures of capital and financial maskéstat must be overcome to reach the
level of economic potential (Sathaye and Bouil@QD). In contrast to private
institutions, who are primarily concerned aboutrisk-adjusted financial return,
Sathaye and Bouille (2001) argue that governmestitinions are expected to provide
funding to evaluate desirability of investmentsiwider context of the well-being of the
whole society, including costs and benefits thats@ntities impose on others. The
future success and survivability of biopower indystill likely depend on the
government stringent policies aim at reducing cardmissions from coal-fired power
plants.

In the U.S., sophisticated infrastructures haveaaly been developed for the
supply and distribution of conventional fossil feisuch as coal and natural gas. For
instance, coal and natural gas can be gatherettamsported efficiently via developed
railroad systems and pipelines. But, similar intinastures do not exist for the supply
and distribution of biomass feedstock. As mentioimeBain et al. (2003), currently
biomass feedstock supplies are dominated by lowresglues streams consisting of
materials generated by industries that processdserfor fiber or food uses such as

paper mills, lumber mills, sugar mills, etc. Otleeonomic activities like agriculture,
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urban construction and demolition, waste generatlea dominate the supplies of
biomass. In the future, a dedicated feedstock supysitem based on crops such as
poplar, willow and switchgrass could dramaticabpand the availability of biomass for
energy generations. Developing a sustainable bisrfegsistock reserve program of
these woody crops and perennial grasses could@elpve some infrastructural barriers
related to the cost and supply of feedstq€ksstello and Finnell, 1998). Another
problem associated with the supply technology siftacture concerns the distance for
the economic collection and transportation of fgeice collection and transportation of
biomass feedstocks to processing points and gemgiiatcostly and limits feedstocks
for most projects to within a 50-mile radius (Bainal., 2003).

The public’s perception that biomass technologyasa green energy source can
limit the acceptance of biomass power projects.ofding to Oregon Biomass Market
Assessment Repdtt public tends to see burning biomass as produminigsions and
view wind and solar as cleaner, more preferredrteldyies. In addition, for wood
biomass there are concerns among publics that @xedsrest thinning might have a
negative impact on wildlife habits and on soil avater quality. These unfavorable
perceptions are due to a lack of understandingebterall benefits of biomass
technologies and could incur significant amountasts and risks to any development of
biomass program. Furthermore, the report from Qrdgjomass Market Assessment
asserts that the fossil fuel industry has a staordyeffective lobbying effort to gain
political support; the biomass industry is relayweeak in comparison. In order to
overcome the negative perceptions held by the pablout the biomass technology,
considerable education efforts and demonstratidifo@irequired to inform them about

the benefits of biomass energy.

2.6 Economics of Demand and Supply for Biomass Feedstac

The potential for market penetration of biofuelsdtectricity generation will depend on
the development of biofuel markets at differenels\of production processes. In

Bsource: Energy Trust of Oregon (Date unknown).
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general, farmer’s supplh\s{g) and electric industry’s demanb,§) functions for biofuels

can be written as follows:

(21) SFB =f (PB , pFossiI IE)AIter, |5Landuse, Techbrod , SUb:B)
(22) DIB =f (lE)B, PFossiI, TaXFossiI, TéCI’bonver, POIy, GE)

Negative and positive signs indicate the relatiggsbetween dependent (left-
hand side variables) and independent variableBt{hignd side variabledys is the price
of biofuel. It will be positively related to thgg, but negatively related to tii®g. On
the supply sideRr.ssii represents the price of oil and natural gas whrehused as inputs
in the production of agricultural outputs such eduels. The one-to-one relationship
betweerPrqssiandS=g and is undetermine®aier captures the price of the best
alternative use of the biomass as feed or erosiatra in the case of crop residues. The
higherPaier, the lower thesg. PLanquselS the opportunity cost of using farm lands for
biomass fuel production. A snquselises, thesg will decline. Techyoq is denoted as the
rate of technological improvement in the productdtviomass crops. As technology
improves, theésg will increase Sulyg is the farm subsidies provided by the government
to support biofuel industry. The highBulyg, the higher th&:g.

On the demand sidBr.ssj Captures the price of alternative fuels such as, ol
and gas. The high&ssj, the more competitive is the biofuels and the érgheDs.
Taxossil Fepresents the external costs of using fossikfureposed on power producers. It
is assumed to be positively related toBhe Techonveris denoted as the rate of
technological improvement in fuel conversions. ifgtance, improvement in biomass
conversion technology will reduce conversion casid enhance the efficiency of
biomass power generation. The one-to-one relatipristweenTecltonverandDig and is
undeterminedPoly is a policy variable which requires power prodsderinclude in its
electricity generation portfolio, a certain amouohelectricity from biomass or other
renewable energy resourc@aly is assumed to have a positive impact onjge And
finally, Ge is defined as growth in power energy sectors dueebnomic and population

growth. It is assumed to be positively relatetheD,g.



23

2.7 Economics of Biomass Fuel Production

The whole process of biomass feedstock producsi@mown in Figure 2.3. Biomass
feedstocks are produced and priced at two levatm fevel and industry level. At the
farm level, biomass feedstocks are produced, headesd collected. Harvest and
collection includes gathering and removing bionfassistocks from farm land. The
price of feedstocks at the farm leveg£Pin Figure 2.4) includes harvest and collection
costs plus the net return to the farmer. Beforaiogrthem in the power plant, biomass
feedstocks have to be picked up at the farm gatesported and preprocessed.
Preprocessing may include one or a combinatioewéral size reduction, fractionation,
sorting, and densification (Sokhansanj and Fer0686). Thus, the price of bio-
feedstock at the industry levelg{Pin Figure 2.4) includes farm level costs (i.gr P

plus transportation, processing and storage costs@ame net return to the feedstock
suppliet* (Sokhansanj et al., 2003). The difference betvgefuel prices at the
industry and farm levels (i.eglP — Rsr) reflects transaction costs that firms must pay to
acquire biofuels for electricity generation. Prakemue to high transaction costs, the
price of bio-feedstock at the industry level istased to be higher than the price of

fossil fuels such as coal (i.egP> P- in Figure 2.4).

Biomass Productiof> | Harvest and Collectign® | Transport > | Preprocessing | Power Plant

Figure 2.3 Biomass Feedstock Production Process

14 Feedstock suppliers responsible for procuringélggiired amount of biomass for power generatioraget
middleman between farmers and power producers.
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Figure 2.4 Bio-feedstock Prices at the Farm and Ingstry Levels as Compared to
Coal Market Price

2.8 Transaction Costs

One of the key requirements for making biomasssfuempetitive is to narrow the gap
between B and R, that is to minimize the transaction costs. Tpamtation costs
could comprise a significant portion of transactmsts because of the low bulk density
of biomass. As distance traveled increases betWweefeedstock producers and
biopower generators, so will the transportatiort€ds order to minimize the costs of
transportation, both parties must locate near edtodr. Reducing the costs of collection,
processing and storage are also important in makimgass feedstocks competitive and
in developing efficient infrastructure capable opplying large quantities of feedstocks
to biopower facilities. Any future reductions irette transaction costs would depend on
the advancement in the efficiencies of biomassdsing, collection, transport and

processing technologies.

2.9 Market Structure

Overall market structure for electric power industrdescribed in the following Figure

2.5. Farmers are responsible for growing and progdube required amount of
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feedstocks that biopower producers need for etgtgtigeneration. On the other hand,
biopower producers purchase the necessary feedsmdikh need to be processed
before burning them in the boilers for electrigggneration. This section will only
focus on the relationships between farmers andduwep producers.

IFeedstock Producers (Farmgrs)  [Fossil Fuel Producers

i i

Biopower Producefs IFossil Power Producers

~

IPower Distributorls

i

Consumels

Figure 2.5 Market Structure for Electric Power Industry

Reducing transaction co$twill play an important role in the structuring laib-
feedstock and biopower industries. The transactietseen these industries can be
organized in three ways: spot markets, contract®urcal integration. Should the
transactions between farmers and biopower prodieegoverned by spot markets for
the purpose of minimizing firms’ internal structucasts? Or should they be governed
by long-term contracts or vertical integrationfds been shown that (Williamson, 1985;
Joskow, 1985 and 1988) increasing the degree ef apscificity leads to longer term
contracts: with a very low degree of asset spetjifac market-based governance

structure (i.e. a spot market) is preferable; havewith a high degree of asset

15 Transaction costs within firms include costs ofatégfing, writing contracts, monitoring, enforcirapd breaching
contracts.
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specificity long-term contracts or vertical intetjpa is preferable because the hold-up
problem (i.e. the possibility of ex post opportuisidehavior) might arise. There are
four different types of relationship-specific inteent (Williamson, 1983; Joskow,
1988) which is helpful for identifying and measuritne degree of asset specificity.
They are:

Site specificity: seller and buyer are in closegbtd proximity to each other,
reflecting ex ante decisions to minimize inventdrgnsportation and processing costs.
For instance, coal power plant and coal mine alieetately located next to each other
to minimize costs.

Physical asset specificity: when one or both pamiake investments in
machinery and equipment that are specific to asettansaction and which have lower
values in alternative uses. For instance, theieffay of boilers in a coal power plant
can be increased if they are designed to burn fgptype of coal. But this implies that
they are less efficient if they burn coal with difhg heat, sulfur and moisture content.

Dedicated assets: general investments by an imyppiisr in capital to meet the
demands of a specific buyer. If the contract imteated prematurely, it would leave the
supplier with significant excess capacity. Foramste, the coal mine would not be built
but for the promise of purchases from the nearlwyepglant.

Human-capital asset specificity: the accumulatibknowledge and expertise
that is valuable specifically to a particular tracison. Specific knowledge and skills and
information accumulated over a period of time bermting in a coal-fired power plant
or a coal mine can be described as an examplenshimcapital asset specificity. These
accumulated knowledge and skill may have littlareadutside of this economic
relationship.

Relationships between farmers and biopower produoery be characterized by
a high degree of site specificity, since they niosate near each other to minimize
transaction costs especially transportation castaddition, the biopower technology
may be characterized by a high degree of physgs#taspecificity. As mentioned in
Choiniere (2004), the quality of biofeedstocks dowsry from one place to another due
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to the quality of soil, cropping practices, and thimate and altitude in which they are
grown. The efficiency of biopower plants can be@ased if they are designed to burn a
specific type of bio-feedstock. However, they W less efficient if bio-feedstock with
differing energy, moisture and nutrient contentssed. Thus, biopower producers
would need greater specialization in biopower gath@n technologies and this means a
high degree of physical asset specificity on theegator’'s investment (see Choiniere,
2004).

Most investments required for developing a new lassnindustry may be
characterized as dedicated assets. As indicat€tlamiere (2004), farmers are not
likely to begin production of biomass crops suclwichgrass and willow without the
assurance that a biopower facility will be buili@cure those crops, and biopower
producers are not likely to construct a power fgcwithout the assurance that farmers
will produce the required crops. Once an agreernsaached between farmers and
biopower producers to develop the project, farmeay have to dedicate all their
physical and human assets to the production of &snerops that have little value to
any other users than the producers of biopowerebiar, any knowledge and skills
gained in the production of these crops may hditle lialue to other industries outside
of the transactions. Hence, investments made ibitlraass industry may also have a
high degree of human-capital asset specificity.

Due to the presence of relationship specific invesits, the degree of asset
specificity will be high between bio-feedstock puedrs and biopower generators as
discussed above. This suggests that for thesetnnekigertical integration or long term
contracts will be preferred to spot markets. Hosveaccording to Choiniere (2004),
uncertainty in agricultural production due to chesigh weather and growing conditions,
and uncertainty in markets for biomass resourcggest that it may be difficult to
develop a contract which allows for the adjustnadriiio-feedstock price that accounts
for the various forms of uncertainty. To inducenfier participation in the biomass
industry, biopower generators should offer congraesigned to protect farmers from

exposing to risks. By offering the right contraafisich align with the interests of
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farmers, biopower producers can not only proteeir tinvestments, but also assure
adequate supply of feedstock (Choiniere, 2004).

Because of the uncertainty and high transactiotscossearch findings from
Choiniere (2004) suggest that currently biopowdustry may not be profitable. In any
case, because society as a whole can benefit fmproved environmental conditions
such as reductions in air pollution and GHG emissithe government should support
the industry by using various policy measures. feasncan also benefit from an increase
in their income because of a new developing bialdemck industry.

2.10 Policy Options

As suggested in equations (2.1) and (2.2), the etitneness of bio-feedstock industry
may depend on government policy choices. FigurellR€rates the impact of two
policy options (a subsidy given to farmers for f@edk production and a carbon tax
imposed on coal suppliers) on the bio-feedstockkatarA farm subsidy will reduce the
costs of feedstock production and shift the fared&ock supply curve downward (i.e.
from Sgto Sgg in Figure 2.6a and b). This will result in a dexse in bio-feedstock
price and an increase in quantity of feedstock kegoth at the farm level and at the
industry level. As shown in Figure 2.6a and b, fdexlstock price will drop fromdg. to
PsrL at the farm level and fromgP? to P, at the industry level. Quantity of feedstock
supplied will increase from g2, toQ'sr. at the farm level and fromgQ toQ’,. at the
industry level.

Again, differences betweenP and RBr_ (without subsidy), and &' and RsrL
(with subsidy) reflect transaction costs that pofirens must incur to obtain the required
feedstock to generate electricity. It is assumeigure 2.6b, that a certain amount of
government’s farm subsidy could make the bio-femtsprice drop to a point where it
is equal to the market price of coal (i.eP* Pc). A carbon tax imposed on coal
suppliers will increase the costs of coal producaad shift the coal supply curve
upward (i.e. from &to Sc in Figure 2.6¢). This will result in an increasecoal price
from P-to P and a decrease in the quantity of coal suppli@ahiQ-to Qc. Itis

assumed that because the government imposes darbon coal suppliers, the price of
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coal will rise to a point where it is equal to thesubsidized market price of feedstock
(i.,e. Pc =R in Figure 2.6b).

Industry Leve
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Figure 2.6 The Impacts of Farm Subsidy and Carbon @x on Bio-feedstock Market

Both policy options will make bio-feedstock econoally competitive with coal.
A subsidy will make both the farmer and the bioppp@ducer better off because of a
reduction in the feedstock price and an increaskamuantity of feedstock supplied.
But, the government will be worse off in terms efenue. On the other hand, a carbon
tax imposed on coal suppliers will make bio-feedstmore cost competitive and
increase the government’s revenue. But, coal prrduand fossil power generators will
be worse off as the price of coal rises and thatijiyeof coal supplied dwindles.
Another option the government can use is to enfarpelicy such as RPS (Renewable
Portfolio Standard) which requires power produt¢ergenerate a certain amount of

electricity from renewable energy resources.
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2.11 Improvement in Feedstock Production and Conversiof echnologies

Technological improvement in feedstock productibtha farm level will increase
feedstock yield as shown in equation (2.1) aboves Will shift the farm’s feedstock
supply curve (&) to right and result in a decrease in feedstoatepand an increase in
guantity of feedstock supplied. On the demand sidesuggested in equation (2.2)
above, improvement in fuel conversion technology mamay not affect the demand
for feedstock (L), as power generators have opportunities to chbeseeen either
bio- or fossil-fuels for electricity generation.v@n that fossil-fuel conversion
technology is more developed and efficient thamaiss conversion technology, power
generators will not have incentives to choose Hlsffior power generation, unless
carbon emissions are highly restricted. This ingptleat future technological
development in biopower industry will not only dedeon the government which use
various policy measures to promote biopower amgstrict carbon emissions, but also

on the public awareness of negative consequenagstudl climate change.

2.12 Summary

Today, the main reason that stimulates the intefassing biofuels for electricity
generation is concerns for global warming and dem@ange. National energy security
may not be an important factor in inducing the ofskiofuels for power generation,
since petroleum crude oil only accounts for 3%hef ).S. electricity generation and
most of the required fuels used to generate ebifgtare available within the country.
Due to the possibility of inter-fuel substitutioasiong various fuel sources in electric
sectors, increase in oil and natural gas pricesraksy not be an important factor in
motivating power generators to switch to biomass.

As indicated, there are various technological astitutional barriers that
prevent biofuels from entering the fuel-supply cisafior power generation. The costs of
overcoming these barriers would be tremendouslly,gaking biofuels for power
generation economically uncompetitive. Because bssrand other renewable power

industries provide public goods, their economic/sability will depend on
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governmental support through subsidy and othecpohieasures such as PURPA, RPS
and SBC as discussed above. Consumers’ willingogsay will also play an important
role in creating niche markets (the so-called gg@amer markets) for biomass and other
renewable energy.

For biofuels to become cost competitive with fofisdls, transaction costs
between and within firms must be significantly reed. Incentives to reduce biofuel
transaction costs and to increase biofuels’ shraedectricity production need to be
created. These incentives may come from governnestrictions to regulate GHG
emissions which may take effect through Kyoto Reotan the form carbon trading.
Using various literatures, this section provideskgaound information on biofuels for
electricity generation. Economics of biofuels isalissed in details which help facilitate

the understanding of biofuel market status in elgty generation.
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3. FACTORS INFLUENCING BIOELECTRICITY GENERATION

To determine what role biofuels can play in theifatof electric power generation, one
needs to explore the influence of a number of faataluding: the price of fossil fuels,
the rate of turnover for existing fossil power gkrelectricity demand growth, and
changes in technologies which could facilitateuke of biomass as fuels for electricity

generation.

3.1 Electricity Generation Using Various Fuel Sources

In recent years, the largest share of US electrggneration has been from coal (Figure
3.1). Net electricity generation from coal was @athbb5 billion kilowatt hours (kWh) in
1950. By 2004, it had increased to about 1,954bhilkWh. Generation from nuclear

and natural gas has also increased as indicatbé figure. On the other hand, the use
of petroleum to generate electricity reached iskga 1978, about 365 billion kwh but
has fallen since due to the energy crisis in thE#3%%nd subsequently concerns over the
costs and future supply of petroleum. Figure 3sb atdicates that electricity generated
by using biomass fuels has been small. From 20Q@00@d (see Table 3.1), average
electricity generation from biomass was only al#fubillion kWh as compared to about
1,929 billion kwWh from coal.

3.2 Challenges from Fossil Fuels and Nuclear

Currently, biofuels for power production face sasahallenges from fossil and other
fuels. The future costs of carbon emission reduastwill likely help shape the changes
in fuel mix used to generate electricity. Powerduwers could be induced to include or
use more biomass and other renewable and lessreantemsive fuels in their fuel mix

portfolios as costs of carbon emission rise. M#ituel scenarios are discussed below.
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Source: Energy Information Administration (2006e)

Figure 3.1 Historical U.S. Electric Power Sector Ectricity Net Generation by Fuel
Type in Billion Kilowatt-hours, 1950-2004

Table 3.1 Electric Power Industry’s Electricity Net Generation from Various Fuel
Sources (in Billion Kilowatt-hours)

Year Coal Nuclear Natural Hydro Petro- Biomass Geo- Wind Solar
Gas leum thermal

2000 1,943.11 753.89 517.98 271.34 105.19 29.22 0914. 559 0.49
2001 1,882.83 768.83 55494 213.75 119.15 27.78 7413. 6.74 0.54
2002 1,910.61 780.06 607.68 260.49 89.73 29.19 914.410.35 0.55
2003 1,952.71 763.73 567.30 27151 113.70 30.37 4214. 11.19 0.53

2004 1,953.97 788.56 618.60 264.50 11248 29.35 3614. 14.15 0.58

Source: Energy Information Administration (2006e)
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3.2.1 The Case of Coal

Today, electricity generation consumes more th&n 80the coal produced in the U.S.
Coal production has increased tremendously ovepaisetwo decades (Figure 3.2).
Increasing productivity in mining ensures that owdl likely remain cost competitive
with other fuels. However, the problem with coalhat it contains the highest amount of
carbon per unit of useful energy (see Figure ABpresent, the single largest source of
carbon dioxide (Cg) emissions comes from the coal use in the eleptwer industry
(EPA, 2006). Table 3.2 shows that £€nissions from coal-fired power plants have
been rising. The increase in gé@missions is especially pronounced after therakep
shocks of the 1970s, as electric power produceitstssd to coal from oil. The
increasing atmospheric GContent is a major global warming concern. Coaefir
power plants also emit a substantial amount otisalioxide (SQ) and nitrogen oxide
(N20), both of which can produce acid rain and otlalupants which can harm the
environment.

The current market price of coal does not refleetdosts of carbon emissions.
The coal price could have been much higher if tleesernal costs were taken into
account in the price scheme. Because of the existef externality problems, carbon
emission abatement costs will not be accountethftire market price of coal until the
government is willing to impose stringent enviromaé regulations aimed at curbing
GHG emissions. The future role of biomass fortelety production is still uncertain
due to the uncertainties in government’s environtadepolicies and other factors

discussed below.
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Table 3.2 Historical CO, Emissions from Electric Power Sector Energy
Consumption (in Million Metric Tons CO )

Fuel 1950-59 1960-69 1970-79 1980-89 1990-99
Coal 2,950.03 5,239.66  8,343.89 13,090.14 16,542.71
Natural Gas 613.44 1,329.50 1,902.48 1,680.86 2,109.97
Petroleum 364.03 642.03  2,516.26 1,266.52 846.43

Source: Energy Information Administration (2006f)

3.2.2 The Role of Natural Gas and Petroleum in Electriciy Generation

As seen in Figure 3.3, natural gas is the leastoremtensive fossil fuel. In terms of per
unit of useful energy, combustion of natural gasults in 42% less C{emissions than
coal and 29% less than petroleum (Sandor, 199@nif8ant reductions in C®
emissions can be made through fuel switching froal t natural gas. Figure 3.4
indicates that natural gas consumption in the eteséctor has been on the rise since the
late 1980s, while the petroleum consumption hasraetsignificantly since the late
1970s. In fact, natural gas has become the fuehaice for today’s new power plants.
Beginning in the 1990s, the combination of lowaces, reduced capital cost and
improved efficiency has made natural gas the ecamohoice for new generating
capacity in most regions of the U.S. (Ellerman,@)99s illustrated in Figure 3.5, since
the early 1990s gas-fired generating capacity lkas Increasing. This increase in gas-
fired generating capacity is especially intenserduthe periods of 2000-2004. In
contrast, the figure shows that electricity genegatapacity from all other fuel sources
remains relatively stable. In terms of both theitololal capacity in megawatt (MW) and
the number of additional generating units, Tab&iBdicates that gas-fired power
generation has surpassed coal-fired electricitegaion in significant amount in both
periods of 1995-1999 and 2000-2004. Only 17 coealdfgenerating units are added
during the entire periods of 1995-2004 with totahsner capacity of 3,351MW. In
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addition, the table shows that petroleum does ddtrauch capacity to the electric
generating units during the entire period.

Besides its use for generating power, natural gasiany other competing uses
in the industrial, residential and commercial sectdndustry is the biggest user of
natural gas, accounting for more than 30% of nhggas consumption across all sectors.
Natural gas has a multitude of industrial usedustiaog providing the base ingredients
for such varied products as plastic, fertilizettj-freeze, and fabrics. In the residential
and commercial sectors, natural gas is mainly éseldeating purposes. If the demand
for natural gas goes up in all sectors of the eaondhe price of natural gas will
certainly increase. A future increase (or decrestie capacity of gas-fired power
generating units will likely depend on the futugsts of burning natural gas in power

plants.
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Figure 3.5 Historical Electric Power Generating Cajacity by Fuel Source, 1990-

2004

Table 3.3 Capacity Additions at U.S. Electric Indutries, 1995-1999 and 2000-2004,

by Fuel Type
1995 to 1999 2000 to 2004
Fuel Type | Capacity (MW) | Number of units | Capacity(MW) | Number of units
Coal 2,702 10 649 7
Gas 10,919 147 130,971 1,176
Petroleum 1,804 228 1,703 534

Source: Energy Information Administration (1995-202003a, 2004a, and 2005d)
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3.2.3 Costs of Natural Gas and Petroleum at Electric Utities

Figure 3.6 compares average monthly costs of fasslié at the U.S. electric utilities in
nominal U.S. dollars. For some electric industriegural gas and petroleum fuel oil are
substitutes. Although declining in number, thesergy users are able to switch back
and forth between these fuels quickly, dependirmnughich is cheaper (Brown, 2003).
Rising oil costs push these energy users towandalajas, and falling oil costs attracts
them back to the fuel oil. Consequently, FigureiBdicates that average monthly costs
of petroleum fuel oil and natural gas have tendeleick each other over long periods of
time.

History tells us that supply shocks will be the ortant factor that determines
the future demand for natural gas in electric posestor. For instance, due to the oil
shortage during the energy crisis of 1970s, deméordsels in the electric sector has
shifted toward coal, the fuel experiencing the $esalprice increase and away from ol
and gas; fuels experiencing the greatest priceass (Sweeney, 1984). Recently,
average costs of both gas and oil delivered tdrmatadilities have been on the rise,
while average costs of coal still remain stabletHatural gas and oil costs could
discourage the construction of new gas- and aldfipower plants. Unless carbon
abatement costs rise significantly, coal could poédy remain an attractive option for
power generators because of its supply stabilitylaw costs.
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Figure 3.6 Comparison of Average Monthly Costs of &ssil Fuel at Electric Utilities
in Nominal Dollars per Million Btu, Jan/1994 - Nov2005

3.2.4 The Role of Nuclear in Power Production

The future competitiveness of biomass fuels focteigty generation will also depend
on the current development of nuclear power gereratNuclear electricity production
started to grow rapidly after the oil price shookshe 1970s. In 1973, only about 83
billion kwh of nuclear power was produced. But [®02, it had grown to about 789
billion kWh, a nine fold increase from 1973 (segufe 3.1). Although nuclear power
generation has increased substantially during #sé two decades, EIA datsuggests
that no new nuclear power plants have been placedler since the 1979 Three Mile
Island accident. Most of the existing nuclear pogeamerating units were added to the
plants during the 1970s and 1980s (see Figure Bhg)increase in nuclear power
generation could be due to the increased utilinatifoexisting old nuclear power

generating units operating at a higher capaciigure 3.8 shows that the annual average

18 Source: Energy Information Administration (2007b)
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capacity factor’ of all U.S. nuclear power plants increased fromb54 1973 to about
91% in 2004. The high capacity factor of more tB@fb indicates that most of the
nuclear power plants operating today are usedeto fillest capacity.

At present, there are about 103 operable nuclasrgéng units in the U.S.
Most of them are more than 20 years old as sugg@steigure 3.7. EIA (20069)
predicts that all existing nuclear power plantsexgected to continue operating through
2030. Would new nuclear plants be built to repldeeold ones expected to retire in the
future? The potential growth for nuclear power doog constrained by the following
four issues (see Gielecki and Hewlett, 1994; Ariseliere et al., 2003):

» Costs — nuclear power plants are the most expetsiveild. It has higher
overall lifetime costs compared to coal and natges.

» Safety — nuclear power has perceived adverse saf@fironmental, and health
effects, heightened by the 1979 Three Mile Islamdl 986 Chernobyl reactor
accidents. There is also growing concern abousdlfie and secure
transportation of nuclear materials and the secofihuclear facilities from
terrorist attack.

» Proliferation — nuclear power entails potentialséy risks, notably the possible
misuse of commercial or associated nuclear faesliind operations to
acquire technology or materials as a precursdré@tquisition of a nuclear
weapons capability.

* Waste disposal — nuclear power has unresolvederit@b in long-term
management of radioactive wastes. Disposing o$pleat fuel or high level
radioactive waste from nuclear plants is both dlg@soblem and a major
obstacle to the further development of nuclear powe
Unless the above four problems are resolved, thedwevelopment of nuclear

power is still uncertain. Unlike coal, natural gasl petroleum, the advantage of nuclear
power is that it does not emit much carbon intoatmosphere in the process of

17 «Capacity factor is defined as the ratio of theoannt of actual electricity produced in a givenipeito the amount
of electricity that could have been produced iftiné operated at its full rated capacity for 1@qent of the period”
(Gielecki and Hewlett, 1994).
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generating electricity. Like biomass power, nucleawer could become competitive

with fossil-based power if the costs of carbon einiss increase in the future (see
Ansolabehere et al., 2003). Assuming that the soogts of carbon emissions have been
internalized, the question is then “Could nucleawer become competitive with

biomass power?” There is no doubt that biomass pba® a clear advantage over
nuclear power in the issues of safety, proliferaind waste disposal. Whether or not
nuclear power could become competitive with bion@sser in the future will depend

on how these issues are handled.
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Figure 3.7 Existing Nuclear Power Generating Capaty by Vintage
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Figure 3.8 Average Annual Capacity Factor of NucleaPower Plants, 1973-2004

3.3 Analysis of Vintage and Capital Turnover of FossiPower Plants

The typical average economic lifetime of electroover plants is 40 to 60 years and
these power plants willeed to be replaced or renovated extensively wieynreach the
end of their useful life. In order to reduce carleonissions and enhance environmental
guality, old capital needs to turn over rapidlyeféare more than 1,000 large fossil-
fired power generating units operating in the Wh a total combined capacity of over
450 gigawatts (GW). The total annual carbon emissioom these plants exceed 2
billion tons (Dahowski and Dooley, 2004). The rand®intages for these existing
electric generating units spans the period fronD1842004. Figure 3.9 depicts the
U.S.’s fossil-fired power generation capacity foe electric utility and non-utility
sector$® by unit vintage and fuel type. It shows that mumsil-fired power plants
operating today were built throughout the 1950s0598 he plant sizes ranges from 10
MW per unit to 1,300 MW per unit over that time ipel. A large portion of existing

18The electric utility sector consists of privatetydapublicly owned establishments that generatestret, distribute,
or sell electricity primarily for use by the publidon-utility power producers are not includedhe electric sector. In
the electric non-utility sector, electricity is ggated by end-users, or small power and indepenmewtr producers
to supply electricity for industrial, commerciahdamilitary operations, or sales to electric ugbt
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coal-fired power plants is more than 30 years sé& (for weighted average age) and is
still capable of operating for many years to coMereover, these plants have fairly
high capacity factors and the investments in,$Q0 and other emissions controls that
many owners have already made in these plants suthged they (owners) have
significant interest in keeping them operatingdecades to come (Dahowski and
Dooley, 2004). Furthermore, empirical studies (de¢oney, 1988 and Nelson et. al.,
1993) have shown that environmental regulationsdcoreate an incentive for firms to
delay the retirement of old power plants becausselplants receive the grandfather
rights. Hence, the capital turnover rate for ergtold coal-fired power plants is likely
to be slow unless the government makes serious domemts to reducing carbon
emissions. ltis interesting to see in Table Bat the weighted average age of natural
gas-fired power plants has been declining sinc®200is is due to an increasingly large
number of gas-fired generating units being addeadsn 2000 and 2004 (as illustrated
in Figure 3.9), bringing down their weighted avexage. In contrast, since the 1970s
energy crisis, very few large oil-fired power plaigespecially for those which use
residual fuel oil, RFO) have been constructed andtraf them are becoming obsolete
as suggested in Table 3.4.

Recently, as climate change and global warming bageme such an important
issue, increases in carbon abatement costs iretirefuture will likely make old and
inefficient fossil power plants retire early. Thvdl be especially true for coal- and oil-
fired power plants as their maintenance costsimgilease along with their age and
rising pollution and carbon abatement costs. Thiddcoffer an opportunity to increase

biomass contribution in electricity generation.
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Figure 3.9 U.S. Electric Utility’s Existing Generatng Capacity in 2004 by Unit
Vintage and Fuel Type

Table 3.4Weighted Average Age of Electric Power Generating hits

Year Coal Natural Gas Nuclear RFO DFO Hydro

1992 20.39 22.88 11.68 22.25 18.27 29.35
1996 24.18 25.62 15.35 26.33 23.00 33.34
2000 27.40 25.30 18.79 30.64 25.94 35.98
2004 31.50 13.66 23.29 33.04 26.98 40.88

Note: RFO is defined as Residual Fuel Oil and D§&@anoted as Distillate Fuel Oil.
Age is weighted by generating capacity.

Source: Energy Information Administration (1992-2p0
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3.4 Technologies for Electricity Generation

The technologies for using fossil fuels to geneed¢etricity are well established. At
present, steam turbines, internal combustion esgyes combustion turbines, water
turbines, and wind turbines are the most commormaustto generate electricity.
Following Hansen (1998), a list of the major tedgaes for using fossil fuels to
generate electricity is given below:

» Pulverized coal firing with steam cycle

* Fluidized bed combustion with steam cycle

» Oil or gas fired boiler with steam cycle

» Oil or gas fired gas turbine

* Combined cycle (CC) with gas and steam turbine

* Pressurized fluidized bed combustion with combiogtle

» Integrated coal gasification with combined cycl@TIC)

Most of the electricity in the U.S. is producedsteam turbines. Fossil fuel is
burned in a furnace to generate pressurized higpeeature steam. The pressurized
steam is then expanded through a turbine that augenerator to produce electricity.
The steam exhausted from a turbine is then cool@dcondenser and returned to a
boiler to begin the cycle once again (Joskow, 198f¢ primary measure of the
efficiency of an electric power plant’s operatisrits heat rate which is defined as the
amount of Btu’s fuel energy input required to proela kilowatt hour (kwWh) of
electricity. The lower the heat rate is, the gge#tte power plant’s efficiency. As fossil-
fired power plants gain more efficiency, €@missions can be reduced since less
amount fossil fuel input is used to produce theesamount of electric power.

The heat rate can be converted to an efficiendpifdxy taking the ratio of the
heat equivalent value of a kWh to the heat rath@fplant (Thompson et al., 1977). For
example, the ratio of the heat equivalent valug,412 Btu/kWh to a heat rate of 10,107
Btu/kWh can be calculated and translated into araimg efficiency of 34%, the U.S.
average efficiency for fossil-fired power plants Aperating efficiency of 34% means

that for every 100 Btu of energy that go into a popiant, only 34 Btu is converted to
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usable electrical energy. Historically, Figure 3sh@ws that the average efficiency rate
of fossil power plants has been increasing. Ihisriesting to see from the figure that the
rise in average efficiency rate is especially slthmpng the periods of 1950 to 1970.
Since then, the efficiency rate has stayed relgtstable. Today, gas-fired combined
cycle technology is the overwhelming choice for n@wwer generating units. Compared
with coal and nuclear power generating technologjas-fired combined cycle plants
offer extremely high efficiency, low capital costsd shorter construction lead times
(see Table 3.5). The operating efficiency of coreldinycle units is now approaching
60%2° Because of the efficiency improvements and lowitahposts of gas-fired power
generating technologies, virtually all new gen@gtapacity being added today is gas-
fired, as seen in Figure 3.9.

The future market penetration of biomass fuelsfectricity generation will not
only depend on developments in biomass generatmblogies, but also on reductions
in fuel and capital costs. As mentioned, therefawe classes of technologies for the
conversion of biomass for electricity generatioinect combustion, co-firing,
gasification angbyrolysis.Similar to most conventional fossil-fired poweapls, most
of today’s biomass power plants are direct combuastiystems which use steam
generation technology to produce electricity. Bissmpower plants can be in the 10-100
MW range compared with coal-fired power plants wihzan be anywhere in the range
of 100-1500 MW. According to NREL (2000), the heste for biomass power plants
may range from 12,000-20,000 Btu/kWh, with averagerating efficiency of about
22%. Overnight constructions costs for a 100MW paver plant in the U.S. could cost
as much as $1,700 per kilowatt (NEA/IEA, 2005). Dou¢heir small sizes and low
efficiency, and the uncertainty over the availapitif biomass fuels, biomass-fired
power plants tend to incur more costs and risks tbssil-fired power plants. At
present, the most feasible and lowest cost opsido cofire biomass with coal in
existing boilers, as capital costs and risks assediwith co-firing plants are rather low
compared with those of standalone biomass powetg(&ughes, 2000; and Bain and

19 Source: Fueling the Future (Date unknown).
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Overend, 2002). The future market for biomass pamerthus biomass fuels will

depend on how present power generation technolegi@se over time.
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Figure 3.10 Average Operating Efficiency Rate of Fgsil Power Plants

Table 3.5 Comparisons of Costs and Efficiency Rateetween Fossil and Nuclear
Power

Type Gas (CC) Coal Nuclear
Construction Time (Years) 2 4 5
Overnight Construction Costs (2002 $/kilowatt) 50@,300 2,000
Heat Rate (Btu/kWh) 7,200 9,300 10,400
Efficiency (%) 47 37 33

Note: These values are based on the power plattisly@d00 MW capacities.
Source: Ansolabehere et al. (2003)
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3.5 Electricity Demand Growth

The annual U.S. electricity demand growth had liberhighest before the olil crisis
began in the early 1970s. From 1950 to 1973, arageeannual growth rate for
electricity was about 8.3%, while from 1974 to 19®@Was only about 2.6%. During the
recent period of 1998-2004, the average growthwakeeven lower, less than 2% per
year as suggested in Figure 3.11. The most impioidator that contributes to the
slower growth rates in electricity demand has Heesmr economic growth. Figure 3.11
shows that historically there has been a strongetadion between economic growth
measured by real GDP and electricity demand groviitie faster the economy grows,
the higher the growth rate of electricity demarek(blational Research Council, 1986;
Schurr et al., 1990).
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Figure 3.11 Comparison of Annual Changes in Elecitcity Demand Growth and
Economic Growth, 1950-2004
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3.5.1 Estimating the Demand for Electricity

Electricity demand is influenced by several otleatdrs like the number of consumers,
price of electricity, price of fossil fuels, charsge technologies and environmental
regulations etc. Based on Mitchell et al. (198&inaple electricity demand model that
includes explanatory variables representing alhefmajor determinants of total

electricity consumption can be written as:
ED=a xEP* x XP* xGDP° x NCON* x TECH' x &"

whereED is total electricity demand in the USP is an average real electricity price.
XPis denoted as the real price of the alternatiet $uch as natural gaSDP is a gross
domestic product measured in real U.S. dollarsismnded as a proxy for an income or
economic growthNCONiis defined as the number of electricity custom€ECH s a
technological variable such as an average effigieate of power production in the U.S.
a IS a constantg, b, c, d, andf are elasticities; andis a random error. Historical annual
data from 1932 to 2005 are used to estimate theealmodel. Details of data description
are provided in APPENDIX I. Using a simple OLS neththe model is estimated and
the results are presented in Table 3.6. The maehlserial correlation problem which
is corrected using an iterative Cochrane-Orcuttedare.

The results are more or less consistent with thealiure (see Taylor, 1975; Bohi,
1981; Beierlin et al., 1981; Mitchell et al., 198&e table shows that statistically the
GDP variable is highly significant in explainingetmpact of economic growth on the
demand for electricity. All variables in the talblave the expected signs. The negative
sign of real electricity price suggests that constswill use less electricity if the price
of electricity goes up. On the other hand, thetpassign of real natural gas price
implies that natural gas and electricity may bessitutes. As the price of natural gas
increases, consumers may switch to electricityhéating and other purposes. The real
price of crude oil does not explain well on the msamers’ demand for electricity, as the
variable is statistically insignificant. Increaseseal oil price may lead to increases in

the price all other petroleum products, which agale stand for a substantial portion of
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expenditures. This would result in a significantrdase in real income. The negative
income effect could outweigh the positive substituieffect for a negative net effect
(Beierlin et al., 1981). This could explain why tieal crude oil price variable has a
negative sign. The technological variable, efficigrate of power generation, is also
statistically insignificant in explaining the dentagrowth for electricity. But it does
have an expected positive sign which may indidad improvements in power
generating technologies would result in the dealihesal price of electricity which

induces more electricity consumption.

Table 3.6 Electricity Demand Model Coefficient Estinates

Independent Variable Coefficient T-Ratio P-Value
Constant -0.46 -0.50 0.62
Electricity Price -0.46 -6.37 0.00
Natural Gas price 0.05 2.66 0.01
Crude QOil Price -0.01 -1.02 0.31
GDP 0.58 8.04 0.00
Number of Consumers 0.90 5.74 0.00
Efficiency Rate 0.14 0.76 0.45
R 0.99

Durbin-Watson 2.04

The total number of power consumekECON) is used instead of the total
number of population to estimate the model. T&eshows that the variable is

significantly and positively related to the elecity demand. Increase in total population
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may have little impact on the overall demand grofetrelectricity?® It is the increase
in total number of electricity consumers that matt€hina the most populated country
in the world can be used as a good example. Rigase in total population in China
induce an overall increase in the demand for et#gt? An increasing number of
Chinese consumers, helped by economic growth amdyrincome levels, are the main
factor that explains tremendous rise in Chineseggneonsumption. In a sense, GDP
growth combined with the increase in number of povaasumers would help explain
the model better.

3.5.2 Forecasting the Demand for Electricity

Based on the cointegration method, the demandéotreity is forecasted using the
recursive estimation and chain rule forecasting Gkaisantikulawat, 1995 for the
details of methodology). All the data and variahlesd for forecasting are exactly the
same as above. Forecasted results from the periz@dd to 2015 are presented and
compared with the forecasted values of EIA (2007 &)able 3.7. As can be seen from
the table, the two forecasted results are quitdasino each other. Our results suggest
that as much as 56 GW generating capacity woulé habe added between 2005 and
2015 to meet the electricity demand. EIA resultplinthat about 68 GW generating
capacity would be needed between the same perfdofsen Both results show that
annual electricity growth rate is below 2% per yddre future increase in electricity
consumption will undoubtedly link to economic gréves indicated in Figure 3.11 and
Table 3.6. But, the big related question is: Wdblkl future demand for “bioelectricity”
grow as consumers’ wealth increases? This couyldrieon the costs of purchasing
bioelectricity in the future. And bioelectricitpuld become cost competitive with
electricity generated by fossil fuels, only if futucosts of carbon emissions rise
significantly (shown in the next section). In thedeit all boils down to concerns for
climate change and global warming that stimulageititerests of bioelectricity
production.

20 The model is also tested with the total populatiariable which is found to be statistically insfigant.
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Table 3.7 Results for Forecasting the Demand for Ettricity (in Billion Kilowatt-
hours), 2004 to 2015

Year Time Series Based EIA (Reference Case)
2004 3,720.79 3,548.22
2005 3,768.65 3,660.01
2006 3,816.13 3,693.65
2007 3,863.41 3,757.16
2008 3,910.70 3,836.23
2009 3,958.17 3,891.28
2010 4,006.01 3,953.43
2011 4,054.42 4,014.42
2012 4,103.56 4,081.77
2013 4,153.62 4,138.47
2014 4,204.76 4,194.40
2015 4,257.12 4,251.35
3.6 Summary

Most of the world’s electricity is generated byngsiossil fuels such as coal, natural gas
and petroleum fuel oil. Burning fossil fuels rem@athe most cost effective way of
producing electricity at least for now. In the U.f8ssil fuels account for about 70% of
the fuels used for electricity generation, whilerbass only accounts for about 1%. The
electric power sector in the U.S. is a major sowfc€0, emissions which contribute to
global climate change. A substantial amount o @@issions could be reduced if the
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electric sector uses biomass and other renewablgsnierate electricity. However,
electricity producers may not have incentives tagwirom fossil fuels to biomass fuels
due to their low heat content and high transaatimsts. The question we are interested
in is: how do we make biomass fuels economicallpgetitive with fossil fuels in
electric power sectors?

This section explores the factors which may infeeethe market penetration of
biomass fuels for power generation. There are mmortant factors which will
influence market penetration of biofuels for poweneration: 1) the price of coal, and
2) the future price of carbon emissions. Becausheéxtreme price fluctuations of oil
and gas, coal has always been seen as an attraptive by some power generators.
Since historically the price of coal has been stalsl it has less competitive uses and is
abundantly available locally. The downside of ustongl is that among fossil fuels, it
contains the highest amount of carbon and othéuganks such as sulfur and nitrous
oxide which contribute to global warming and regibair pollution. Any increases in
coal and other fossil fuel prices in the future Vadikely come from regulations to
restrict carbon emissions. Similar to sulfur dax(SQ) permit trading system in the
U.S., the future market price of carbon will likedyolve through local and global
trading on GHG emissions.

Issues related to the capital turnover for existogsil power plants and electric
power generation technologies are also discusstuisisection. Most coal- and oil-
fired power plants are more than 30 years old hadpeed at which they turnover or
retire will likely depend on how strict carbon esi@ regulations are. Increasing costs
of carbon emission reductions will likely make alad inefficient power plants retire
early. Compared to fossil power plants, curremidtalone biomass power plants are
smaller in size; tend to have higher capital casts lower rate of operating efficiency.
Any future technological improvements in biomasw@ogeneration will likely come

from demonstrations with co-firing power generatieahnologies of coal and biomass.

If carbon emission reductions are to be strictlipesed in the future, nuclear

power could potentially become competitive withrbass power because of its low
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carbon emission status. Future expansion of bismpawer will likely rest on cost
issues. However, nuclear power expansion will mby depend on cost issues, but on
the issues of safety and waste disposal. Evewgiwally electric power expansions will
significantly depend on economic growth. Restriasi@on carbon emissions will likely
intensify fuel diversification in power generatianaking biomass and other renewables

become an established part of power generatiofotios.
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4. AGRICULTURAL CROP RESIDUES FOR POWER GENERATION: IS IT
FEASIBLE?

This section reviews the literature on crop resisluelies and examines the economics
of crop residue collection and usage for eleciriggéneration. The Forest and
Agricultural Sector Optimization Model-Green HouSas version (FASOMGHG) is
also described in details. Following the sectibm, availability of crop residues is
estimated nationally and by regions in FASOMGH&Geonsidering how much crop
residues can be removed based on tillage systednsuath types without exacerbating
soil erosion. Delivered costs of crop residues Wwimclude costs of harvesting,
processing and hauling or transporting are alsmagtd and compared with delivered
costs of coal. FASOMGHG is then employed to sineutae future market conditions of

bioelectricity production using crop residues uneiious alternative scenarios.

4.1 Effects of Crop Residue Removal on Soil Erosion an@rganic Matter

Not all agricultural crop residues are availabledoergy production, because some must
remain in the field for soil erosion control, m@&@nance of soil organic matte(SOM)

and maintenance/enhancement of soil carbon (C)eta@r, surface crop residues

reflect light and protect soil from high temperatsiand evaporative losses (Sauer et al.,
1996).

4.1.1 Relationships between Crop Residue Removal, Soil &ion, SOM

Concentration and Carbon Emissions

The value of crop residues for erosion control soitifertility maintenance has been
well documented for all agricultural regions in H&5. (Larson, 1979). Residues control
erosion by reducing the impact of wind and watesoihparticles. Erosion would
increase significantly if crop residues were tgtaimoved. In turn increased erosion

would reduce soil fertility by carrying away nutnis in the soil sediments and deplete

Zsom plays a crucial role in the development andnteamiance of fertility through the cycling, retemii@nd the
supply of plant nutrients, and in the creation axantenance of soil structure (Swift, 2001).
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the soil organic carbon (SOC) pool (Holt, 1979;,124103; Pimentel et al., 1981). Lal et
al. (1998) estimated that soil erosion by watedsei@ an emission of 15 million metric
ton (MMT) of C per year from the U.S. soils. Thusgucing emissions of GHG from
agriculture is related to increasing and protec®@M concentration (Jarecki and Lal,
2003).

Removal of crop residue has a rather small dirapiict of crop residue removal
on SOM concentration. According to studies (see @zt et al., 1991; Balesdent and
Balabane, 1996; Gale and Cambardella, 2000; Fetssa 2000; Wilhelm et al., 2004),
only a small portion of the residues added to aalconverted to SOM. Roots
contribute most of the SOM, because roots haveveesldecay rate, are well-placed
within the soil and are continually dying and diaaling materials in soil. Aboveground
crop residues take on importance as they dimiroghesosion which protects SOM

concentration.

4.1.2 Tillage Effects on SOM Concentration, Carbon Emissins and Residue

Removal

Soil tillage practices affect the concentratiors@M. The influence of tillage on SOM
dynamics is also well documented (Paustian el 887; Lal, 2001; Jarecki and Lal,
2003). Immediately after plowing the exposure os@ SOC to oxidization cause
large losses of Celeased into the atmosphere (Reicosky and Linahsti®93; Al-
Kaisi, 2001). There are different levels of tillagéensity and these are often grouped
into two classes: conservation tillage (no tillageeduced tillage) and conventional
tillage. Conservation tillage reduces the frequesiny intensity of tillage, retains crop
residues as mulch on the soil surface, reducesske of runoff and soil erosion,
increases the SOC content of the surface soilyeshaces C@emissions (Lal and
Kimble, 1997; Reicosky, 1999; Al-Kaisi and Yin, Z)0Moreover, conservation tillage
with residue cover usually results in less soikarn than conventional tillage,
highlighting the importance of tillage-residue natetion when assessing the effects of
residues on soils (Benoit and Lindstrom, 1987; Amdy, 2006).
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Hooker et al. (2005) show that removing corn resgdunder conservation tillage
system does not affect SOC storage, however whaveational tillage system is
employed, removing corn residues negatively aff6@€ storage. So, the specific
guantities of residue that could be safely remowvgdout affecting soil erosion and
SOC concentration vary with tillage managementtoras. Greater amounts are
available with conservation tillage than with contrenal tillage. A study of the U.S.
Corn Belt indicates that by shifting from conven@btillage to conservation tillage, the
recoverable residues could be increased significéloihdstrom et al., 1979; Hall et al.,
1993). Although conservation tillage systems haleaatage over conventional tillage
systems, historically conventional tillage systeares more commonly practiced (Uri,
1999). This could be due to the uncertainties aatatwith adopting a conservation
tillage practice which requires investment in phgsiand human capital. In addition,
conservation tillage usually leads to lower yidligarly years before soil nutrients build
up. The lost profit in these years is sunk bec@usannot be recovered by reverting
back to conventional tillage. Given the uncert@sitand the lost profits, a farmer may be
reluctant to adopt conservation tillage (Kurkal@tal., 2006). Conservation tillage
systems are more often practiced in the area wiherdands are highly erodable (see
Uri, 1999).

4.1.3 Harvestable Crop Residues for Energy Generation

The maximum amount of crop residue which can beoxem without affecting soil
erosion depends on many site specific factors as@vil type and fertility level, slope
characteristics, tillage system, climate and crdfmeover, the opportunity cost of
using residues has to be considered in the resedneval decision making process.
Generally, USDA, National Resources ConservatianiSe (NRCS) recommends that
about 30 percent residue cover is adequate toaiamall erosion. Most studies have
centered on the removal of corn stover. Calculativawve been made for the U.S. Corn
Belt on the amount of residues needed to bring@ndselow the soil loss tolerance
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level 22

According to Hall et al. (1993), the fraction esidues that can be removed with
conventional tillage practices averages 35 perfmerihe Corn Belt as a whole. Nelson
(2002) and McAloon et al. (2000) indicate that #téual amount of corn stover that
could be removed ranges from 20% to about 30%enfdtal based on the need for
adequate soil cover to control erosion.

Hettenhaus et al. (2008jgued that on average about 50% to 60% of comesto
was likely to be available depending on the redistape characteristics. Haq (2002)
suggested thatepending on the Stat&#hout 30% to 40% of agricultural residues could
be removed from the solCampbell et al. (197%alculated the crop residues needed for
water erosion control in six southern states wimclude Alabama, Georgia,
Mississippi, North and South Carolina, and Virgidrafour of six states, 60% of the
crop residues were needed for water erosion comtbmut 90% of the residues were
required for water erosion control in Alabama andssippi. Recently, Perlaclet al.
(2005) derived the national estimates of averagp mesidue removal rates for corn and
wheat based on various tillage scenarios. Thewstdhat the removal rates for corn
were 33 percent, 54 percent and 68 percent respgctinder conventional tillage,
reduced tillage and zero tillage systerf®r wheat, the removal rates were 14 percent,
34 percent and 48 perceawspectively under conventional tillage, reductdge and
zero tillage scenariosThese results are consistent with the findingiofistrom et al.
(2979), which indicates that by shifting from contienal tillage to conservation tillage,
the removable rate of residue could be increaggdfwiantly. On the other hand, in
their recent review, Mann et al. (2002) did not giveoramendation of harvestable
residue, recognizing research is still needed agept long-term effects of residue
harvest on soil and water quality, SOC dynamicssiachge etc. (also see Wilhelm et
al., 2004).

22 30il loss tolerance level is defined by the USDAhesmaximum level of soil erosion that will perrhigh crop
production to be maintained economically and indefly.
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4.2 Method of Estimation, Assumptions and Data Need
4.2.1 Crop Residue Production

For the residues, six crops will be consideredngcsorghum, wheat, oats, barley and
rice. Following Nelson et al. (2004), the quansited residues that can be removed for

energy generation or other purposes can be estiraate
(4.1) Rrem = Rprod — Rmin

Remis the quantities of residues that can be reméneend agricultural landsRyroq is the

amount of residue produced. It can be calculatddlesvs,
$od = Grain Yield x Weight x SGR

where total residue production is measured in wes.Grain Yieldis the weighted
average Yyield of grain crop in bushels per acrairGyield data foMWeightis the weight
of grain in tons per bushel which can be conveitesh pounds per bushedGRis
defined as a straw-to-grain ratio. For instarf8@Rfor rice is about 1.5 which means for
every kilogram of rice yield, the yield of strawli$ kilogram. To compute the residue
production Ryoq) data for crop yield, weight arSiGRwill be needed. Both grain yield
and weight data for the six crops were obtainethftbe USDA/NASS (2001). The yield
data are based on the year 2001. While the dat&éG&were collected from the
following literature: Tyner et al. (1979) and L&005). The values @GR weight and
related moisture content for the six crops are nteplan Table 4.1. To give an example,
for a wheat grain yield of 140 bushels/acre, tatabunt of wheat residues produced is
6.3 wet tons per acre [140(bushel/as@)(pounds/bushet)1/2000) (tons/Ibb¥ 1.5].
Finally, Rnin is denoted as the minimum amount of residue thest ine retained
in the field each year to protect soil erosion. Eleping a single national estimate of the
minimum amount of residue that must remain on tioeiigd to maintain soil
sustainability is rather challenging, as one vatjuire detail knowledge in the area of
soil fertility, soil erosion, land characteristiasd tillage and cropping systems. Residue
maintenance requirements are most properly estthatthe individual field level with

models such as Revised Universal Soil Loss EquéR&SLE) used together with the
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Soil Conditioning Index (SCI) tool (Perla€k al., 2005). But, as suggested in Perlatck
al., (2005), using this approach to compute a natiestimate would require actual data
from hundreds of thousands of specific locatiomstihately, Nelson (2002) and Nelson
et al. (2004) developed a methodology for makimgi#onal estimate that reflected the
RUSLE/SCI modeling approach in that it consideraitssrainfall, crop rotation and
tillage choices in determining the amount of residequired to minimize erosion to
tolerance levels.

Based on the approach of Nelson (2002) and Nelsah @€004), Perlackt al.,
(2005) derived the national estimates of averagp mesidue removal rates for corn and
wheat under three tillage scenarios — conventibifedje, reduced tillage and zero
tilage. As mentioned in the section above, theaeal rates for corn were 33 percent,
54 percent and 68 percent respectively under cdiorexh tillage, reduced tillage and
zero tillage scenarios and for wheat they wereerdgnt, 34 percent and 48 percent
respectively. By using these national estimateagsitiue removal rateRn, were
computed for corn and wheat. For the remaining émaps — sorghum, barley, oats and
rice, the same removal rates of wheat were usedrtgpputeRy,in. Research in this
dissertation is conducted at a national level. fbie quantities of crop residues
available in each State are estimated using graiygtion, straw to grain ratio, weight,

and moisture content.

Table 4.1 Straw to Grain Ratio, Weight and MoistureContent of Six Crops

Crop Straw to Grain Grain Weight Moisture Content
Ratio (Pounds/bushel) (%)

Corr 1.0:1 56 12.0

Whea 15:1 60 8.€

Barley 15:1 48 10.3

Oat 1.0:1 32 10.3

Sorahun 1.0:1 56 10.0

Rice 1.0:1 45 15.0

Sources: Tyner et al. (1979), Lal (2005), and Satnai. (2001)
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4.2.2 On Farm Production Cost

Before delivering biomass residues to electric poplants, they first have to be
harvested and collected. Harvest and collectioludes gathering and removing crop
residues from field. The harvest and collectionhmodtis a three-step procedure which

can be illustrated with the following Figure 4.1¢f@artment of Energy, 2003).

ICut and Windrow> |Bale and Package> [Move to Field Edge for Storage

Figure 4.1 Procedure for On-farm Harvesting and Cdection of Crop Residues

First, grains are harvested and the biomass res@hg@ecut and/or shredded.
Cutting and/or shredding may be necessary becanse sf the biomass plant will be in
stalks anchored to the ground after grain harvgsiihe anchored pieces of biomass are
difficult to cut and bale in a single operationrdi@ pieces of biomass would make better
bales but shredding followed by spreading will é&ede field drying (Sokhansanj and
Turhollow, 2002). The spread biomass may need teibdrowed depending on the
situation to facilitate baling. Second, a baleth@i self-pull or pulled by a tractor) picks
up the residues, compacts and packages the resdadsmle. Bales can be in the form
of either rounds or squares. Large round balegsgpéed in the analysis, because round
bales are widely used in existing haying operatamd they are popular on most U.S.
farms (Sokhansanj and Fenton, 2006). Finally, baesnoved to the field edge or road
side for temporary storage. The stacks of collebiethass at the road side will be
picked up and transported to their destination.

Using an engineering-economic approach, Turhollbal.g1998) estimated in-
field costs for collection and movement to fieldyedf corn and small grain residues.
Based on different crop residue yield assumptitmesy showed that on average
(weighted by the yield), it would cost about $15p#t ton for corn residues and $10.42
per ton for small grain residues to be collected @moved to the field edge. The in-

field operation costs include the costs of mownagfjng, baling, moving to road side,
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and twining. Similarly, by employing an engineeregonomic approach, Sokhansan;
and Turhollow (2002) estimated the cost of collegttorn stover to be around $14.1 per
ton. This covers shredding, baling, stacking anditwg costs. Perlack and Turhollow
(2002) calculated corn stover collections costs¢tvinclude baling, moving bales to
storage, stacking bales and storage) for an etltamotersion facility. They showed that
on average it would cost about $24.47 per ton liectoand store corn stovét.

Summers (2001) estimated that rice straw removstsagere about $ 17.69 per ton for
on-field operations which include swathing, rakibgling and moving to road side. He
also showed that storage and grinding operationgdivaexdd more costs to the rice straw,
about $13.54 per ton. Following the study of Tlidw et al. (1998), in this dissertation
on-farm collection costs are assumed to be fixebeual to $15.91 per ton for corn and
sorghum residues and $10.42 per ton for small grsuich as wheat, barley and oats. For
rice residues, collection costs are assumed tolbe@® per ton as suggested in
Summers (2001). In addition, based on Summers {286drage and processing costs of
$13.54 per ton will be assumed. These on-farm ciidle costs, storage and processing
costs, and transportation costs (discussed belaWpavincorporated into the
FASOMGHG.

4.2.3 Transportation Cost

Transportation is a key segment of the biomasssteel supply system industry.
Biomass may be transported by truck on existingsaa by trains and barges on
existing rail networks and waterways (DepartmeriEérgy, 2003). It is assumed that
biomass is transported to a power plant by truickcestruck transport is generally well
developed and is usually the cheapest mode ofgasinBut it becomes expensive as
travel distance increases (Sokhansanj and Fen@®%)2 Transportation costs which
cover the distance from the farm gate to the gate are an important part of total
costs. They are increasing function of distancedepend on the yield and density of
crop residues, the size of biomass power planiagigen truck-hauling rate (Gallagher

2 Transport cost from the storage area to etharlarsion facility is excluded.
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et al., 2003). The cost of transporting biomagstsn the factor that limits the size of a
power plant. Larger power plants can benefit fraon®mies of scale and lower unit
capital costs. However, the dispersed nature ohbsgs residues, and relatively low
efficiencies of available conversion systems hawneléd to limit the size of existing
electricity producing plants to a maximum size 00450 megawatt (MW) (Larson,
1993).

Following McCarl et al. (2000), the power plantesim this study is assumed to
be a 100 MW plant which requires seven trillion BT TBTUSs) of feedstock per year.
Based on an approach by French (1960) as desariddCarl et al. (2000),

transportation costd C) per ton of biomass residues are calculated &safs]

_ FixedCost+ (2x D x Costper Mile)

(4.2) TC - , Where
Loadsiz
D =0.4714x M
(640x DenxYId)

Given a square grid system of roads as describEceimch (1960)D is denoted as an
average hauling distance in mile(s) which depemda 00 MW power plant
requirement oM tons of biomass (equivalent ToTBTUs of feedstock)the density
(Denin %) of biomass residue production and a harbéstasidue yieldYId) in ton(s)

per acre. The factor “640” represents the numbeacags in a square mile. The required
M tons or7 TBTUsof biomass crop residues can be computed usinghlgrating

value (HHV) of each crop residue (see Table 4.%)cdp residues are assumed to have
moisture content and all units are based on thewagtier content. The density of each
crop residue in percent is calculated by dividioigit harvested acres of each crop by
total land area in acres:ixed Costincludes loading and unloading costs and the @ost
operating a truck. The number “2” represents rouipdandCost per Mileis a cost for

each mile of the tripLoadsizas an average load size of a truck load in welnghtled.
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Fixed CosiandCost per Mileare assumed to be $90 and $2.20 respecti¥éipnally,

Loadsizeof a truck is assumed to be 20 tons.

Table 4.2 Higher Heating Value (HHV) for Crop Residies

Crop Residues HHV (Million Btu/ton)
Corn stove 9.2
Wheat straw 15.06
Barley strav 14.8¢
Oat strav 14.8¢
Rice strav 13.07
Sorghum stalk 13.24

Sources: Sami et al. (2001) a@ptimum Population Trust (2006)

4.3 Model Description

All of the above aforementioned method of estimgtessumptions and data are
incorporated into the Forest and Agricultural Se@gptimization Model—Green House
Gas version (FASOMGHG). It is a dynamic, nonlinpargramming model of the
forest and agricultural sectors in the U.S. The ehastnulates the allocation of land
over time to competing activities in both the farasd agricultural sectors and the
resultant consequences for the commodity markeigliea by these lands and,
importantly for policy purposes underlying the depenent of this model, the net
greenhouse gas (GHG) emissions. The model wasajmalo evaluate the welfare and
market impacts of public policies that cause laaddfers between the sectors and

alterations of activities within the sectors.

24 Fixed cost and cost per mile are obtained by &ryJCornforth’s personal communication with Drafihb
Sokhansanj, Agricultural Engineer, Environmentdk8ces Division of Oak Ridge National Laboratory.
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To date, FASOMGHG has been used to examine tketefof GHG mitigation
policy, climate change impacts, public timber hatymlicy, federal farm program
policy, biofuel prospects, and pulpwood productiyragriculture. It can also aid in the
appraisal of a wider range of forest and agricaltaector policies. FASOMGHG is an
outgrowth of a number of previous lines of worke(sketails in Adams et al., 2005). One
of the primary roots of FASOMGHG involves effortg llcCarl and colleagues to use
sector modeling to appraise the economic and emviemtal implications of
environmental and agricultural policy-related deyehents within the agricultural

sector.

4.3.1 Overall FASOMGHG Model Structure

Operationally, FASOMGHG is a dynamic, nonlineaic@rendogenous, mathematical
programming model. It is dynamic in that it solfesthe simultaneous multi-market,
multi-period equilibrium across all agriculturaldaforest product markets, for all time
periods, and thus for the inter-temporal, intert@et land market equilibrium.

FASOMGHG is nonlinear in that it contains and selaenonlinear objective
function to maximize net market surplus, represgbiethe area under the product
demand function (an aggregate measure of consueitare) less the area under factor
supply curves (an aggregate measure of products)cdse resultant objective function
value is consumers' plus producers' surplus. FASBM® price-endogenous because
the prices of the products produced and the faciees in the two sectors are
determined in the model solution. Finally, FASOMG¥& mathematical programming
model because it uses numerical optimization teghes to find the multi-market price
and quantity vectors that simultaneously maximieevalue of an objective function,
subject to a set of constraints and associatettnighd-side (RHS) values that
characterize: the transformation of resourcespnbalucts over time; initial and terminal
conditions; the availability of fixed resourcesngeation of GHG net emissions; and
policy constraints.

Since the objective function of FASOMGHG depictsxin@zation of the net

present value of producers' and consumers' sugglassociated with production and
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price formation in competitive markets over time lboth agricultural and forest
products, the first-order (Kuhn-Tucker) conditidosthe choice variables in the model
provide a set of optimization rules for economierg to follow, leading to the
establishment of a competitive equilibrium. Becatlsse choices occur over time, the
optimizing nature of the model holds that produ@erd consumers' have perfect
foresight (the assumption that agents are ratiandlrespond with the best information
they have available at the timr@garding future demand, yields, technologies, and
prices. In other words, choices made at the beginai the projection period are based
on correct expectations of what the model predigisoccur in the future. Thus,
FASOMGHG incorporates expectations of future pri€@mers and timberland owners
are able to foresee the consequences of their lwel{ahen they plant trees or crops) on
future agricultural product and stumpage pricesiandrporate that information into
their behavior.

FASOMGHG is typically run as a 100-year model deépgland use, land
transfers, and other resource allocations betwedmathin the agricultural and forest
sectors in the U.S. The two sectors are linkedutjindand transfer activities and
constraints. Given the modeling of multiyear timpesduction, FASOMGHG needs to
handle economic returns over time. This is doneddying for multiple interlinked
market equilibria in adjacent five year periodsttoe model duration, rather than for just
one single period (as would be the case in a stgtidibrium model). Hence, the model
solution portrays a multi-period equilibrium onieef year time step basis. The results
from FASOMGHG yield a dynamic simulation of pric@spduction, management,
consumption, and GHG effects within these two gsatader the scenario depicted in
the model data.

FASOMGHG reflects the mobility of the land resoubs#ween the forest and
agriculture sectors subject to controls for landlgwgrowing conditions, investments
needed to mobilize land, and hurdle costs congisten observed behavior. The land
quality factors generally restrict some lands tty &r@ in forest, due to topography or

soil characteristics. Likewise, the growing coratis render some lands unsuitable for
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forest uses at all, particularly in the drier ptaareas of the country, and would thus be
suitable only for some agricultural uses. The itments to mobilize land from forest to

agriculture generally involve stump clearing, leng| etc. of forested lands and result in
a three step depiction of land transformation psees. The hurdle costs reflect costs to
move land between uses.

FASOMGHG also reflects movement of commodities leemvthe forest and
agriculture sectors, largely in the form of biofahd short rotation woody crops. In
particular, agriculturally produced short rotatjpoplar can be chipped and move into
pulp and paper production processes and millinigues, pulp logs and in some cases
logging residues can move between sectors as rderialasources for finished products
made in the other sector. All agricultural sectadals, where great heterogeneity of
growing conditions, resource quality, market coiods, and management skills are
present, must deal with aggregation and calibrafitve aggregation problem involves
treating groups of producers operating over aggeggasource sets as homogeneous
units. The calibration problem involves dealinghwspatially disaggregate producers
who are entrants in a single market but receivierdint prices.

4.3.2 Forest Sector Portion of FASOMGHG

The key forest sector features involved with folestvest and stand establishment,
wood products manufacturing and demand, domestixvpooduct transport,
international trade in wood products, forest lamsburces and non-wood inputs. Forest
production occurs in 9 of the 11 regions used iIBEMGHG. While timber production

is represented in all 9 of these regions, the n@joducing regions are the Pacific
Northwest (west of the Cascade Mountain Range)Stheh Central and the South East.
National Forest timber and Canadian productioraése represented but with exogenous
harvest levels. FASOMGHG incorporates price dependemand relations for

softwood lumber, softwood plywood, hardwood lumlzeiented strand board (OSB)
and a number of fiber products. The relations far-fiber products were derived by

aggregating the Timber Assessment Market Model (M§Mnnual demand relations.
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Demand relations for the 14 classes of primaryrfgeducts were derived from the
North American Pulp and Paper Model (NAPAP).

The basic set of FASOMGHG relations comes fromTMA®M-NAPAP base
case as described in the 2000 Resources Plannin@RR&) Timber Assessment
(Haynes, 2003). The solid-wood demand relationdiaear, except for hardwood
lumber that uses a constant elasticity form. Altrad fiber products demand curves are
of the constant elasticity form. These curves shiir time following the TAMM and
NAPAP procedures. Alternative projection scenatin@g would influence the inter-
temporal development of demand (e.g., changesipihjections of macroeconomic
activity or price trends of substitute goods) regue-derivation of the FASOMGHG
demand curves by making an appropriate TAMM-NAPAR and extracting then re-
aggregating new demand relations. The demand citovése final consumption of
timber products are incorporated into FASOMGHG aatonal level. In addition, the
forest manufacturing sector utilizes many prodasténtermediate inputs all on a
regional basis. Similarly both international antemegional trades are specified on a
regional basis. FASOMGHG thus generates wood pitquhices at both the regional and
national levels. Goods flow from regions into naibdemand at a cost equal to the
historically observed price difference.

As mentioned above, FASOMGHG is designed to deutvity over a long
time period, approaching 100 years in its currentt A related issue is the number of
explicit time periods that should be reflected witthis total 100 year horizon. In the
original FASOM version (Adams et al. 1996), timeswapresented in ten year intervals.
Experience with subsequent model analysis sometnggested that ten year intervals
were too long. This was particularly true in terofifiarvest rotations in the South
which can be as short as 20 years. Restrictingiootto ten year intervals like 20 or 30
or 40 years was constraining. As a consequence IM&EAG is set up based on a five
year time step allowing portrayal of Southern hataptions at 20, 25 and 30 year
periods. Naturally there is a trade-off in the nldztween the number of explicit time

periods (given a 100-year projection period) andiehsize.



70

The possibility of planting trees with a rotati@mgth which would carry them
beyond the explicit model time frame necessitatdgation of the standing inventory
existing in the terminal projection period. The magcism reflecting the value of
inventory involves specification of terminal condirts that represent the projected net
present value for all time periods beyond the driti@model projection. Terminal
conditions are resolved by computing the potemmtiaire even-flow of harvest from the
terminal inventory and valuing this harvest usipgrapriate prices from downward
sloping product demand curves and forested stasstxcted timber management and
production costs. Terminal period inventories akied in both of the forest and
agricultural sectors assuming perpetual, steadg stanagement following the last year
of the time horizon. Demand relations for foresiryall periods beyond the end of the
projection were taken to be the same as thoseeifirtal period. Thus terminal period
prices, costs and revenues vary with level of autpu

Forestry activities in FASOMGHG are assumed idehiit each year of a five
year period as are activities in forest manufantuend harvest. These cases were
treated as if they generated constant costs anchsetluring each year of a five year
period (running from year 0 to year 4). Thus, foreturns in each explicit period were
treated as a continuing annual series of five egoedunts discounted to the start of each
period under the assumption that the same leuwatofns arise in each year of the
period. In the terminal period returns arising lirsabsequent years (beyond the end of
the projection) were treated as an infinite annuity

The principal decision variables in the forestrytpm of FASOMGHG include
the harvest and management of existing and nevidyesited timberland, production of
manufactured products, levels of manufactured prbdemand, interregional
transportation of logs and products, and aggregf@fments from producing regions.
The forestry portion of FASOMGHG objective functimvolves maximization of the
discounted sum of producers' and consumers' syiphsthe costs of timber supplies
that vary with volume harvested, less the costgbfme-sensitive non-wood inputs,

transportation, manufacturing inputs, and foreshaggment.
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4.3.3 Agricultural Sector Portion of FASOMGHG

FASOMGHG contains an adaptation of the AgricultiBattor Model (ASM) (Chang et
al) and the ASMGHG variant (Schneider, McCarl actriider) as a submodel. The
whole model of ASM and its GHG version are incluésd submodel in FASOMGHG
appearing in each explicit time period. This agtimal sector submodel: 1) depicts crop
and livestock production and agricultural procegsising key land, water, labor, and
forage inputs as well as product trade; 2) simal#te effects of changes in agricultural
resources and market conditions on prices, quesiifoduced, consumers' and
producers' surplus, exports, imports, and procgs8nconsiders production,
processing, domestic consumption, imports, expartd,input procurement; and 4)
distinguishes between primary and secondary contmedwith primary commodities
being those directly produced by farms and secgnctanmodities being those
involving processing

For agricultural production the US is disaggregamed either 63 or 11
geographical subregions depending on time periadhEBubregion possesses different
endowments of land, labor, irrigation water andhaliunit month (AUM) grazing, as
well as crop and livestock yields. The supply seatlmcates these regional factors
across a set of regional crop and livestock budgatisa set of processing budgets which
use commodities as inputs. There are more than p&fiction possibilities (budgets)
representing agricultural production in each tireequl. These include field crop,
livestock, and biofuel feedstock production. Thedicrop variables are also divided
into irrigated and dryland production accordingdhe irrigation water and production
possibilities available in each region. There dse anport supply functions from the

rest of the world for a number of commodities. Teenand sector of the model is

% There are 56 primary agricultural commodities thepict the majority of total agricultural prodwtj land use and
economic value. They can be grouped into cropsstock and biofuels related commodities. The FASGNEG
agricultural submodel incorporates processing whary commodities into secondary commodities thatcaeated by
processing. These commodities are chosen basdutiinkages to agriculture. Some primary comniediare
inputs to processing activities yielding these selemy commaodities. Certain secondary products (oghpcts) are in
turn inputs to agricultural livestock productionfeed blending. These can be broken into cropstoek and biofuels
related items.
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constituted by the intermediate use of all the priyrand secondary commodities,
domestic consumption, and exports.

Secondary commodities are produced by processingblas. They include
soybean crushing, corn wet-milling, potato proaggssweetener manufacturing, mixing
of various livestock and poultry feeds, and thevession of livestock and milk into
consumable meat and dairy products. The processisigs generally calculated as the
difference between its price and the costs of tiragry commodity inputs. Primary and
secondary commodities are consumed at the natievellaccording to constant
elasticity demand functions. The areas under tdes®and functions represent total
willingness to pay for agricultural products. Th#atence between total willingness to
pay and production and processing costs is equhktsum of producers' and
consumers' surpluses. Maximization of the sum eehsurpluses constitutes the
agricultural sector objective function.

Demand and supply components are updated betwaerpgriods by means of
projected growth rates in yield, processing efficiy domestic demand, exports, and
imports. The agricultural related land use decisiomulated in FASOMGHG is that, in
each period, owners of agricultural land can decidilevhether to keep an acre of land in
agricultural production or change land use to a&$tation; 2) what crop/livestock mix to
plant/rear/harvest, if the land stays in agricd@fand 3) what type of timber
management to select, if the land is to be plamétes. These decisions are made
entirely on the basis of relative profitability laihd in its various competing alternative
uses over the life-span of the foreseeable choices.

Like the forest sector model, the agricultural seatodel is assumed to
represent typical activity during each year ofva fyear period. Thus, agricultural
returns in each period excepting the last one weeded as if they were a continuing
annual series of five equal amounts discountetdditst period's dollars. Because
agricultural land values in any use reflect thespret value of an infinite stream of future
net returns, it is theoretically inappropriategaare land values at the end of our finite

projection period. One has to value agriculturatlan continuing agricultural use
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beyond the explicit model time periods. If this® done the model would simply
transform agriculture lands into forestry to captoet returns beyond the explicit model
time horizon. Terminal conditions in forestry asmndled as constant perpetual. In the
agricultural sector, activity in the last periodnsated as if it continues forever. Hence,

in the last period the returns were treated dseif tvere an infinite annuity.

4.3.4 GHG Accounting in FASOMGHG

GHGs, generally in the form of carbon, can be sstgued in soils, standing trees, other
vegetation, and in wood products. Sequestraticarsdb storage of the GHGs for more
than one year. As a consequence, the sequestdaiioition used in the model for
standing vegetation is limited to carbon storageeas, understory and litter within both
forests and plantations of woody biomass feedstuiqslar and willow) but excludes,
for instance, carbon stored in annually cultivatemps. FASOMGHG accounts for
changes in agricultural and forestry sector relatdGHG emissions within a number
of categories. These categories can be classiftecoroad categories of those involved
with forest, agriculture, and biofuel feedstockee3e items are strongly interactive
within model solutions. For example, land movingnfragriculture to forestry will
change (a) agricultural sequestration and emiss{bhsequestration gains from
afforestation, (c) emissions from forest managemaated fuel usage, and (d) eventual
sequestration of carbon within wood products. Tl implications of GHG
management-induced alterations span widely acwisstees within the model.

The multi-GHG impact of the agricultural and forgstectors and possible
manipulation of the atmospheric levels of theseegastroduces multi-dimensional
trade-offs between model variables, net GHG emssiand the climate change
implications thereof. In order to consider theselé-offs, the GHG emissions needed to
be placed on a common footing. This is done thradyption of the 100-year global
warming potential (GWP) concept and conversionllajases to a carbon or carbon
dioxide equivalent basis. GWPs compare the alsliedifferent GHGs to trap heat in

the atmosphere and allow one to convert emissibuarmus GHGs into a common
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measure, which allows for aggregating the radiativeacts of various GHGs into a
single measure denominated in CO2 or C equivalents.

FASOMGHG quantifies GHG emissions produced in tiredtry and
agricultural sectors. These emissions primarilgefrom fossil fuel-related processes
(e.g., energy consumption), livestock producti@ntilization, and rice cultivation.
FASOMGHG depicts positive credits for sequestratimut when the amount of carbon
sequestered is reduced by harvesting forests aigaigland uses, this in effect
corresponds to an emission of the sequesteredrcaribis thus penalized as a GHG
emission debit. FASOMGHG can grant credits fonaiiéis which cause an offsetting
reduction in GHG emissions by sources outside tbdah These credits arise via the
use of agricultural commodities as biofuel feedssdor the production of three
different types of energy. The energy types arxtatity fueled by agricultural energy
crops, forest milling residues, or forest logsaeitbl from corn or agricultural energy
crops, and diesel from oils derived from agricludtigources. The basic argument for
granting credits for such activities involves tlmmeept of carbon recyclifg

FASOMGHG does not try to determine GHG prices eedogsly. Rather it
recognizes that the GHG prices will be exogenoukéagricultural and forestry sectors
and takes a fixed GHG price on a carbon equivdlasis. This is a reasonable
assumption given that approximately 84% of the GBG emissions arise in the energy
sector, so it is clear that the energy sectorpldy the primary role in price
determination. FASOMGHG operates with an exogenosisécified trajectory for
carbon equivalent GHG prices by five year peritds initially run with a zero carbon
equivalent price. In turn the resultant GHG tragegtfrom that run is be used as the
baseline in subsequent runs. This implies that IMSBIG does not give mitigation

% As agricultural or forest biomass grows, it absorarbon dioxide from the atmosphere through plyatbssis. The
carbon removed from the atmosphere in this wagdgisstered in standing biomass. In turn, when ithredss is
harvested and turned into energy through combusti@memical processes, the sequestered carbamtte@ and
thereby returns to the atmosphere in the form dd@adioxide. This basically means that the netatfbn

atmospheric carbon of growing biomass as a fualcotinat is subsequently combusted is zero. Inrasftwhen

fossil fuels are used to generate energy, the oatiat has been stored in below-ground pools (aesumably would
remain there forever were it not for its use ased $ource) and is emitted to the atmosphere ¢hidd to a net increase
in atmospheric carbon concentration. Thereforesthmstitution of biofuel feedstocks for fossil feielan be viewed as
decreasing the net carbon emissions.
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credit for tillage changes, adoption of practicdfyrestation, and other forest
management manipulations that are observed inktbenae of a GHG incentive
program. Any GHG changes that occur in the basealiseconsidered business as-usual
(or BAU) changes to which GHG effects induced lpolcy can be compared to gauge
the effectiveness of the policy.

Within the forest and agricultural sectors, thener@umerous management
alternatives to reduce net GHG emissions belowlinesevels. These are referred to as
mitigation options in FASOMGHG. GHG emissions caréduced by using forest and
agricultural mitigation strategies, and biofuelgwotion as agriculture and forestry can
offset energy-related emissions by providing bieefgtocks that can be used in energy
production processes. The potential biofuel rela@nagement possibilities that are
inherent in the structure of FASOMGHG are the patidun of ethanols a replacement
for gasoline through the conversion of corn, sugere, switchgrass, poplar and willow,
the generation of electricityrrough use of milling residues, harvested wood,
switchgrass, poplar and/or willow as feedstocka agbstitute for coal and the
production of biodiesdfom soybeans or corn, for use in transportatiah. fu

Because FASOMGHG is a multi-period model, the nd@3nitigation
contributions of modeled activity over time wereeded to consider in the model.
Different strategies were used to reflect theseadyn contributions depending on
whether the activity of interest was sequestra@wnissions reduction, or biofuel offsets.
Here the cumulative amounts of sequestration osgoms incurred during each model
time period were used in the model. Consequergiyysstration is modeled in terms of
cumulative tons of carbon sequestered over timeséguestration activity, the model
yields non-uniform quantities over time due to ¢jemerally accepted scientific premise
that carbon sequestered in ecosystem approaclaely state equilibrium under any
management alternative. For emissions and biofifisdts, the cumulative amounts
incurred in this and all previous time periods r@fected in each time period reflecting
change in total climatic forcing.
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4.3.5 Crop Production in FASOMGHG Regions

Geographically, FASOMGHG regions cover forest agdcaltural activities across the
U.S. The crop production set is defined at theegfan level and currently there are
more than 1200 production possibilities. Yieldsstsand input usage rates vary by
region. These include major field crop productidrestock production, and biofuel
feedstock production. Also, they are defined acroskiple land types (wet land, low
erodible crop land, medium erodible crop land, sexkrely erodible crop land),
irrigation possibilities (irrigated and non-irrigat), fertilization alternatives (three
alternatives — base fertilization then 15% and 38@tctions from the base) and tillage
alternatives (three alternatives — conventionauced and zero). Yield, water use, and
erosion data for these alternatives are defineddan runs of the EPIC (Erosion
Productivity Impact Calculator) crop growth simalat

For the purpose of simplifying our analyses, adl yireld and crop residue
production data based on different land typeggatron possibilities and tillage
alternatives are aggregated and broken down frosub8gions into 11 market regions
for agricultural sector coverage as shown in thel@d.3. Research in this dissertation
will be conducted at the 11 region level. The 1dioe breakdown reflects the existence
of regions for which there is agricultural activiiyt no forestry, and vice versa. Forestry
production occurs in nine of the 11 production oegi, but agricultural sector activity
cannot be reasonably condensed to only these egiens. For instance, the Northern
Plains (NP) and Southwest (SW) regions reflect irtgma differences in agricultural
characteristics, but no forestry activity is inchddn either region. Likewise, there are
important differences in the two Pacific Northwesgions (PNWW, PNWE) for
forestry, but only the PNWE region is consideresignificant producer of the

agricultural commodities tracked in the model.
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Table 4.3Definitions of 11 Regions in FASOMGHG

Key Region States/Subregions

NE Northeast Connecticut, Delaware, Maine, Maryland, Massachsiset
New Hampshire, New Jersey, New York, Pennsylvania,
Rhode Island, Vermont, West Virginia

LS Lake States Michigan, Minnesota, Wisconsin

CB Corn Belt All regions in lllinois, Indiana, lowa, Missouri, @

GP GreaPlains Kansas, Nebraska, North Dakota, South Dakota

SE Southeast Virginia, North Carolina, South Carolina, Georgia,
Florida

SC South Central Alabama, Arkansas, Kentucky, Louisiana, Mississippi
Eastern Oklahoma, Tennessee, Eastern Texas

SW Southwest Western and Central Oklahoma, All of Texas but the
Eastern Part — Texas High Plains, Texas RolliagB]
Texas Central Blacklands, Texas Edwards Plateatgsle
Coastal Bend, Texas South, Texas Trans Pecos

RM Rocky Mountains Arizona, Colorado, Idaho, Montana, Eastern Oregon,
Nevada, New Mexico, Utah, Eastern Washington,
Wyoming

PSW Pacific Southwest All regions in California

PNWE Pacific Northwest Oregon and Washington, east of the Cascade mountain

— East side range
PNWW Pacific Northwest Oregon and Washington, west of the Cascade mountain

— West side

range
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5. ANALYSIS OF CROP RESIDUE PROSPECTS

Besides their uses in energy generation, cropuesiiave an important role in soil
erosion control and maintenance of soil organidenatAs discussed above, the amount
of crop residues which can be removed for energeiggion will depend on many

factors such as soil type and fertility level, ®lagharacteristics and tillage system. Based
on the studies of Nelson (2002), Nelson et al. 2@hd Perlackt al. (2005), the

amount of removal crop residues is establishedA8EMGHG. In addition, following a
method by French (1960) as described in McCarl. €2800), residue density, hauling
distance and hauling cost are estimated in FASOMGH@thermore, crop residue
delivered costs which include harvesting, procegsstorage and hauling costs are also
be computed.

5.1 Characteristics of Crop Residue Supply

The supply of crop residues for electricity generatvill rest on a number of factors
which are described below.

5.1.1 Availability of Crop Residues for Power Generation

All estimated results are aggregated from 63 sgmns into 10 agricultural regions27
as defined in FASOMGHG. Using equation (4.1), thmant of removable crop
residues available for energy generation is esdthat FASOMGHG based on different
land types, irrigation possibilities, and fertilian and tillage alternatives. These
estimated aggregated results of removable croguesiin the 10 agricultural regions for
six crops are shown in Table 5.1. Total amountawf/éstable crop residues in million
tons are obtained by multiplying the amount of regaime crop residues in tons per acre
with total harvested acres of each crop in eaclone@ee Table 5.2 and Table 5.3).
Table 5.3 shows that nationally about 156 milliong of crop residues are available
with 68% of them coming from the CB and GP regiand 93% of them are accounted

for by corn and wheat residues. The table also stibat about 116 million tons of corn

27 One region (PNWW) is ignored because it is noicatfurally significant in FASOMGHG.
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residues and 30 million tons of wheat residuesbmaharvested nationally and are

enough to supply 217 100MW power plafits.

5.1.2 Average Density and Distance of Crop Residues

One of the main factors that influence the spregtdiben farm level costs and industry
level (delivered plant) costs is the density ofdas (Gallagher et al., 2003). Lower crop
residue density will result in higher distance #&i@d between farm land and delivered
plant. This in turn will result in higher transpatibn costs as indicated by equation (4.2).
The density of crop residue in each region (in getccan be obtained by dividing total
harvested acres of each crop in each region blyléotd area of that region in acres. The
estimated results of crop residue density repartddble 5.4 are aggregated from 63
sub-regions into 10 agricultural regions as defimBASOMGHG. As expected, the
table shows that corn residues are densely comtedtm CB region, while wheat,
sorghum and barley residues are highly concentiatdte GP region.

Average hauling distance between farm land andneiag plants (see equation
(4.2) is a function of density, yield and requiteds of crop residues (which contains
recoverable BTUS equivalent to 7 TBTUs for a 100 M@éver plant) . The estimated
aggregated results for average hauling distancéh®10 agricultural regions in
FASOMGHG, and various cofire (5%, 10%, 15% and 2@%g) fire alone (100%)
scenarios, are displayed in Table 5.5 and Tabléds.6orn and wheat residues
respectively (see APPENDIX Il for sorghum, oatg]dyaand rice residue results). Data
in the tables suggest that as cofiring ratios m®ed.e. as a 100 MW power plant
consumes more and more crop residues for powerafeng average hauling distance
increases at an increasing rate since residuesiaviét to be collected from longer
distance®. Table 5.5 indicates that among the 10 agricultegions, the CB has the
lowest average hauling distance for corn residoesause the concentration (density) of

corn residues is the highest there. Similarly ibl€&.6, GP has the lowest average

2 Here we are making the assumptions that crop uesidre costless and that a 100 MW power plantiresoi
TBTUs equivalent of crop residues each year forgrogeneration. By using HHVs and the required wwhsorn and
wheat residues for a 100 MW power plant, the nunolf&00MW power plants can be calculated.

The distance is based on the square system astagbsior French (1960).
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hauling distance for wheat residues as the coretgmrof wheat residues is the highest

in that region.

Table 5.1Weighted Average Yield of Removable Crop Residues(Tons/Acre)

Region Corn Wheat Sorghum Barley Oats Rice
NE 1.3C 1.0¢ 1.11 0.61 0.3¢€ -
LS 1.52 0.64 - 0.42 0.3¢ -
CB 1.8¢ 1.1¢€ 1.11 0.6: 0.47 0.2C
GF 1.5¢ 0.5¢ 0.9 0.4z 0.3t -
SE 1.37 0.87 0.7¢ 0.5¢ 0.3t -
SC 1.61 0.8¢ 1.0t 0.64 0.2¢ 0.4C
SW 1.27 0.4¢ 0.52 0.3( 0.1¢ 0.41
RM 1.5¢ 0.5¢ 0.5 0.5¢€ 0.3t -
PSW 1.67 0.82 0.4¢ 0.4C 0.31 0.5¢
PNWE 1.86 0.42 - 0.45 0.38 -

Note: For definitions of regions, see Table 4.3.



Table 5.2Total Harvested Acres (in Million Acres)

81

Region Corn Wheat Sorghum Barley Oats Rice
NE 2.3t 0.5t 0.01 0.17 0.22 -

LS 10.7¢ 2.4¢ - 0.1¢ 0.4¢€ -

CB 33.6¢ 2.7¢ 0.3( - 0.2¢ 0.21
GF 14.91] 20.92 4.3: 1.54 0.4 -

SE 1.44 1.04 0.0t 0.07 0.0¢ -

SC 2.71 2.14 0.52 0.01 0.0C 2.45
SW 1.5¢ 6.8¢ 3.0C - 0.17 0.2C
RM 1.27 8.0C 0.37 1.6¢€ 0.1t -
PSW 0.1¢ 0.4¢€ - 0.11 0.0 0.47
PNWE 0.07 3.21 - 0.52 0.04 -
Note: For definitions of regions, see Table 4.3.

Table 5.3Total Removable Crop Residues (in Million Tons)

Region Corn  Wheat Sorghum  Barley Oats Rice Total
NE 3.07 0.5¢ 0.01 0.1C 0.0¢ - 3.8¢
LS 16.21 1.5¢ - 0.0¢ 0.1t - 18.0¢
CB 62.1¢ 3.2% 0.3< - 0.1z 0.04 65.92
GF 23.6¢ 12.1¢ 4.02 0.6€ 0.1¢ - 40.6¢
SE 1.9¢ 0.9C 0.0 0.04 0.0z - 2.9¢
SC 4.4¢€ 1.8¢4 0.5t 0.01 0.0cC 0.9¢ 7.8
SW 2.0c 3.3¢€ 1.5t - 0.0¢ 0.0¢ 7.0¢
RM 2.0c 4.2% 0.1¢ 0.9 0.0t - 7.45%
PSW 0.27 0.3¢ - 0.04 0.01 0.2¢ 0.97
PNWE 0.14 1.35 - 0.23 0.01 - 1.73
Total 116.02 29.62 6.70 2.09 0.66 1.38 156.47

Note: For definitions of regions, see Table 4.3.



Table 5.4 Weighted Average Crop Residue Density (i)
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Region Corn Wheat Sorghum Barley Oats Rice
NE 3.2¢ 0.4z 0.3¢ 1.4¢ 1.4Z -

LS 7.3¢€ 1.21 - 0.0¢ 0.27 -

CB 20.82 2.1 0.27 - 0.1t 0.0¢
GF 9.3¢ 12.6¢ 5.4 2.2¢€ 0.2¢ -

SE 0.9 0.61 0.07 0.07 0.0t -

SC 1.61 1.11 0.2C - - 2.23
SW 0.6t 4.3t 1.61 - 0.07 0.5C
RM 0.51 2.0¢ 0.C8 0.4¢€ 0.0 -
PSW 0.0¢ 0.17 0.1¢ 0.0¢ 0.0 0.1C
PNWE 0.01 1.33 - 0.25 0.01 -
Note: For definitions of regions, see Table 4.3.

Table 5.5 Average Hauling Distance for Corn Residige(in Miles)

Region Cofire5%  Cofire10% Cofire15% Cofire20% Fire100%
NE 13.12 18.3¢ 22.72 26.47 78.3¢
LS 8.1 11.4C 14.0¢ 16.41 48.6(
CB 4.3¢ 6.14 7.5¢ 8.8¢ 26.1¢
GP 7.04 9.8¢ 12.1¢ 14.2( 42.0¢€
SE 24.0z2 33.6¢ 41.6( 48.4¢ 143.5:
SC 16.87 23.6¢ 29.2:¢ 34.0¢ 100.8¢
SW 29.8¢ 41.8¢ 51.7¢ 60.3( 178.6(
RM 30.1¢ 42.2¢ 52.2( 60.81 180.1(
PSW 70.0¢ 98.2:¢ 121.3¢ 141.4: 418.8¢
PNWE 199.41 279.48 345.39 402.36 -

Note: For definitions of regions, see Table 4.3.
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Table 5.6 Average Hauling Distance for Wheat Resiges (in Miles)

Region Cofire5%  Cofire10% Cofire15% Cofire20% Fire100%

NE 31.4% 44.1( 54.5( 63.4¢ 188.0¢
LS 24.2] 34.02 42.04 48.9¢ 145.0¢
CB 13.5¢ 18.9 23.4¢ 27.3] 80.8¢
GP 7.8¢ 10.9¢ 13.5} 15.81 46.8]
SE 29.1¢ 40.8¢ 50.5( 58.8¢ 174.2:
SC 21.6¢ 30.3¢ 37.5¢ 43.7¢ 129.5¢
SW 14.5¢ 20.4¢ 25.2i 29.4¢ 87.2(
RM 20.2¢ 28.3¢ 35.0¢ 40.8¢ 121.0:c
PSW 56.5¢ 79.2¢ 97.9¢ 114.1( 337.9¢
PNWE 28.42 39.83 49.22 57.34 169.82

Note: For definitions of regions, see Table 4.3.

5.1.3 Hauling Cost

Average crop residue density and subsequentlyrmadistance will be important in
determining average hauling cost between the sypgpit and the demand point of crop
residues, as indicated in equation (4.2). Theregéd average hauling costs for the 10
agricultural regions based on cofiring and firensl@atios are shown in Table 5.7. As
mentioned above, among the 10 agricultural regiGBshas the highest corn residue
density which means the hauling distance betwemen l@and and delivered plant in that
region will be the lowest. This will yield the lowsiehauling cost for corn residues in CB
as shown in the table below. The same thing casaluieabout wheat and other residues
(see Table 5.8) for wheat residues and the tablestlier residues are provided in
APPENDIX II). In PNWE, on average it would cosbalb $72 per ton for cofiring
power plants to acquire corn residues as the coratem of corn residues is the lowest
in that region and power generators would havesizet greater distances to collect corn

residues. In addition, it would not be feasiblalato fire corn residues alone (100%) in
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a power plant in that region because the cost wlifgawould be prohibitively high.
Obviously, hauling cost for crop residues will bgvér in a region where residue

concentration is high than in a region which h#&ssmaconcentration of residues.

5.1.4 Total Crop Residue Production Cost

Flaim and Hertzmark (1981) estimated that on avethg total cost of crop residues
delivered to electric utility would be about $343& ton which included costs of
harvesting, storing and hauling. Turhollow et 4b98) assessed the delivered costs of
corn and small grain residues to be around $21e7%m and $16.3 per ton respectively.
Their delivered costs included harvesting and mgutiosts”, but storage and processing
costs were ignored in their study. In the same wagkhansanj and Turhollow (2002)
evaluated harvesting and hauling c&'st§ corn stover to be around $19.6 per ton, but
they did not take storage and processing costomeideration in their evaluation.
Perlack and Turhollow (2002) showed that on avecage stover could be collected,
stored and haulé@for about $45.83 per ton using conventional eqeipnfior ethanol

conversion facilities of different sizes.

30 The hauling cost was assumed to be fixed at §5e88on.

31 Their estimated hauling cost was around $5.53qrer

%2The calculated average hauling cost and haulirtgrtie in their study are about $9.18 per ton anchi®ss
respectively.
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Table 5.7 Average Hauling Cost for Corn Residuesr{iDollars/Ton)

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 7.3¢€ 8.54 9.5(C 10.32 21.7¢
LS 6.2¢ 7.01 7.6(C 8.11 15.1¢
CB 5.4¢€ 5.8t 6.17 6.44 10.2¢
GP 6.0t 6.67 7.1¢€ 7.62 13.7¢
SE 9.7¢ 11.9C 13.6¢ 15.1¢ 36.07
SC 8.21 9.7C 10.9¢ 11.9¢ 26.6¢
SW 11.0% 13.71 15.8¢ 17.71 43.7¢
RM 11.13 13.7¢ 15.9¢ 17.8¢ 44.1z2
PSW 19.92 26.11 31.21] 35.61 96.64
PNWE 48.37 65.99 80.49 93.02 -

Note: For definitions of regions, see Table 4.3.

Table 5.8 Average Hauling Cost for Wheat ResiduesDollars/Ton)

Region Cofire5% Cofirel0% Cofirel5%  Cofire20% Fire100%
NE 11.4z2 14.2( 16.4¢ 18.4; 45.8i
LS 9.84 11.9¢ 13.7¢ 15.25 36.41
CB 7.4¢ 8.67 9.6€ 10.51 22.2¢
GP 6.22 6.92 7.4¢ 7.9¢ 14.8(
SE 10.91 13.4¢ 15.61 17.4¢ 42.8:
SC 9.27 11.1¢ 12.7¢ 14.12 33.0¢
SW 7.71 9.0C 10.0¢ 10.9¢ 23.6¢
RM 8.9¢ 10.7¢ 12.22 13.4¢ 31.1
PSW 16.9¢ 21.9¢ 26.0¢t 29.6( 78.8¢
PNWE 10.75 13.26 15.33 17.11 41.86

Note: For definitions of regions, see Table 4.3.
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In this dissertation, costs of harvesting and ctiltg), storing and processing
based on the literature (as discussed abaneelised along with the estimated hauling
costs and the farmer paymehiisn 10 FASOMGHG regions to derive the estimates for
average crop residue delivered costs in ddffarsr ton which are reported in Table 5.9
and Table 5.10 for corn and wheat residues (thtearesavailable in APPENDIX II). As
can be seen in the tables, our estimated reseltare or less consistent with the
literature. On average, it would cost about $50tperfor a biomass-fire-alone 100MW
power plant to acquire corn residues in CB. AsWbeat residues with fire-alone option,
it would cost about $49 per ton in GP. Cofiringrrresidues with coal may be a better
option for power generators as crop residues azapdr with cofiring options than with

fire-alone option as shown in the tables.

Table 5.9 Average Delivered Cost Estimates of CormResidues (in Dollars/Ton)

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 46.8: 47.9¢ 48.9¢ 49.77 61.1¢
LS 45.7: 46.4¢ 47.0¢ 47.5¢ 54.6¢
CB 44.91] 45.3( 45.62 45.8¢ 49.71
GP 45.4¢ 46.12 46.6: 47.07 53.2(
SE 49.2: 51.3¢ 53.1(C 54.61 75.52
SC 47.6¢€ 49.1¢ 50.3¢ 51.44 66.1:<
SwW 50.52 53.1¢ 55.3¢ 57.21] 83.2¢
RM 50.5¢ 53.2¢ 55.4: 57.32 83.51
PSW 59.3¢ 65.5¢ 70.6¢ 75.0¢ 136.0¢
PNWE 87.82 105.43 119.93 132.47 -

Note: For definitions of regions, see Table 4.3.

33 Based orPerlack and Turhollow (2002), farmer payments df $fie assumed.
34 Note all costs are based on 2004 dollars.
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Table 5.10 Average Delivered Cost Estimates of WheResidues (in Dollars/Ton)

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 45.3¢ 48.1¢€ 50.4¢ 52.4: 79.8:
LS 43.8( 45.9¢ 47.71 49.2: 70.37
CB 41.4¢4 42.6: 43.62 44.47 56.2¢
GP 40.1¢ 40.87 41.44 41.9¢ 48.7¢
SE 44.87 47 .4 49.57 51.4( 76.7¢
SC 43.2:% 45.1¢4 46.7: 48.0¢ 66.9¢
SW 41.67 42.9¢ 44.0z 44.9¢ 57.64
RM 42.91] 44.7( 46.1¢ 47 .45 65.0¢
PSW 50.9( 55.9( 60.01 63.5¢ 112.8:
PNWE 44.71 47.22 49.29 51.07 75.82

Note: For definitions of regions, see Table 4.3.

5.2 Cost Comparisons between Crop Residues and Fossiléts

In order to compare average delivered costs betwegnresidues and fossil fuels, all

cost units in ton (or in cubic foot for natural fase converted into the same common

energy units in million Btu (MMBtu) by employingdter heating values (HHVS) of the

respective fuels. For instance, an average wheatue delivered cost of $49 per ton can

be converted into $3.25 per MMBtu by using the whieasidue HHV of 15.06 MMBtu

per ton. The same thing can be done with fosslsfog using their respective HHVs.

All average delivered costs of coal, natural gas@op residues converted from their

respective units to a common unit in dollars per BtMare reported in the tables below.
Table 5.11 shows that coal prices have been staoldelow $2 per million Btu

in most of the regions. On the other hand, Takl@ Beports that natural gas prices have

been volatile, on average they have increased $i28 per million Btu in 1998 to

about $8.13 per million Btu in 2005. As suggestethe tables below, crop residues are

not cost competitive with coal for both cofiringcafire-alone options (see Table 5.13

and Table 5.14 for cost comparisons). Coal pricishave to rise much higher than the
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current level in order to make crop residues ecaoaltyg competitive. It may not be
sensible to compare costs between natural gasrapdesidues, as one is in a gaseous
state and the other in a solid state. In addisoligd crop residues may not be able to
substitute natural gas in a gas-fired power plamgss gasification technologies were
developed to directly convert solid crop residugs biogas which can be burned in the
power plant. Even if these conversion technologigst today, costs of converting solid

residues into biogas could be extremely high.

Table 5.11 Average Cost of Coal Delivered to Electr Utilities (in Dollars/MMBtu)

Region 1998 2001 2004 2005
NE 1.6 1.6: 1.7¢ 2.1
LS 1.1< 1.0¢ 1.16 1.2¢
CB 1.22 1.1t 1.1¢ 1.32
GF 0.61 0.6: 0.6¢ 0.7:
SE 1.8C 1.9¢ 2.217 2.71
SC 1.37 1.2¢ 1.51 1.7t
SW 0.8¢ 0.9¢ 1.0¢€ 1.04
RM 1.01 1.0z 1.07 1.14
Pacific 1.12 0.9 1.0C 1.07

Note: For definitions of regions, see Table 4.3.
Source: Data are derived from Energy Informatiomidstration (1998, 2001, 2006i).
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Table 5.12 Average Cost of Natural Gas Delivered t&lectric Utilities (in
Dollars/MMBtu)

Region 1998 2001 2004 2005
NE 2.5¢ 4.22 6.6( 9.31
LS 1.65 3.72 4.6¢ 6.4¢
CB 2.3¢ 5.0¢€ 6.4¢ 8.8¢
GF 2.1t 3.72 5.5¢ 7.82
SE 2.31 4.41] 6.34 8.6¢
SC 2.2 4.1¢ 6.0¢ 8.94
SW 2.2 4.34 5.91 7.91
RM 2.3¢ 5.41 5.72 7.6(
Pacific 2.58 8.62 5.73 7.65

Note: For definitions of regions, see Table 4.3.
Source: Data are derived from Energy Informatiommistration (1999, 2003b, 2005e,
and 2006;j).

Table 5.13 Average Delivered Cost Estimates of CofResidues (in Dollars/MMBtu)

Region Cofire5% Cofirel0%  Cofirel5%  Cofire20% Fire100%
NE 5.0¢ 5.2C 5.3C 5.3¢ 6.65
LS 4.9¢ 5.0 5.1C 5.1¢ 5.92
CB 4.87 4.91 4.94 4.97 5.3¢
GP 4.9: 5.0C 5.0t 5.1C 5.77
SE 5.34 5.57 5.7¢ 5.92 8.1¢
SC 5.17 5.3 5.4¢ 5.5¢ 7.17
SW 5.4¢ 5.7¢ 6.0C 6.2C 9.0z
RM 5.4¢ 5.77 6.01 6.21 9.0¢
PSW 6.4% 7.11 7.6¢€ 8.14 14.7¢
PNWE 9.52 11.43 13.00 14.36 -

Note: For definitions of regions, see Table 4.3.
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Region Cofire5% Cofirel0%  Cofirel5%  Cofire20% Fire100%
NE 3.01 3.2C 3.35 3.4¢ 5.3C
LS 2.91 3.0t 3.17 3.21 4.67
CB 2.7 2.8 2.9C 2.9t 3.74
GP 2.67 2.71 2.7¢ 2.7¢ 3.24
SE 2.9¢ 3.1t 3.2¢ 3.41 5.1C
SC 2.87 3.0C 3.1C 3.1¢ 4.4t
SW 2.71 2.8t 2.92 2.9¢ 3.8¢
RM 2.8t 2.97 3.07 3.1t 4.32
PSW 3.3¢ 3.71 3.9¢ 4.22 7.4¢
PNWE 2.97 3.14 3.27 3.39 5.04

Note: For definitions of regions, see Table 4.3.
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6. ANALYSIS OF FACTORS AFFECTING COST COMPETITIVENESS OF
CROP RESIDUES

The future production of bioelectricity from cropsidues would likely depend on
various scenarios such as increases in the caa and carbon abatement costs,
reductions in residue production cost, and imprcemsin fuel conversion technologies
and the quality of crop residues. FASOMGHG is emptbto explore the future market
conditions of crop residues for electricity genemratunder various scenario assumptions
as discussed in the next section. At present, dreréwo main factors that affect
economic competitiveness of crop residues for atatst production: low heat content
and high production costs. Generally coal hasgelddHV of about 20 MMBtu per ton.
The HHVs for corn and wheat residues are about BWi\per ton and 15 MMBtu per
ton respectively. Due to its higher heat contentaverage coal costs less than corn and
wheat residues as shown in the tables above. Bee#dusat residues have higher heat
content than corn residues, Table 5.13 and Tafike $how that average delivered costs
of wheat residues are less than the average dedivrsts of corn residues. The low heat
content nature of crop residues makes them lesly lik be cost-competitive with coal.
Another factor that may affect the cost competiiegs of crop residues is their
high production costs such as harvesting, procgssid transportation costs. Unlike
coal which can be continuously mined, harvesteolcgssed and transported via railroad
in large quantities using highly developed techgme and sophisticated equipments, at
present crop residues cannot be produced effigieo to the lack of market
development and development in production technesognd infrastructures. In
addition, unlike coal, crop residues are not dgnsehcentrated in a particular region or
area. This means greater distances have to beetbiecollect and transport residues
and this would increase the cost of residue pradoi¢temendously. In order to make
crop residues economically competitive with coagit costs of production have to be
reduced. Table 6.1 shows that wheat residues withrgy options could become cost
competitive with coal in some regions if we assuha the residue production costs can
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be reduced by at least 50%. Production costs for zsidues may have to be reduced

by well above 50% to make corn residues cost coitnmewith coal (see Table 6.2).

Table 6.1Average Delivered Cost Estimates of Wheat Residués Dollars/MMBtu
), Assuming 50% Reduction in Production Costs

Region Cofire5% Cofirel0% Cofirel5%  Cofire20% Fire100%
NE 1.84 1.9¢ 2.01 2.07 2.9¢
LS 1.7¢ 1.8¢€ 1.92 1.97 2.67
CB 1.71 1.7¢ 1.7¢ 1.81 2.2C
GF 1.67 1.6¢ 1.71 1.72 1.9t
SE 1.82 1.91 1.9¢ 2.04 2.8¢
SC 1.77 1.8: 1.8¢ 1.9¢ 2.5¢€
SW 1.72 1.7¢€ 1.7¢ 1.82 2.2¢
RM 1.7¢ 1.82 1.87 1.91 2.4¢
PSW 2.0z 2.1¢ 2.3z 2.44 4.0¢
PNWE 1.82 1.90 1.97 2.03 2.85

Note: For definitions of regions, see Table 4.3.

Table 6.2 Average Delivered Cost Estimates of CorfResidues (in Dollars/MMBtu),
Assuming 50% Reduction in Production Costs

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 3.0€ 3.14 3.19 3.24 3.86
LS 3.02 3.06 3.09 3.12 3.50
CB 2.98 3.00 3.01 3.03 3.24
GF 3.01 3.04 3.07 3.09 3.43
SE 3.21 3.32 3.42 3.50 4.63
SC 3.12 3.21 3.27 3.33 4.13
SW 3.28 3.42 3.54 3.64 5.05
RM 3.28 3.43 3.55 3.65 5.07
PSW 3.76 4.09 4.37 4.61 7.92
PNWE 5.30 6.26 7.04 7.72 -

Note: For definitions of regions, see Table 4.3.



93

6.1 Future Market Scenarios of Crop Residues for PoweGeneration

FASOMGHG is used to analyze market potential foekectricity generated using crop
residues. It is designed to simulate activity cwvéong period of time. In this
dissertation, bioelectricity production is simulkhfeom the year 2000 to the year 2045 in
five year intervals. Both co-fire and fire-alondiops are examined in the analyses. By
incorporating various assumptions described abaeeHASOMGHG, the following
scenarios are simulated over the period of 200204

1) Increase in coal prices

2) Increase in carbon dioxide (GXequivalent prices

3) Changes in higher heating values(HHVs) of cropdugss

4) Improvement in crop yield

5) Improvement in conversion efficiency of residues

6) Reduction in residue production costs

7) Changes in market penetration limits.

Under the first scenario, the impact of increaseaal prices on crop residues for
power production is explored. In the second scenadrious levels of CEprices are
employed to examine their effect on bioelectrigitpduction using crop residues. Third
scenario detects the impact of changes in crogduediHVs on biopower generation.
Fourth scenario studies the effect of improvemermrop yield on the use of residues for
power generation. Fifth scenario analyzes how imgmeent in fuel conversion
efficiency rate affects bioelectricity productidixth scenario examines how decreases
in residue production costs alter residue eletyrgeneration. And final scenario looks
at the impact of changes in the rate of market fpatien constraints on bioelectricity

production.

6.1.1 Coal Price Scenarios

By using alternative coal prices and constant 6&se price of zero in FASOMGHG,
bioelectricity production is simulated over timedaesults are shown in Table 6.3. The

table shows that coal price has to be above $4@pgiequivalently $2 per million Btu
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(MMBLtu)) for wheat residues with cofiring options have market potential. It also
shows that fire-alone option is not feasible foy arop residues unless coal price
reaches above $74.04 per ton (or $3.7 per MMBta)ca@al price increases, more and
more power plants switch to wheat residues with 20%ing option. Corn, sorghum,
barley, oats and rice residues do not have makenpal in bioelectricity production as

coal price rises.

6.1.2 Carbon Price Scenarios

A CO, equivalent price should ultimately reflect theuiie external cost of releasing
GHG into the atmosphere. In the model, alterndi@ prices will be applied to CO
CH, (methane), and XD (nitrous oxide) emissions or offsets adjustedlieir
greenhouse gas or global warming potential (GI/WPASOMGHG is used to simulate
future market scenarios for bioelectricity prodantwith chosen C@equivalent prices
ranging from $0 to $100 per ton. In this sectitwe toal price is assumed to be
unchanged with the base price of $24.68 per toedaivalently $1.23 per MMBtu).
Simulated results are reported in Table 6.4 whichws that an increase in G@rice is
tremendously important for crop residues to havemtal in power generation. The
table indicates that the G@rice has to be about $15 per ton for wheat residvith
cofiring options to have electricity production eotial. Similar to coal price scenarios
above, wheat residues with 20% cofiring option witireasingly and significantly
contribute to bioelectricity production as gfrice increases from $15 per ton to $50
per ton. When the C{price reaches $100 per ton, bioelectricity prodsigeould be
willing to primarily use wheat residues for powengration as wheat residues with fire-
alone option have become feasible. At that le¥€@©, price, corn residues with fire-
alone option would also become attractive to biogrogroducers as can be seen in the
table.

% The GWP compares the radiative forcing of theotssiGHGs relative to Cver a given time period (Cole et al.,
1996). The 100-year GWP for G@quals 1. Higher values for GkKR1) and NO (310) reflect a greater heat trapping
ability (see Schneider and McCarl, 2003).



Table 6.3Bioelectricity Production over Time under Alternative Coal Prices (in Number of 100MW Plants)

Coal Price 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
Coal $43.19

Wheat (Cofire 5%, 10% and 15%) - 2 10 11 16 23 26 32 19 26
Coal $49.36

Wheat (Cofire 5%, 10% and 15 2 8 4 19 26 3¢ 41 47 51 63

Wheat (Cofire 20%) 1 1 14 1 2 2 3 3 4 5
Coal $61.70

Wheat (Cofire 10% and 15 - - 2 4 6 14 32 36 75 84
Wheat (Cofire 20% 2 12 18 27 38 44 28 29 17 28
Barley (Cofire 10%) - - - - - - - - 4 5
Coal $67.87

Wheat (Cofire 10% and 15 - - 3 7 8 6 14 14 13 23
Wheat (Cofire 20% 2 12 18 27 36 51 47 51 93 97
Barley (Cofire 10%) - - - - - - - - 4 5
Coal $74.04

Wheat (Cofire 15% - - - 4 8 6 6 9 - -
Wheat (Cofire 20% 2 12 24 31 35 51 55 56 107 12¢
Barley (Cofire 10%) - - - - - - - 1 - -

G6



Table 6.4 Bioelectricity Production over Time underAlternative Carbon Prices (in Number of 200MW Plarts)

Carbon Price 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
CO2 $10

Wheat (Cofire 5% and 10%) - - 4 - - 1 1 2 2 3
CO2 $15

Wheat (Cofire 5%, 10% and 15%) 6 13 12 20 33 35 38 43 54
Wheat (Cofire 20%) - - 1 1 2 2 3 3 4 5
CO2 $30

Wheat (Cofire 10% and 15%) - 3 7 10 6 13 14 48 53
Wheat (Cofire 20%) 10 12 19 27 32 51 47 51 42 70
Barley (Cofire 10%) - - - - - - - - 4 5
CO2 $40

Wheat (Cofire 15%) - - - - - - 6 7 - -
Wheat (Cofire 20%) 10 12 24 35 46 57 53 57 107 128
Barley (Cofire 15% and 20%) - - - - - - 1 - 1 -
CO2 $50

Corn (Cofire 20%) - - - - - - 5 - - -
Wheat (Cofire 15%) - - - - - - 3 - - -
Wheat (Cofire 20%) 12 13 24 35 43 61 60 68 109 127
Wheat (Fire-alone100%) 1 4 5 7 9 11 14 17 - -
Barley (Cofire 15% and 20%) - - - - - - 1 - 1 -
Rice (Cofire 20%) - - - - - - 1 - - -
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Table 6.4 (Continued)

Carbon Price 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
CO2 $100

Corn (Cofire 20%) - - - - 2 2 5 6 - -
Corn (Fire-alonel100%) - - - - - - - 64 156 203
Sorghum (Fire-alone100%) - - - - - - - - 4 -
Wheat (Cofire 20%) - - 3 5 6 10 10 13 29 18
Wheat (Fire-alone100%) 11 13 25 29 43 66 69 77 81 110
Barley (Cofire 20%) - - - - 1 1 5 - 1
Rice (Cofire 20%) - - - - - - - 1 3 -

L6
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6.1.3 Scenarios for Changes in Higher Heating Values

Table 6.3 and Table 6.4 show that wheat residussrdiie most of the bioelectricity
production as coal and GQ@rices increase. This is due to the fact that whesadue has
a HHV of 15.06 MMBtu per ton which is much highbah that of corn (9.23 MMBtu
per ton) and other residues (see Table 4.2 fafildWs). Changes in crop residue HHVs
can have great impact on the results of bioelegtgzoduction. In this section,
bioelectricity production results are obtained freimulating FASOMGHG, by
assuming that all crop residues have the same HH¥%.06 MMBtu per ton. The base
price of coal is assumed to be constant, while @@es of $0 to $100 per ton are used
in the simulation. Results are reported in Tabfevéhich shows that when all crop
residues are assumed to have the same HHV, caduesscould potentially contribute
to bioelectricity generation in substantial amoasitCQ price rises. When C(price
reaches above $40 per ton, corn residue electpoigiuction could surpass wheat
residue’s in both fire-alone and cofiring optioRmdings here suggest that crop residues
with larger HHVs are more likely to have marketeotal in bioelectricity production

than the residues with lower HHVSs.

6.1.4 Scenarios for Improvement in Crop Yield

Increase in the equivalent price of ©@ould certainly make biofuels more cost
competitive and induce farmers to improve theirfiebcrop yields through the adoption
of new technologies. Improvement in crop yield couicrease the availability of crop
residues and hence bring down the residue priae.Wauld give biopower producers
more incentives to use crop residues for elecgrgp@neration. Using various levels of
CO;, prices, this section simulates the effect of imroent in crop yield on

bioelectricity production. The base price of caahssumed to be constant. Two levels of
yield improvement are simulated: an annual yietdease of 0.3% and of 0.6%
respectively. Results are described in Figure 6lav which suggests that improvement
in crop yield alone would not be sufficient to bbbmelectricity production. The GO

price will be an important factor in helping to irag bioelectricity production.



Table 6.5 Bioelectricity Production over Time underAlternative Carbon Prices with the Assumption ThatAll Crop
Residues Have the Same HHV (in Number of 200MW Plas)

Carbon Price 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
CO2 $10

Wheat (Cofire 5% and 10%) - - 4 - - 1 1 2 2 3
CO2 $15

Corn (Cofire 5%, 10% and 15%) 1 1 3 2 11 21 10 11 34 30
Wheat (Cofire 5%, 10% and 15%) 2 5 11 10 13 29 35 38 44 54
Wheat (Cofire 20%) - - 1 1 2 2 3 3 4 5
CO2 $30

Corn (Cofire 15%) - - - - - - - 2 - -
Corn (Cofire 20%) 8 10 16 28 36 28 34 39 60 56
Wheat (Cofire 10% and 15%) - - 3 7 10 6 7 9 48 55
Wheat (Cofire 20%) 2 2 3 4 12 35 38 41 24 41
Barley (Cofire 10% and 15%) - - - - - - - - 4 5
Rice (Cofire 15%) - - - - - 1 1 1 3 3
CO2 $40

Corn (Cofire 20%) 8 10 22 37 36 53 35 40 63 57
Wheat (Cofire 15%) - - - - - - 6 - - -
Wheat (Cofire 20%) 2 2 7 12 27 19 39 48 86 106
Barley (Cofire 20%) - - - - - - 1 -
Rice (Cofire 20%) - - 1 1 1 1 1 1 3 3
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Table 6.5 (Continued)

Carbon Price 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
CO2 $50

Corn (Cofire 20%) 2 2 8 21 15 21 13 15 53 41
Corn (Fire-alone 100%) 40 40 82 92 141 162 224 241 242 272
Wheat (Cofire 15%) - - - - - - 6 - - -
Wheat (Cofire 20%) 4 3 7 11 19 24 21 30 77 89
Wheat (Fire-alone 100%) 1 4 5 7 9 11 14 17 4 6
Barley (Cofire 15% and 20%) - - - - - - 1 - 1 1
Rice (Cofire 20%) - - 1 1 1 1 1 1 4 4
CO2 $100

Corn (Cofire 20%) - - - 1 4 6 9 18 - -
Corn (Fire-alone 100%) 52 53 82 117 151 189 230 249 357 347
Wheat (Cofire 20%) - - 3 4 8 10 10 15 37 36
Wheat (Fire-alone 100%) 10 10 12 16 34 46 53 59 69 80
Barley (Cofire 20%) - - - - - 1 1 3 - 2
Rice (Cofire 20%) - - - 1 1 1 1 1 4 -

Rice (Fire-alone 100%)

00T
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As indicated in the figure, even with yield improvent assumptions, the Grice

must increase to about $15 per ton to have bioppveetucers generate electricity from
crop residues. From the figure, we may generalhckale that higher crop yields would
result in higher level of bioelectricity productioner time given that C{prices are at a
lower level, i.e. when Cg&prices are below $50 per ton. Overall resultsdatdi that
improvement in crop yield may not be an importaatdr in inducing more

bioelectricity production from crop residues.

6.1.5 Scenarios for Production Cost Reductions

Reduction in the costs of bio-feedstock productsoone of the important factors that
make bio-feedstock economically competitive. Qesdtuctions can be accomplished by
developing new and efficient technologies of hatings processing, and storage and
transport systems. By employing various levelsasit ceduction assumptions (i.e., 5%
to 50% decrease in production costs) and of @des, this section simulates the impact
of cost reductions on bioelectricity generation andwers the question of by how many
percentage would decrease in residue productids bas to be achieved (with and
without CQ prices) for bioelectricity to have market potehtiResults are depicted in
Figure 6.2 which suggests that without any,@@ce consideration; residue production
costs must be reduced by at least 50% for croguesito have any role in biopower
production in the future.

With the CQ price of $5 per ton, electricity generation frorogresidues will
have market potential if production costs are reduay at least 25% (not reported for
this case). But, when the G@rice reaches $10 per ton, Figure 6.2 indicatatsdbst
reductions of 5% to 50% will induce bioelectricgiyoduction. The figure clearly
suggests that a higher percentage of residue piodwost reduction will induce power
producers to generate more bioelectricity from aegdues. A high percentage of cost
reduction may not be as important when the @f@e rises to a significantly high level
($100 per ton or more), since at that high leveC@% price, power producers may be

willing to pay more to acquire crop residues fao#licity generation. In any case,



114 1

Number of 100MW Plants
-
~
[

o
=
L

e

'*M o

2000 2005 2010

2015

2020 2025 2030

2035 2040 2045

—8—0.6% Yield Increase

~—8==(0.3% Yield Increase

=== No Yield Increase ‘

CO2 $15 C02 $25
342 342
£ 285 2285 A
= e
< <
o o
= 228 = 228
= =
S 1711 S 171
i i
© )
o 114 o114
o o)
= £
> 574 > 571 e AT
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
—8—0.6% Yield Increase === ().3% Yield Increase === No Yield Increase ‘ ‘ —&—(.6% Yield Increase === ().3% Yield Increase ====No Yield Increase
CO2 $45 CO2 $100
342 342

N
[e<]
o

~N

n

[o5)
L

Numberof 100MW Plants
—
~
x

114 4
57 “u
. "’M .
0 “M ‘ ' T T T T T
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045

‘ —8—0.6% Yield Increase

=== ().3% Yield Increase

====No Yield Increase

Figure 6.1 Total Bioelectricity Production (in Number of 100MW Plants) for Yield Improvement Scenarios

coT



C02 %0 C02 $10
450 450

wn w
= 360 = 360
< <
o [a
= =
=270 2270
o o
o o
i —
'S 180 | 'S 180
) o
o o)
£ £
S =1
2 90 =

1 ™ S 2ttt S— e S e— S—— 0 +—== s T

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
—a— 50%Reduction —A— 25%Reduction ==@==15%Reduction -6~ 5%Reduction Base ‘ ‘ —a—50%Reduction —&— 25%Reduction ==#==15%Reduction -6~ 5%Reduction Base‘
CO2 $45 C02 $100
450 $ 450

2360 /./. £ 360
o
< <
o [a
= , =
2210 =210
o o
o o
— -
'S 180 A 'S 180
oy Py
e} o
£ £
=) =S
zZ % ERC

0 0

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
‘ —=a#—50%Reduction —&— 25%Reduction =-8==15%Reduction === 5%Reduction Base‘ ‘ —a—50%Reduction —a— 25%Reduction ——e—15%Reduction ~&--5%Reduction Base

Figure 6.2 Total Bioelectricity Production (in Number of 100MW Plants) for Cost Reduction Scenarios

€0t



104

increase in C@prices will be quite important for crop residuesave any future role
for electricity generation, as cost reduction Wl difficult to achieve without drastic

technological improvements.

6.1.6 Scenarios for Improvement in Fuel Conversion Efficency

This section simulates the effect of power plafu&l conversion efficiency
improvement on bioelectricity generation. Highfficent power plants require less
amount of Btu’'s fuel energy input to produce, saljlowatt hour (kWh) of electricity
output. Increase in fuel conversion efficiency wdtuce the cost of fuel input. It is
assumed in the simulation that improvement in tlet ¢onversion efficiency of power
plants can be attained at an annual rate of 1%qser Simulated results are illustrated
in Figure 6.3 which suggests that without any digant increase in C&yprices,
improvement in the efficiency of fuel conversioormé may not be enough to induce
potentially a higher level of bioelectricity prodian from crop residues. The figure
shows that when the GQ@rice reaches at a substantially high level §&Q0 per ton or
more, increase in the fuel conversion efficiencpaiver plants may be able to induce a

higher level of bioelectricity production.

6.1.7 Market Penetration Limit Scenarios

In FASOMGHG, there is a maximum market penetralimit that constrains the

amount of biofuel feedstock that can be used iregding electricity. The motivation

for this constraint is that biofuel feedstocks oaly be used in power generation if new
(old) power plants are added (retrofitted) withfoe generating capacities. The needs
for these additional generating capacities wikhkdepend on the future demand
growth for electricity. Based on the EIA’s datalmomass energy consumption and
forecasted values of electricity demand growth,ka@penetration limits are established
in FASOMGHG for the 11 FASOM regions. This sectiooks at the impact of changes
in the rate market penetration limits on bioel@ttyiproduction. Simulated results based
on different levels of C@prices are reported in Figure 6.4, where the ohtearket

penetration is assumed to change (i.e. increase@ss) by 25% and 50% respectively.
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At the national level, Figure 6.4 shows that changehe assumptions of market
penetration limits can bring big changes to the In@inof biopower plants that can
penetrate the markets. If maximum market penetrdimits are set at higher rates, the
number of power plants that produce bioelectriviily certainly increase. The purpose
of this section is to show that the results of @ogicity production will be sensitive to
changes in the assumptions of maximum market parairlimits in FASOMGHG. In
any case, without any increase in {fdices, market potentials for using crop residoes
electricity generation are rather slim. Figure $hdws that even with the assumptions
of higher market penetration limit rates for biagtesity production, CQ price has to be

about $15 per ton for crop residues to have angaa electricity production.

6.2 Impact on Consumer and Producer Welfare

Figure 6.5 illustrates the impact of increases @2@nd coal prices on the welfare of
U.S. consumers and producers36. The welfare iagoculture only. The figure shows
that as CO2 price increases, agricultural produgezare also increases, while
consumers suffer from welfare losses. This is beeagricultural producers can gain
credits from carbon sequestration as CO2 prica.ri€onsumers’ welfare declines due
to the rise in agricultural commodity prices, tlomsequent of CO2 price increase. The
rise in coal prices has similar impact on the welfaf agricultural producers and
consumers as indicated in the figure. But, thisdotps relatively small compared to the
impact of CO2 price increase. Given different leval CO2 prices, Figure 6.6 shows
that consumers’ welfare rises as crop yield in@sashis is to be expected as increase
in crop yield will bring down the price of agricutal commodities. On the other hand,
agricultural producers do not gain from crop yigldrease as shown in the figure. For
agricultural crop residues, increases in HHVs, mepments in the efficiency of
biopower generation and reductions in residue prtolu costs bring little or no gains to

the welfare of agricultural producers and consun(@os reported). This could suggest

% The consumer and producer welfare data in thedigre based on the average of annual consumegraddcer
welfare from 2000 to 2045.
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that bioelectricity production from crop residueaymot contribute much to the welfare

of agricultural producers and consumers.

6.3 Results Summary and Conclusion

There are a number of factors which affect comipetiess of crop residues for power
generation. The two most important factors arehigber heating values (HHVS) — the
amount of recoverable energy and production ctistes been shown that wheat
residues with a HHV of 15.1 million Btu per ton tasuch less to burn in power plants
than corn residues with a lower HHV of 9.2 milliBtu per ton. At a zero carbon price
crop residues are not cost competitive with coabhbise coal has a larger HHV of about
20 million Btu per ton and consequently it will ¢dsss for power producers to use coal
than to use crop residues. High production cogtsnother factor that affects
competitiveness of crop residues for power germnatlUnlike coal, crop residues are
limited in supply and critically in need of marldgvelopment and improvement in
production technologies and infrastructures. bheoifor crop residues to become cost
competitive with coal, the results of this disseotaindicate that residue production
costs have to be reduced by more than 50%. Thideva difficult task to achieve

given the current market status of crop residues.

Integrating the social costs of GHG emissions pdwer production is a critical
factor in making biopower economically competitivegh coal and other fossil fuels.
Social costs of GHG emissions are integrated irFtirest and Agricultural Sector
Optimization Model—Green House Gas version (FASOMlh the form of carbon
dioxide (CQ) equivalent prices. Using FASOMGHG, scenariosbioelectricity
production from crop residues are simulated andistuunder alternative increases in
coal and CQ@equivalent prices, changes in HHVs, improvemantsop yield and fuel
conversion efficiency rate, reductions in residugdpction costs and changes in the rate
of market penetration limits.

Under alternative coal price scenarios, simulatesults from FASOMGHG
show that the coal price has to be well above $2rpiion Btu or $40 per tofior wheat

residues with cofiring options of 5%, 10% and 1%#have electricity production
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potential. Increase in coal prices induces moreofiseheat residues as power producers
switch to wheat residues with cofiring option oR20Corn, sorghum, barley, oats and
rice residues do not have much potential in gemgydtioelectricity as coal price
increases. Results also show that fire-alone o(§fi60% firing with crop residues) is

not feasible for any crop residues unless coaemigpasses well above $3.7 per million
Btu or $74.04 per ton.

Because coal is abundantly available domesticaltheé U.S., scenarios for coal
price increases do not appear to be realistic amebcy makers are willing to impose
tax increase on coal production. As evidence of Gfitissions which cause global
warming and climate change grows, global restmstion GHG emissions have become
tighter. Thus it appears that the external costaobon emissions (in the form of O
equivalent prices in FASOMGHG) will likely rise the near future. Under this price
increase in the form of Gquivalent prices, simulation results from FASOM&H
show that the price of Cas to be about $15 per ton for wheat residuds cuifiring
options to have potential in electricity generatiSmilar to alternative coal price
scenarios, higher Crices encourage more use of wheat residues asrgmaducers
switch from lower residue cofiring options to higlomes. Corn, sorghum, barley, oats
and rice residues do not have potential in gemegatiectricity when the C{price is
below $50 per ton. But when it reaches $100 per¢om and wheat residues with fire-
alone options would become attractive to power genes. This is especially true for
wheat residues, as at that level of carbon priceatvresidues have become the main
feedstock used in electricity generation.

It is interesting to see why corn residues, thetrmabandant residues in the U.S.,
do not account for much of the bioelectricity gextien as the C®equivalent price
increases. This may be due to the fact that @silues are assumed to have the lowest
HHV among all crop residues in FASOMGHG. In contragheat residues assumed to
have the largest HHV in FASOMGHG are responsibtenfost of the bioelectricity
generation as the G@quivalent price increases. Results show that thelsame level

of HHV, corn residues will become competitive witheat residues and contribute to



112

bioelectricity production in tremendous amountserrtdgher CQ equivalent prices.
Other residues such as sorghum, barley, oats eadasidues do not contribute much.
These simulation results suggest that corn resioues have a larger HHV in order for
them to become competitive with wheat residuegaoelbctricity generation.

FASOMGHG simulation results in this section alsowtihat improvements in
crop yield and fuel conversion efficiency have ggsiimpacts on bioelectricity
production given that C{equivalent price reaches at a certain level. ifripact of
reductions in residue production costs on bioalgttrgeneration is also tested in
FASOMGHG. Results indicate that without any consatien of CQ equivalent price
(i.e. when the C@price is zero), residue production costs musebleced by 50% for
power producers to have incentives in using cremtes for bioelectricity generation.
With the CQ price of $10 per ton, residue production cost etdas of 5% to 50% will
induce bioelectricity production. When the £@ice reaches above $10 per ton,
bioelectricity can be produced using crop residuigisout having to worry about
reductions in residue production costs. Rising @fices together with falling residue
production costs will undoubtedly bring bioeledtygroduction to a significantly high
level. However, cost reductions may not be easchieve without significant
developments in bio-feedstock markets. Hencefutuge of bioelectricity production
from crop residues will likely depend on the prafecarbon emission reductions. Higher
carbon prices will encourage more bioelectricitpgation.

Another factor that can influence the level of béotricity production is the
market penetration limits that constrain the amaintio-feedstock used in electricity
generation in FASOMGHG. The limits are set in tAeFASOM regions based on the
forecasted values of electricity demand and biomsaasumption. As expected,
FASOMGHG simulation results show that the higherrtiite of market penetration
limits is, the higher the production level of bieetricity. Changes in the assumption of
market penetration limits will certainly change theel of bioelectricity production.
However, the overall outcome will not be affectedr instance, regardless of what
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assumption is made about market penetration litiesCQ equivalent price still needs

to reach about $15 per ton for bioelectricity todanarket potential.

Based on all the FASOMGHG simulation results un@gious alternative

scenarios as described above, the following comarisscan be made about crop residue

bioelectricity production.

Due to their low heat content and high transactiosts, crop residues cost much
higher than coal to be used in electricity generatior crop residues to become
competitive with coal, their costs of productionshbe cut by more than half.
Without future increase in coal or greenhouse gaissaon prices, crop residues
will not have any role in bioelectricity production

For crop residues to have future roles in bioeleitgrproduction in the form of
cofirings, either the price of coal has to incretseell above $2 per million Btu
or the price of carbon must rise to about $15 per fThe scenarios for power
plants with crop residue fire-alone options willikaely happen, unless either the
coal price or the price of carbon or both rise tgmificantly high level.

Given that carbon equivalent price rises to a aefevel, crop residues with
higher heat content will have more potential indarcing bioelectricity.

If no external cost of carbon emissions is to bpdsed in the future, then
residue production costs must be reduced by alfi%tt6 induce bioelectricity
production from crop residues with cofiring options

Because delivered costs of crop residues are lantkrcofiring options than

with fire-alone option, and the share of bioelattyi production from cofiring
crop residues with coal increases as externalrises, the findings suggest that
it is extremely likely that the future of bioeldcity markets will be developed

from experiences with cofiring power generatiorntemogies.
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7. CONCLUSION

Today, increases in crude olil prices, interestitional energy security matters and
concerns for climate change and global warmingrvam factors that drive the interests
of using biofuels for energy production. In theeca$ biofuels for electricity generation,
increases in fuel oil prices and concerns for ensggurity in the U.S. may not matter
much in inducing electric producers to use biofu€lss is because fuel oil accounts for
only 3% of the U.S. electricity generation and nafshe required fuels used to generate
electricity are available within the country. Aldae to the possibility of inter-fuel
substitutions among various fuel sources in eleskctors, any increases in oil and
natural gas prices will induce power producersaich other fuel sources especially
coal which is abundantly available. Hence, we waulgle that the only relevant
explanation that stimulates the interests of ubiofuels for power generation is
concerns for climate change and global warming.

Climate change and global warming could pose semmyironmental threats
facing the world today. In the U.S. and other naidhe combustion of fossil fuels is
considered to be the largest contributing factaheoatmospheric release of greenhouse
gases, which the Intergovernmental Panel on Cliigaenge (IPCC) proclaimed was
the main cause of climate change and global warndoger plants are among the
biggest sources of greenhouse gas emissions lo.$heCurrently, the electric power
sector emits about 38 percent of the total U.S; @8issions from all sources. The
problems that we are interested in exploring is thésertation are: How do we create
economic incentives to motivate power producenss® biofuels which can
offset/mitigate greenhouse gas emissions? Whaharexisting economic barriers that
prevent power producers from using biofuels? Wimaild the future role of
bioelectricity production be with the considerasaf external cost of greenhouse gas or
carbon emissions?

To answer above questions, this dissertation sewves purposes: 1) to examine
the economics of biofuels for power generationuliothe use of literature and

economic theory, 2) to determine the role of bioeleity production by analyzing the
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influence of a number of factors, and 3) to sineifature market conditions of
bioelectricity production under various alternatseenarios, using crop residues as a
case study. FASOMGHG is employed for the purpossmtilation and analysis of crop
residues for bioelectricity generation.

By reviewing the literature on various aspectsiofuels and by investigating
the economics of biofuel production, this studyrfduhat biofuels used for electricity
production have to overcome various technologiodliastitutional barriers in order for
them to become competitive with fossil fuels esgicicoal. This suggests that
incentives need to be created to reduce high tcéinsacosts incurred by these barriers.
Because biopower industries provide public godusiy economic profitability will
depend on supports from governmental institutidingsls, the incentives created to
reduce high transaction costs must come from thrergonent’s ability to support
biofuel and biopower industries through farm supsidd various other policy measures
which include restrictions to mitigate greenhouas gmissions.

This dissertation also shows that for biomass-fpeder plants to become
economically competitive with fossil-fired powerapks three things must happen
simultaneously 1) the operating efficiency in terwh$ieat revered from feedstocks must
be enhanced; 2) their construction capital coststine reduced and 3) the supply of
biomass fuels must be assured. So long as thesedhnditions cannot be satisfied,
biomass-fired power plants will likely have litd@iccess in competing against fossil-
fired power plants. Due to their higher operatiffgceency, lower construction lead
times and capital costs, and the security of fupp$y, natural-gas-fired power plants
have increased tremendously over the past decadems of both the number and the
capacity. However, recently the price of natura gas been increasing along with the
price of oil. If history repeats itself, potentfakl switching from natural gas to coal will
likely occur as coal has been historically seearaattractive option because of its low
cost. In the past, the relationship between cadroissions and global warming had
been a contentious issue. But, today as growindeege suggests that increasing carbon

emissions in our atmosphere cause global warmiegyegndous efforts are being made



116

to restrict carbon emissions from power plants. déethe future of coal-fired power is
still in question. Analyses from this dissertatgurggest that there are two main factors
which will influence the market penetration of hiefs for power generation: the price
of coal and the future price of carbon emissions.

This dissertation employs FASOMGHG to explore tinteife market conditions
of bioelectricity production under various scenaridmong different kinds of biomass
fuels, crop residues are chosen as a case studylgsion results from FASOMGHG
suggest that it will cost much more for power proghs to use crop residues than to use
coal for power generation because crop residues loaver heat content and higher
production costs than coal. Results also suggasttibse crop residues with higher heat
content such as wheat residues will have greajgortymities in bioelectricity
production than the residues with lower heat canfBmese results may not only apply
to crop residues, but also to other biomass fukeladdition, results indicate that crop
residues will have a role to play in generatingtleity only if the price of coal or the
future price of carbon emissions rises. In ordercfop residues to have any role in
cofiring, either the price of coal has to incresabove $2 per million Btu ($40 per ton)
or the price of carbon must rise to about $15 per Building a stand-alone crop-
residue-fired power plant will not be feasible wdeither the price of coal rises to
above $3.7 per million Btu ($74.04 per ton) or fiiee of carbon increases to above $50
per ton.

Overall results suggest that the feasibility ohgstrop residues for power
production will depend on the increase in the feifoirice of carbon emissions. Any
future developments in biomass fuel and bioeletgrmoarkets will likely come from
experiences in cofiring power generation industrs@sce this dissertation shows that it
is cheaper for power producers to cofire biomastsfauch as crop residues with coal
than to fire them alone in power plants. In terrhpalicy implications, imposing carbon
emission restrictions will be a very important stejmducing electric power producers
to use biomass fuels in their fuel mix portfolidis could be the best way to foster the

development of biofuel markets.
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The findings herein are influenced by a numberssianptions that could be
improved. Namely as the assumed harvesting, psoweand storage costs and market
penetration constraints could be improved and eefioy further research. Moreover,
costs of electricity generation from natural gad anclear power plants, and costs of
underground carbon storage should be considertedure analyses.

The future of bioelectricity production will undoially tie to the future of
carbon emission restrictions and to the develops@rihe least carbon-intensive power

generation technologies.
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APPENDIX |

DESCRIPTION OF DATA FOR ELECTRICITY DEMAND MODEL

a) Electricity Consumption

For the period of 1932 to 1948, electricity constioypdata are obtained from various
issues (1935-1950) of Statistical Abstract of thetéd States (available at
http://www.census.gov/compendia/statab/ past_yetany. The rest of the data from
1949 to 2005are collected from EIA’s Annual EneRgriew Database (http://www.eia.
doe.gov/emeu/aer/txt/stb0809.xls).

b) Electricity Retail Price and Number of Consumers

Annual average electricity retail price data arewated by dividing annual electricity
utility revenue (in billion dollars) by annual rétsales (in billion kilowatt hours). Both
the revenue and sale data are obtained from vaiseues (1935-2007) of Statistical
Abstract of the United States (available at hiywW.census.gov/compendia/statab/
past_years.html). Data for the number of electricansumers which include residential,
commercial and industrial consumers are also deltefrom the various issues of
Statistical Abstract of the United States.

C) GDP and CPI

Annual data for the nominal GDP (in billions of Uddllars) and CPI (in index 1982-
1984=100) for all urban consumers all items araiokd from the web of Federal
Reserve Bank of St. Louis (available at: http:#eesh.stlouisfed.org/fred2). All nominal

prices/GDP are converted to real prices/GDP bygu€iRI.
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d) Natural Gas Price

Average natural gas wellhead price of marketedywtdn is used in the estimation.
The wellhead price data from 1932 to 2000 are abthirom Historical Natural Gas
Annual 1930 through 2000 (available at: http://weta.doe.gov/oil_gas/natural_gas/
data_ publications/ historical_natural_gas_annuag@.html). The rest of the data from
2001 to 2005 are collected from EIA’s Annual EneRpriew Database (available at:
http://www.eia. doe.gov/emeu/aer/natgas.html).

e) Crude Oil Price

For the period of 1932 to 1948, average cruderaibpdata are obtained from various
issues (1935-1950) of Statistical Abstract of thetéd States. The rest of the data from
1949 to 2005are gathered from EIA’s Annual EnergyiBw Database (available at:

http://www.eia.doe.gov/emeu/aer/ petro.html).

f) Efficiency Rate

The efficiency rate of fossil power plants is corgulby dividing heat content of
electricity (3412 Btu per kilowatt-hour) by annaeslerage heat rate (in Btu per Kilowatt-
hour) of fossil power plants. The average heatigaiie turn calculated by dividing
annual total consumption of fossil fuels (in mii@tu) by annual total electricity net
generation (in million kilowatt-hours). All the remed data for the period of 1932 to
1948 are obtained from various issues (1935-1968}atistical Abstract of the United
States. The rest are collected from EIA’'s Annuatiigy Review Database (available at:
http://www. eia.doe.gov/emeu/aer).
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APPENDIX I
AVERAGE HAULING DISTANCE AND COST TABLES

Average Hauling Distance for Sorghum Residues (lesh

Region Cofire5% Cofirel0% Cofirel5%  Cofire20% Fire100%
NE 39.01 54.68 67.57 78.72 233.15
LS - - - - -
CB 43.41 60.8¢ 75.1¢ 87.5¢ 259.4(
GP 10.6: 14.9( 18.41] 21.4¢ 63.5¢
SE 104.8¢ 146.9:¢ 181.5¢ 211.5¢ 626.5¢
SC 51.9¢ 72.7¢ 89.9¢ 104.8( 310.3¢
SW 26.1¢ 36.7( 45,3¢ 52.8¢ 156.4¢
RM 112.7¢ 158.0° 195.3¢ 227.5¢ 674.0:
PSW 77.9C 109.1¢ 134.9¢ 157.19 465.5]
PNWE - - - - -

Note: For definitions of regions, see Table 4.3.

Average Hauling Distance for Barley Residues (ites)i

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 22.46 31.48 38.90 45,32 134.22
LS 115.0° 161.2° 199.50 232.1¢ 687.6¢
CB - - - - -
GP 21.7: 30.4¢ 37.6: 43.8¢ 129.8¢
SE 105.1: 147.3. 182.0° 212.1( 628.1¢
SC - - - - -
SwW - - - - -
RM 42.1¢ 59.11 73.0¢ 85.1( 252.0¢
PSW 110.3: 154.6: 191.0¢ 222.6: 659.3¢
PNWE 64.04 89.75 110.92 129.21 382.69

Note: For definitions of regions, see Table 4.3.
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Region Cofire5% Cofirel0%  Cofirel5% Cofire20% Fire100%
NE 29.90 41.91 51.79 60.34 178.70
LS 71.2¢ 99.8¢ 123.4( 143.7¢ 425.7¢
CB 80.7¢ 113.2¢ 139.9¢ 163.0: 482.8¢
GP 74.9¢ 105.0¢ 129.8" 151.2¢ 448.0¢
SE 175.2: 245.5¢ 303.4¢ 353.5¢ -
SC - - - - -
SW 185.6: 260.1° 321.5: 374.5¢ -
RM 231.7¢ 324.8" 401.4¢ 467.7: -
PSW 219.2( 307.2: 379.6° 442.3( -
PNWE 423.67 593.79 733.82 854.87 -
Note: For definitions of regions, see Table 4.3.

Average Hauling Distance for Rice Residues (in g)ile

Region Cofire5% Cofirel0%  Cofirel5% Cofire20% Fire100%
NE - - - - -
LS - - - - -
CB 196.6¢ 275.6: 340.6: 396.8: 1.175.2!
GP - - - - -
SE - - - - -
SC 26.1: 36.6% 45.2¢ 52.72 156.1¢
SW 54.62 76.5¢ 94.6( 110.2( 326.4(
RM - - - - -
PSW 101.7: 142.5] 176.1¢ 205.2¢ 607.9:
PNWE - - - - -

Note: For definitions of regions, see Table 4.3.
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Region Cofire5% Cofirel0%  Cofirel5% Cofire20% Fire100%
NE 13.08 16.53 19.37 21.82 55.79
LS - - - - -
CB 14.0¢ 17.8¢ 21.0¢ 23.71 61.57
GP 6.84 7.7¢ 8.5t 9.22 18.4¢
SE 27.51 36.8¢ 44.4¢ 51.0¢ 142.3¢
SC 15.9:¢ 20.51 24.2¢ 27.5¢ 72.7¢
SW 10.2¢ 12.57 14.4¢ 16.12 38.9¢
RM 29.31] 39.2¢ 47 .4¢ 54.57 152.7¢
PSW 21.6¢ 28.52 34.1¢ 39.0¢ 106.9:
PNWE - - - - -
Note: For definitions of regions, see Table 4.3.

Average Hauling Cost for Barley Residues (in daltizm)

Region Cofire5% Cofirel0%  Cofirel5% Cofire20% Fire100%
NE 9.44 11.42 13.06 14.47 34.03
LS 29.81 39.9¢ 48.3¢ 55.5¢ 155.7¢
CB - - - - -
GP 9.2¢ 11.2( 12.7¢ 14.1¢ 33.07
SE 27.6: 36.91 44 5¢ 51.1¢ 142.7(
SC - - - - -
SW - - - - -
RM 13.7¢ 17.5C 20.57 23.22 59.9¢
PSW 28.71 38.52 46.5¢ 53.4¢ 149.5¢
PNWE 18.59 24.24 28.90 32.93 88.69

Note: For definitions of regions, see Table 4.3.
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Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 11.08 13.72 15.89 17.77 43.81
LS 20.17 26.47 31.6¢ 36.1: 98.17
CB 22.2] 29.4] 35.2¢ 40.3 110.7:
GP 21.0C 27.62 33.01 37.7¢ 103.0¢
SE 43.0¢ 58.5¢ 71.2% 82.2¢ -
SC - - - - -
SW 45.3¢ 61.7¢ 75.2¢ 86.9( -
RM 55.4¢ 75.97 92.8: 107.4( -
PSW 52.72 72.0¢ 88.0: 101.8: -
PNWE 97.71 135.13 165.94 192.57 -
Note: For definitions of regions, see Table 4.3.

Average Hauling Cost for Rice Residues (in doltarsy

Region Cofire5% Cofirel0%  Cofirel5% Cofire20% Fire100%
NE - - - - -
LS - - - - -
CB 47.7¢ 65.14 79.4¢4 91.8( 263.0¢
GP - - - - -
SE - - - - -
SC 10.2¢ 12.5¢ 14.4¢ 16.1( 38.8¢
SW 16.52 21.3¢ 25.31 28.7¢ 76.31
RM - - - - -
PSW 26.8¢ 35.8i 43.2¢ 49.6¢ 138.2¢
PNWE - - - - -

Note: For definitions of regions, see Table 4.3.
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Average Delivered Cost Estimates for Sorghum Residun dollars/ton)

Region Cofire5% Cofirel0% Cofirel5%  Cofire20% Fire100%
NE 52.53 55.97 58.81 61.26 95.24
LS - - - - -
CB 53.5( 57.23 60.4¢ 63.2] 101.0:
GP 46.2¢ 47.2: 48.0( 48.6¢€ 57.92
SE 67.01] 76.27 83.9( 90.4¢ 181.7¢
SC 55.37 59.9¢ 63.7¢ 67.0C 112.2:
SW 49.71 52.0z 53.92 55.57 78.3i
RM 68.7¢ 78.72 86.9:2 94.01 192.2:
PSW 61.0¢ 67.97 73.65 78.5:¢ 146.3%
PNWE - - - - -

Note: For definitions of regions, see Table 4.3.

Average Delivered Cost Estimates for Barley Resdiiredollars/ton)

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 43.40 45.38 47.02 48.43 67.99
LS 63.77 73.9¢ 82.31 89.5¢ 18974
CB - - - - -
GP 43.2¢ 45.1¢ 46.7¢ 48.1( 67.0z
SE 61.5¢ 70.87 78.51 85.12 176.6¢
SC - - - - -
SW - - - - -
RM 47.7¢ 51.4¢ 54.5: 57.1¢ 93.91
PSW 62.7: 72.4¢ 80.5( 87.4: 183.5:
PNWE 52.55 58.20 62.86 66.89 122.65

Note: For definitions of regions, see Table 4.3.
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Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE 45.0¢ 47.6¢ 49.8¢ 51.7: 77.77
LS 54.1¢ 60.4: 65.61 70.0¢ 132.1:
CB 56.2: 63.37 69.2¢ 74.32 144.6¢
GP 54.9¢ 61.5¢ 67.0: 71.7¢ 137.0¢
SE 77.01 92.4¢ 105.2: 116.2¢ -
SC - - - - -
SW 79.3( 95.7( 109.1¢ 120.8¢ -
RM 89.4t 109.9: 126.7¢ 141.3¢ -
PSW 86.6¢ 106.0¢ 121.9¢ 135.7¢ -
PNWE 131.67 169.09 199.90 226.53 -
Note: For definitions of regions, see Table 4.3.

Average Delivered Cost Estimates for Rice Residunedollars/ton)

Region Cofire5% Cofirel0% Cofirel5% Cofire20% Fire100%
NE - - - - -
LS - - - - -
CB 88.9¢ 106.3" 120.6" 133.0: 304.2¢
GP - - - - -
SE - - - - -
SC 51.4¢ 53.7¢ 55.6¢ 57.3¢ 80.0¢
SW 57.7¢ 62.57 66.54 69.9¢ 117.5¢
RM - - - - -
PSW 68.11 77.1C 84.4¢ 90.8¢ 179.4°
PNWE - - - - -

Note: For definitions of regions, see Table 4.3.
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