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Cofiring biomass with coal in existing power plants offers
arelatively inexpensive and efficient option for increasing
near-term biomass energy utilization. Potential benefits include
reduced emissions of carbon dioxide, sulfur, and nitrogen
oxides and development of biomass energy markets. To
understand the economics of this strategy, we develop a
model to calculate electricity and pollutant mitigation costs
with explicit characterization of uncertainty in fuel and
technology costs and variability in fuel properties. The model
is first used to evaluate the plant-level economics of
cofiring as a function of biomass cost. It is then integrated
with state-specific coal consumption and biomass

supply estimates to develop national supply curves for
cofire electricity and carbon mitigation. A delivered cost
of biomass below $15 per ton is required for cofire to be
competitive with existing coal-based generation. Except at
low biomass prices (less than $15 per ton), cofiring is
unlikely to be competitive for NOy or SO, control, but it
can provide comparatively inexpensive control of CO,
emissions: we estimate that emissions reductions of 100
Mt-CO,/year (a 5% reduction in electric-sector emissions)
can be achieved at 25 + 20 $/tC. The 2—3 year time
horizon for deployment—compared with 10—20 years for
other CO, mitigation options—makes cofiring particularly
attractive.

Introduction

The increased use of biomass energy has been variously
proposed as a means to abate CO, emissions, to reduce our
dependence on imported petroleum, to enhance rural
development, to improve energy security, or more generally
to advance sustainability by increasing the use of renewable
resources. Biomass energy is the stored solar energy in
unfossilized organic material such as energy crops or wood
and agricultural residues. While biomass burning emits CO,,
use of biomass is considered carbon-neutral in the context
of climate change if the fuel is sustainably harvested because
the carbon in biomass is part of the active carbon cycle.
Biomass currently supplies only about 3% of the U.S. primary
energy but has the potential for meeting a significantly larger
fraction of our energy needs (1, 2).
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Biomass is not economically competitive for electricity
production in the current energy market except in niche
applications where fuel costs are low or negative such as in
integrated pulp and paper facilities. Biomass is generally more
expensive than coal; the delivered cost of biomass typically
ranges from $1 to $4 per GJ, whereas coal costs around $1
per GJ. In addition, existing biomass power plants, which
are based on well-proven, low-technology, direct-combustion
steam generation, are inefficient, with typical overall plant
conversion efficiencies ranging from 16 to 25% on a higher
heating value (HHV) basis (3, 4) versus the 33—38% efficiency
on a HHV basis of a typical coal-fired power plant (5). The
lower conversion efficiencies of dedicated biomass power
plants are due to the often high moisture content of biomass
fuels, relatively small plant sizes, and lower steam temper-
atures. Much recent analysis of biomass energy has focused
on the use of new technologies and purpose grown energy
crops to produce electricity, hydrogen, or liquid fuels from
biomass; while it is conceivable that such applications may
eventually be important, their cost-effectiveness depends
on dramatic improvements in the economics of biomass
production and processing or dramatic changes in the
economic value of the environmental, energy security, or
rural-development attributes of biomass energy.

This paper analyzes cofiring of biomass fuels in existing
coal-fired electric generating facilities using currently avail-
able agriculture and forest products residues. Cofiring
replaces a fraction of the coal used in an existing power plant
with biomass—typically 2—20% on an energy basis. Since
power production from coal exceeds that from dedicated
biomass facilities by almost 2 orders of magnitude (6), even
relatively minor incorporation of biomass as a cofiring fuel
will notably increase electricity production from biomass.
Numerous commercial-scale demonstrations indicate that
biomass—coal cofiring is technically feasible (7—18). By taking
advantage of existing coal-fired power plants, cofiring can
be implemented with low capital costs over a time frame of
1-2years if sufficient biomass residues such as urban wood
waste, mill, and agricultural residues are available. Cofiring
uses biomass resources efficiently because large-scale coal-
based power plants do not have the efficiency penalties
associated with lower steam temperatures and small plant
sizes of dedicated biomass systems, and cofiring has been
shown to have minimal impact on the overall power plant
conversion efficiency (7, 10—12, 18). Cofiring does not
overcome the higher heating value efficiency penalty as-
sociated with fuel moisture, which is unavoidable unless the
fuel is dried before firing. Cofiring can also address the often
limited and cyclical nature of biomass fuel availability by
appropriately adjusting the coal—biomass blend ratio.

Costs, however, are still a major barrier to increased
biomass—coal cofiring. Cofiring significantly increases the
efficiency of biomass utilization compared to existing
dedicated biomass electricity production and does not have
high capital costs and uncertainty of new advanced tech-
nologies. However, the high cost of biomass remains a
problem; cofiring is only cost-competitive in niche applica-
tions where low-cost locally available biomass displaces high-
cost coal (3, 8, 19, 20).

Cofiring offers the possibility to reduce the net CO,
emissions on an electrical output basis, to generate green
energy with existing infrastructure, to provide a useful service
to local industries that generate biomass residue, and to
achieve modest reductions in SO, and potentially NOy
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emissions. Therefore, policies that, for example, constrain
carbon emissions or promote renewable energy may lead to
more substantial levels of cofiring. A number of analyses
have considered the effects of policies to promote renewable
energy or to constrain carbon emissions on the economics
of cofiring. Many of these only consider an individual plant
and therefore provide little insight into national cofiring
potential, which depends on both plant level economics and
national fuel supply (3, 8, 19, 20). Estimates of nationwide
cofiring potential span a wide range from a 1.1 TWh (21) to
88 TWh (22) of electricity from biomass in the year 2010
(0.4—40% of projected coal-based power generation). The
lower estimate is based on existing energy markets and
current policies; the upper estimate assumes a national policy
to reduce carbon emissions and relatively inexpensive energy
crops. The wide array of assumptions combined with the
relative lack of cost information makes it difficult to compare
the different estimates and to make comparisons with other
technologies.

The goal of this paper is to evaluate the potential and
costs of biomass—coal cofiring in the United States. Section
2 reviews the technical feasibility of cofiring. In Section 3, a
plant-level economic model is developed to estimate the
cost of producing electricity from biomass—coal cofiring, and
in Section 4, this model is combined with state-by-state
estimates of biomass availability (23) to develop a supply
curve for biomass—coal cofiring for the United States. This
analysis accounts for uncertainties in a wide range of
parameters such as biomass fuel costs, fuel variability, and
capital costs. Section 5 assesses the cost-effectiveness of
cofiring as a means to reduce emissions of CO,, SOy, and
NOy and to increase renewable energy utilization when
compared to alternative means to achieve these benefits.

Technical Feasibility

Over the past decade numerous demonstrations have been
performed using commercial coal-fired utility boilers in both
the United States and Europe to evaluate the technical
feasibility of biomass—coal cofiring (7—18). These demon-
strations provide awealth of information that spans the range
of major coal combustion technologies (stoker-, pulverized-,
and cyclone-fired systems), important fuel types (wood, straw,
switchgrass, and a variety of coals), feeding configurations
(biomass premixed with coal and separate feed), and cofiring
levels (1—40% biomass on an energy basis). The results
indicate that there are no major technical obstacles to
implementing cofiring: cofiring can either benefit or hinder
power plant operations, but the problems appear manageable
with judicious choices of fuels and operating conditions. Here
we briefly review state-of-knowledge of the impacts of
biomass—coal cofiring on power plant operations; for more
information see recent reviews (7, 24, 25).

The impacts of cofiring on plant operations arise from
differences in fuel properties between biomass and coal. Coal-
fired power plants are designed to operate on a fuel with a
given set of properties; fuel properties outside of the design
range can adversely impact boiler performance. Jenkins et
al. (26) compares biomass and coal properties; critical
differences include the inorganic composition, the fibrous
nature of biomass, moisture content, energy density, and
volatile content.

Cofiring can create fuel-feeding challenges because coal
processing and delivery systems are not designed to handle
fibrous biomass fuels with their low energy density and high
moisture content. For low levels of cofiring the biomass can
often be premixed with the coal and delivered to the boiler
using the existing coal feeding system (3, 7, 24). The exact
level of cofiring that can be achieved by this approach
depends on the excess feeding capacity at a particular power
plant and is typically a few percent biomass by energy at full
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load. Once this limit is reached, higher levels of cofiring
cannot be achieved without reducing the capacity of the
power plant (12). To achieve higher levels of cofiring a
dedicated biomass preparation and feeding system is re-
quired; cofiring levels as high as 40% biomass by energy with
no loss in capacity have been demonstrated using separate
feeding systems (17).

Cofiring can reduce boiler efficiency and therefore overall
plant fuel-to-electricity conversion efficiencies. Reported
reductions are roughly a 0.5% loss in boiler efficiency for
every 10% biomass input on a mass basis (7, 10, 11, 18).
However, several studies report no change in boiler efficiency
at low levels of cofiring (9, 12). The reductions in boiler
efficiency while cofiring appears largely due to the often
higher moisture levels of the biomass fuel compared to the
coal and not due to a changes in boiler operations or the
conversion efficiency of the coal. In fact, higher efficiencies
have been reported for situations when cofiring adry biomass
with awet coal (9, 10). The efficiency penalty associated with
fuel moisture cannot be avoided unless the biomass fuel is
dried before firing.

Unburned carbon is a concern when cofiring because
biomass fuels cannot be economically processed to the same
sizes as pulverized coal particles; for example, commercial-
scale cofiring demonstrations typically prepare biomass fuels
such that the particles pass through a 6.4 mm mesh—
approximately 200 times larger than pulverized coal particles.
Modeling and pilot-scale testing indicate that these large
particles are unlikely to burnout completely in a utility boiler
(27) but that the very high volatile matter content of biomass
results in high conversion efficiencies for even large biomass
particles. Many demonstrations report no significant in-
creases in unburned carbon levels (7, 9, 10, 13, 28), and that
reductionsin boiler efficiency due to unburned carbon appear
to be manageable with proper fuel preparation and firing
conditions (18).

Ash deposition (slagging and fouling) frequently plays a
dominantrole in the operation of power generation systems
that operate on coal, biomass, and other ash-forming fuels.
Ash deposits form from fly ash, inorganic vapors, and some
gas species that deposit or react on boiler surfaces through
a variety of mechanisms. Commercial scale cofiring dem-
onstrations indicate that cofiring coal with clean wood wastes
does not create ash deposition problems (7); clean wood
residues are excellent fuels with low ash and alkali levels
(26). Agricultural residues such as straw and other herbaceous
materials are important biomass resources that often have
high alkali and chlorine levels creating deposition concerns;
for example, straw-fired boilers often experience severe
slagging, fouling, and corrosion problems (29, 30). Long-
term commercial scale tests indicate that although coal-straw
cofiring can cause some ash related problems including
increased deposition and corrosion, the problems appeared
to be manageable for up to a 20% straw share (by energy)
(13, 15, 16, 28). Cofiring straw with coal may also reduce
some of the problems associated with corrosion and deposi-
tion compared to combustion of straw alone (16, 31).

Cofiring reduces SOy emissions because biomass fuels
contain little or no sulfur (26); in fact, reductions in SOy
emissions are often greater than simple dilution because of
reactions between the sulfur from the coal and alkali and
alkaline species from the biomass which form sulfates that
are collected in the particulate control system (14, 28). The
majority of demonstrations report modest reductions in NOx
emissions (7, 11, 14, 17), but a few report no change (18, 28).
It is generally believed that cofiring reduces NOy, but the
underlying mechanism is not completely understood. NOy
reductions due to cofiring are often attributed to the low
fuel-nitrogen levels of biomass fuels and to changes of the
stoichiometry in the near-burner region of the boiler caused



TABLE 1. Parameters Used in Cost Model9

parameter min mode max ref
Economic
utilization (%) 65
interest rate (%) 10
economic life (yrs) 10
capital cost for cofeeding ($/kW biomass)? 40 60 100 (3, 8
capital cost for separate feed ($/kW biomass)? 150 200 300 (3,8
nonfuel O&M for coal (c/kWhe) 0.4 (5)
biomass nonfuel O&M multiplier? 1.05 variable 1.15 (3,8
sulfur emissions cost ($/tSOy) 175
NOy emissions cost ($/tNO,) 750 1500 3000
Biomass
oxygen content (wt %, dry) 41 (36)
carbon content (wt %, dry) 48 (36)
hydrogen content (wt %, dry) 5.4 6 7.3 (36)
sulfur content (wt %, dry) 0.02 0.07 0.15 (36)
moisture content (wt %) 10 30 50 (36)
heating value (HHV, MJ/kg, dry) 16.7 19.3 20.9 (36)
Coal

plant efficiency (net, HHV, %) 34 (5)
cost ($/GJ) 1.15 (39
heating value (HHV, MJ/kg, dry) 235 (39
sulfur content (wt %, dry) 0.5 0.9 3 (39)
NOx emissions rate (Ibs NO,/MBTU)¢ 0.15 0.42 (35)

National Supply Curves

coal cost, sulfur, carbon, and heating value state specific (39
urban waste HHV (MJ/kg, dry basis)? 19.9 (36)
mill waste HHV (MJ/kg, dry basis)? 19.2 (36)
forest residue HHV (MJ/kg, dry basis)? 19.6 (36)
agricultural residue HHV (MJ/kg, dry basis)? 17.7 (36)
biomass cost® —50% variable 50% (23)
capital cost for cofire ($/kW biomass)’ variable variable 300 (3,98

aModel assumes that biomass can be cofed with coal at cofiring rates lower than 2% biomass on an energy basis. Higher biomass cofiring require
a separate feed. ? The factor by which nonfuel O&M costs for biomass exceed those for coal. The mode of the premium multiplier varies linearly
with biomass thermal input between the minimum and maximum values, which correspond to a 2% and 20% cofiring rate, respectively. ¢ No mode
value given because a uniform probability distribution was used. ¢ Averages of a large number of samples reported in EPRI biomass fuels database
(36). ¢ The modal values are taken from state-specific biomass supply curves developed by Walsh et al. (23). The min/max values are +£50% of
the mode. ' The modal value is linearly dependent on the state-specific cofire rate, eq 4, across the range of $50/kW to $150/kW. The minimum
value is linearly dependent on the state-specific cofire rate across the range of $60/kW to $200/kW. 9 Except as noted, the columns min, mode,
and max define a triangular distribution used for the Monte Carlo simulations. Parameters for which only a mode value is listed are treated

deterministically by the model.

by the rapid release of the large volatile content of the biomass
fuel. A critical issue is how the biomass and coal are
introduced into the boiler (32, 33); for example, use of biomass
as a reburn fuel can reduce NOy emissions by 60% or more
(33). Reburning is a combustion modification that reduces
NOy by injecting a fuel such as biomass downstream of the
primary coal combustion zone (33). The reburn fuel (biomass
in the case of cofiring) acts as a reducing agent for the NOy
formed in the primary combustion zone.

Cofiring biomass with coal may impact a power plant’s
ability to sell fly ash for concrete manufacture. The current
ASTM standard (ASTM C 618) specifies that only coal ash
meeting certain composition specifications can be used
cement manufacture. However, there is no technical basis
for limiting fly ash reuse to only coal ash; fly ash from cofiring
is suitable for cement manufacture as long as it meets the
meets the necessary composition specifications. Efforts are
underway to make the ASTM standard more technically based
which will allow suitable fly ash from coal—biomass cofiring
to be used in cement manufacture.

Plant-Level Economics

The economics of cofiring depend largely on biomass fuel
costs, which vary from near zero or even negative cost for
biomass waste streams, to projections above 100 dollars per
ton ($/t) for dedicated energy crops. We describe a simple
model of the economics of cofiring that predicts electricity
and pollutant mitigation costs and explicitly accounts for

uncertainty and variability in a wide range of parameters
such as fuel costs, fuel properties, and capital costs. In the
following section the model is combined with national
biomass availability and coal consumption data to assess
nationwide economics of pollutant mitigation using cofiring.

The cost of electricity (COE) is calculated as the energy-
weighted average of the costs of electricity from biomass
and from coal

COE(f) = f(Cg + VOMg + Fg/n5) +
(1 = f)(VOM¢ + Fc/nc) (1)

where fis the fraction of electricity output from biomass and
the subscripts “B” and “C” refer to biomass and coal,
respectively. The model considers three cost components,
each evaluated on a per unit electricity output basis: Cisthe
capital charge; VOM is nonfuel variable operations and
maintenance costs; and F/z is the fuel cost (F is cost of fuel
in energy units and # is the net plant conversion efficiency).
As indicated by the subscripts, different values for these
parameters are used for coal and biomass. Although cofire
fraction is often defined on an energy input basis, we com-
pute costs using the biomass cofire fraction, f, on an elec-
tricity output basis to avoid the confounding effects of
differential fuel conversion efficiencies on mitigation cost
calculations.

Table 1 summarizes the input parameters used for the
calculations. The baseline coal-fired power plant is assumed
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to have no outstanding capital costs. The model defines two
levels of capital costs for cofiring biomass depending on the
cofire rate (Table 1). The model assumes that low levels of
cofire (up to 2% biomass by energy) can be achieved by
cofeeding the biomass through the existing coal handling
system; higher levels of cofire (greater than 2% biomass by
energy) require a separate feeding system.

Nonfuel operation and maintenance (O&M) costs for coal
combustion (Table 1) are based on U.S. averages (5). The
fixed costs are incorporated into the calculations by assuming
an annual plant utilization of 0.65, approximately the national
average for coal-fired power plants (5). The specific O&M
costs for biomass (VOMg) are somewhat higher than those
for coal (3, 8) and are estimated by adding a premium to coal
O&M on a thermal energy basis. This premium ranges
between 5% and 15% of the coal nonfuel O&M depending
on cofire rate, with higher premiums associated with higher
cofire rates (Table 1).

The model defines different net (fuel-to-electricity) con-
version efficiencies for coal and biomass in order to accurately
account for the impact of cofiring on power plant operations.
We assume that the net conversion efficiency of coal to
electricity is constant at 34% (HHV), which is the average
value for plants built after 1950 (5). To estimate the conversion
efficiency of the biomass to electricity, we calculate a higher
heating value efficiency penalty due to the moisture content
of the biomass fuel using the ASME Heat Loss method for
calculating boiler efficiencies (34). This penalty is unavoidable
unless the fuel is dried before firing. The method requires
coal and biomass composition data; we also assume 20%
excess air, 150 °C exhaust temperature, 1.5% losses due to
unburned combustibles for both the biomass and the coal,
and 1.5% minor losses (e.g., moisture in air) which are typical
values for these parameters. This approach predicts the
reductions in boiler efficiency observed in commercial
cofiring demonstrations within +0.5% (9—11, 18). The
efficiency penalty due to fuel moisture is substantial for fuels
with high moisture content; for example, the conversion
efficiency of biomass that contains 50% moisture by mass to
electricity is roughly 30% (HHV) versus the 34% (HHV) for
coal. Note that even with the efficiency penalty due to high
moisture content the overall conversion efficiency of biomass
to electricity when cofiring is still significantly higher than
the 16—25% efficiency (HHV) of existing dedicated biomass
power plants (3, 4). The model does not account for changes
in net plant efficiency due to changes in parasitic load when
cofiring, which are expected to be small.

Biomass cofiring yields joint reductions in CO,, SO, and
NOy emissions. Cofiring reduces SOy emissions because of
the lower sulfur levels in biomass compared to coal. If FS is
the fuel energy specific sulfur content (e.g., kgS/GJ), then the
emissions per unit output, ES(f), is computed as follows.

ES _fﬁ-l— ].—fE 2
(0=F 2+ @

Reductions in SO, emissions are based on coal and biomass
sulfur content distributions that are representative of the
U.S. supply (Table 1). We do not account for any reductions
beyond dilution.

The CO; emissions per unit electrical output, EC(f), are
computed using an identical formula to eq 2 except that the
energy specific sulfur content (FS) is replaced with the energy
specific carbon content. Displacement of coal with biomass
results in a net reduction in carbon emissions from a climate
change perspective because biomass carbon is in the active
carbon cycle and therefore does not accumulate in the
atmosphere if the biomass is used sustainably. Reductions
in CO, emissions are based on the U.S. average coal carbon
content and assume the carbon content for biomass is zero.
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FIGURE 1. Cost of electricity as a function of biomass price: (a)
overall plant level cost (coal and biomass) and (b) net cost of
electricity from biomass, which equals Cs + VOMg + F/yps from eq
1. The separate and cofeeding curves correspond to cofiring rates
of 15% and 2%, respectively. The calculations are based on the
U.S.-average coal and power plant characteristics defined by the
mode values listed under the subheading “coal” in Table 1. The 5%
and 95% confidence limits are shown for the separate feed case
and are from Monte Carlo simulation using the distributions for
capital costs, O&M costs, and biomass fuel properties listed in
Table 1. The cost of electricity from the base coal plant is 1.6
cents/kWh.

In practice, fossil energy resources equivalent to less than
5% of the energy content of the biomass are typically
consumed in its cultivation and processing (3).

The effects of cofiring on NOy emissions are much more
difficult to specify than its effects on SO, or CO, emissions
because of the complexity of NO, formation in coal boilers.
A large number of demonstrations report modest NOy
reductions when cofiring (7, 11, 14, 17); for this analysis NOy
emissions per unit electrical output, EN(f), are computed
assuming a linear reduction in NOy emissions with biomass
energy input. This level of reduction is consistent with the
findings of many cofiring demonstrations (7). A wide range
is used for the baseline coal plant NOy emission rate to
account for variability in NOx reductions when cofiring (Table
1). Thisrange, 0.15—0.42 Ibs NO,/MBT Uy, spans the emission
rate from a low-NOy boiler to the current U.S.-fleet-average
boiler (35).

The cost of mitigating emissions is computed by dividing
the change in cost of electricity by the change in emission
rates. For SOy, the cost of mitigation (COM) is

COE(f) — COE(0)

COM = —£50) —Es(®

@)

Similar equations are used to calculate the cost of mitigation
of CO; and NOy emissions.

Figures 1 and 2 present the costs of electricity and pollutant
mitigation from cofiring as a function of biomass price. Figure
1la shows the overall cost of electricity produced; Figure 1b
shows the cost of the electricity produced from biomass,
which equals Cg + VOMg + F/ys from eq 1. The curves in
Figures 1 and 2 are based on a typical U.S. coal-fired power
plant burning average U.S. coal, as specified by the mode
values listed under the subheading “coal” in Table 1. The
confidence limits (5% and 95%) are from Monte Carlo
simulation using the distributions for capital costs, O&M
costs, and biomass fuel properties listed in Table 1. The
distributions reflect the range of possible values for each
parameter. For example, the distributions of biomass prop-
erties listed in Table 1 are calculated from the analyses of
almost 300 different wood and agricultural residues samples
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FIGURE 2. Cost of mitigation of carbon, sulfur dioxide, and oxides
of nitrogen as a function of biomass price assuming cofiring using
a separate feeding system and a cofiring rate of 15%. The curves
are based on U.S.-average coal and power plant characteristics
defined by the mode values listed under the subheading “coal” in
Table 1. The 5% and 95% confidence limits are from Monte Carlo
simulation using the distributions for capital costs, 0&M costs, and
biomass fuel properties listed in Table 1.

(36). The distributions in capital costs for cofiring reflect the
range of reported costs in the literature.

The calculations of electricity and mitigation costs as a
function of biomass price illustrate several important points.
First, the variation in these costs across the range of
reasonable biomass costs (0—70 $/t) is much greater than
the range between the confidence limits, which underscores
the critical importance of biomass fuel cost in cofiring
economics. Second, biomass must be available at low cost
for cofiring to produce electricity at the same price as the
base coal plant. Figure 1b indicates that the cost of electricity
from biomass is comparable to that from coal at a biomass
price of around 7 $/t; the cost of biomass must be lower than
this breakeven price in order for cofiring to produce electricity
at a cost lower than a typical coal plant burning average U.S.
coal.

The curves in Figures 1 and 2 do not account for any
economic benefit for reductions in SO, and NO, emissions
dueto cofiring. Including these credits by adding, for example,
the cost of sulfur permits to the cost of electricity, COE, such
that COE becomes COE + ES x Permit_Price, improves the
economics of cofiring. A similar correction can made for
NOy. Accounting for these credits can change the breakeven
price for biomass can be as high as 20 $/t depending on the
power plant sulfur and NOy emissions and the price of
emission credits.

Pollutant mitigation costs as a function of biomass price
are shown in Figure 2. Although cofiring reduces SO, and
NOy emissions, these reductions are not cost competitive
with existing technologies except at low biomass prices. (Since
the markets for these pollutants are reasonably well devel-
oped, permit prices are a plausible measure of the marginal
cost of emissions control.) Figure 2 indicates that biomass
must be available at a price of roughly 10 $/t for cofiring to
provide reductions in SO, that are comparable to the current
market price of roughly 175 $/tSO, for emissions credits.
This value, 10 $/t, can also be viewed as the breakeven price
at which biomass must be available in order for cofiring to
produce electricity at the same cost as a typical coal power
plant burning average U.S. coal and paying a price of 175
$/tSO; for sulfur emissions. For the case of NO, emissions,
biomass must be available at a price of 12—17 $/t to provide
NOy reductions that are comparable to the current market
price for emissions credits of 2000—4000 $/tNO. In addition,
cofiring at the modest levels considered here will likely only

result in modest NOy and SOy emissions, which will likely
not be large enough to avoid using other control strategies
to meet recently required reductions in NOy emissions (37)
or the SO, emission constraints imposed by Title IV of the
Clean Air Act Amendments of 1990.

Figure 2 shows that cofiring can reduce carbon emissions
by displacing coal for prices between —20 and 150 $/tC
depending on the cost of biomass. While the cost of
controlling CO, emissions is more uncertain than for criteria
pollutants (because there is far less real-world experience),
the cost of mitigating carbon emissions by cofiring are
comparable with other technologies for abating CO, emis-
sions from electricity generation and is discussed in detail
in the section Policy Implications and Discussion.

The analysis shown in Figures 1 and 2 is based on an
U.S.-average power plant burning U.S.-average coal in order
to emphasize that the cost of cofiring in a specific plant
operating with known coal quality is relatively certain, the
confidence intervals are narrow, at a given cost of biomass.
Varying coal properties such as coal cost, heating value, or
sulfur content can alter the plant level economics by shifting
the curves shown in Figures 1 and 2 and by changing the
breakeven price for biomass to make cofiring cost competitive
with the coal. This breakeven price is most sensitive to coal
cost—plants burning higher priced coal have a higher price
breakeven price for biomass. Coal sulfur has a more modest
influence on the breakeven point. The economics of cofiring
are most attractive for a power plant with high NOy emissions
operating on high cost, high sulfur coal—in this scenario the
breakeven price of biomass approaches 20 $/t versus the 7
$/tfor the average plant burning average coal shown in Figure
1. Alternatively, cofiring in a plant with inexpensive, low sulfur
coal will result in a breakeven price much less than 7 $/ton.
Other studies have examined in more detail the different
combination of factors that influence the economics of
cofiring at the plant level (3, 8, 19, 20). In our calculation of
the national supply curves, we account for the effects of
variations in coal cost and coal quality on cofiring economics
by using state-level averages for these parameters.

The range of breakeven prices for biomass discussed here
(7—20 $/t) are consistent with previously published plant
level economic analyses (3, 8, 19, 20). The cost of biomass
in existing markets or the expected price of energy crops
provides a useful benchmark for evaluating the cost curves
shown in Figures 1 and 2. For example, California produces
arelatively large amount of biomass electricity and therefore
has areasonably well developed fuel market. During the 1990s
biomass prices in California ranged between 35 and 55 $/t
(38) much higher than the breakeven price for cofiring, which
underscores the fact that cofiring is not generally cost
competitive in existing energy markets.

National-Scale Economics

National supply curves for electricity generation and carbon
mitigation are estimated by combining the cofiring cost
model with biomass fuel availability and electric sector coal
consumption data at the state level and then aggregating the
results at the national level. This approach uses state-level
averages to account for the effects of variations in parameters
such as coal cost and coal quality on national cofiring
economics.

Walsh etal. (23) provides state-specific biomass fuel supply
curves at delivered costs of 20—50 $/t for several classes of
materials including forest residues, mill residues, agricultural
residues, and urban wood wastes. The cost estimates behind
these supply curves include harvest, collection, and trans-
portation to the power plant and account for a reasonable
profit margin for suppliers. Transportation costs assume a
haul distance of 50 miles to the power plant. For this analysis
we only consider the cofiring potential using wood and
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agricultural residue data reported by Walsh et al. (23). Cofiring
with wood is a natural first step toward implementing cofiring
because it poses few technical challenges; agricultural
residues are considered separately because they pose more
significant technical challenges than wood but represent a
significant fraction of the available biomass fuel. We do not
consider the potential of cofiring with energy crops because
their near-term economic viability is not clear.

State-average cofire rates on an electricity output basis
are defined as a function of biomass price

Eg(Fg)/ng

f(Fg) = E/ne

4)

where f (Fg) is the state specific cofire rate at biomass price
“Fg”; Eg (Fg) is the biomass energy (HHV) available within
the state at biomass fuel price “Fg”; and Ec is the coal energy
(HHV) consumed for power generation within the state (using
year 2000 data). The biomass energy available in each state
is calculated from the supply curves from Walsh et al. (23)
and the higher heating values listed in Table 1. State-level
coal consumption data are reported by the Department of
Energy (39). Net coal-to-electricity conversion efficiencies
(nc) are assumed to be 34% HHYV in all states. State-average
biomass-to-electricity conversion efficiencies, #g, are esti-
mated by calculating a biomass fuel moisture efficiency
penalty as described above using state-average coal property
data (39) and the biomass fuel property distributions listed
in Table 1. State-average cofire rates are limited to a maximum
of 20%, which results in relatively low biomass prices in states
with excess supply and limits the national cofire rate as
regional imbalances in biomass supply and coal capacity
resultin stranded biomass resources. National-average cofire
rates are estimated at each biomass fuel price as the average
of the state-average rates weighted by the fraction of national
coal consumption within each state.

State-average electricity and mitigation costs are com-
puted for each price in the biomass supply curves using eqgs
1-3 with the state-average cofire rates, conversion efficien-
cies, and coal properties. National-average electricity and
mitigation costs are calculated for each price in the biomass
supply curves as the average of the state-average costs
weighted by the fraction of national cofiring within each
state. For example, the national average cost of biomass
electricity is

COEg(Fg) x fi(Fg) x E¢;
fu(Fe) x Ecn

COEy(Fg) = z )

where COEg (Fg) is the national-average cost of biomass
electricity from cofire at biomass cost “Fg”; fi(Fs) and fn(Fg)
are the ith state-average and national cofire rate at biomass
cost “Fg”, respectively; and Ec i and Ec v are the ith state and
national coal consumption for power production, respec-
tively. Monte Carlo simulation is used to evaluate the 90%
confidence intervals of national-average electricity and
mitigation costs for each biomass price in the biomass supply
curves given uncertainty in fuel costs, capital costs, and O&M
costs and the variability of biomass fuel properties repre-
sented by the distribution parameters in Table 1.
Asillustrated by the results in Figure 1, fuel costis a critical
parameter for determining cofiring costs. A large uncertainty,
+50%, is assigned to the biomass prices because the absence
of widespread biofuel markets makes estimates of biomass
costand availability, such as those by Walsh et al. (23), highly
uncertain. The systematic methodology of the survey provides
alevel of consistency in the estimates but leads to a correlated
price uncertainty across states (i.e. if the cost estimates for
a specific resource subcategory are underestimated, then
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the fuel costs in all states will likely be higher than expected).
In addition, biomass fuel prices are likely to be highly variable,
dominated by local market conditions, as high transportation
costs will require a substantial price differential to induce
trade between local or regional markets.

The supply curves of Walsh et al. (23) were compared to
other published fuel surveys (19, 40—42) as a consistency
check; however, such comparisons are difficult because many
surveys report national estimates without spatial resolution
and residue availability for a specific region and/or do not
provide any costinformation. The survey by Walsh et al. (23)
is unique in that it provides biomass supply curves at the
state level. In general, comparisons among different surveys
indicates broad consistency in the estimates of the total
available resources indicating that amount of available
biomass residues estimated by Walsh et al. (23) is reasonable.
There is inconsistency in the estimates of delivered costs
among the surveys, with the costs from Walsh et al. (23)
being generally higher and therefore more conservative.
Reference lists were compared to ensure that the different
surveys were based on different primary sources.

The spatial distribution of biomass resources is a critical
issue for this analysis because transportation costs limit the
range over which biomass resources can be economically
utilized (43). A state-level analysis cannot account for
problems created by the distribution of biomass residues
and coal consumption within each state. Ideally, one would
use surveys of residue availability around each power plant
(43); however, data are not currently available for such a
nationwide analysis of cofiring potential. Transportation costs
for biomass range from 5 to 10 $/t per 50 miles (23, 43). The
survey by Walsh etal. (23) includes the cost of transportation
up to 50 miles, the large uncertainty assigned to biomass
price will likely account for any additional transportation
costs.

Several interesting trends are apparent when comparing
the state-level biomass residue and coal consumption data
shown in Figure 3. Major coal consuming states fall into
three general categories: states with substantial wood
residues, states with substantial agricultural residues, and
states with little biomass residues. The Southeast falls in the
first category with substantial coal consumption and large
amounts of wood residues. Midwestern states, such as lllinois,
Indiana, and Ohio, have little wood residues but large
amounts of agricultural residues. The final category include
states such as Kentucky, West Virginia, and Pennsylvania
which have high coal consumption but relatively little
biomass residues available for cofiring. Although there are
significant biomass residues located in the western United
States, this material cannot be used for cofiring due to the
lack of coal-fired power plants in the region and the
prohibitively high cost of transporting biomass.

National supply curves for biomass electricity and carbon
mitigation from cofiring are shown in Figure 4. Results are
shown for two scenarios: one that considers only wood
residues (urban waste wood, mill waste, and forestry residues)
and a second that considers both wood and agricultural
residues. Figure 4a shows costs without accounting for credit
from cofire NOx and SOy emissions reductions; Figure 4b
includes this accounting by adding, for example, the cost of
sulfur permits to the cost of electricity, COE, such that COE
becomes COE + ES x Permit_Price. A similar correction is
made for NO,. A large range of conservative values is used
for NOy permit price and baseline (Table 1).

The results indicate that cofiring can substantially increase
our supply of biomass electricity at a reasonable cost; for
example, the mean estimate of the Monte Carlo simulation
is that cofiring wood residues could supply 15 TWh annual
of electricity at a cost of 4 cents/kWh, which increases to
almost 25 TWh (0.7% of current electric generation) if
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FIGURE 3. State-level coal consumption and biomass availability data. The height of the black bars indicates 20% of coal consumption;
the height of the white bars indicate available wood residue at $40/t; and the height of the gray bars indicate wood and agricultural residues
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are more than enough residues available to cofire at a level of 20%. Comparing the heights of white and gray bars provides an indication
of the relative amounts of wood versus agricultural residues within a state. Coal consumption data are from ref 39; biomass data are from

ref 23

agricultural residues are included in the analysis. Including
the value of NOy and SOy credits in the calculation (Figure
4b) reduces the carbon mitigation cost by roughly 10 $/tC
but has minimal effect on the relative cost of biomass
electricity. Cofiring appears to be a cost-effective technology
for providing modest reductions in carbon emissions from
coal-fired power plants; for example, a 5% reduction in
national coal-fired power plant CO; emission, ~100 million
metric tons of CO, (Mt CO,), could be achieved at a cost of
less than 30 $/tC (Figure 4b).

Only limited comparisons can be made between our
assessment and previous analyses of national cofiring
potential because of the relative lack of cost information
provided by the previous analyses. The predictions shown
in Figure 4a are very close to an EPRI estimate that 2.3% of
coal generated electricity could be offset at a net cost of
22.60 $/tC (20). The DOE predicts that a renewable port-
folio standard requiring 10% of electricity production from
renewable sources would result in almost 10 TWh of elec-
tricity generated annually by cofiring (44). No cost informa-
tion is provided by the DOE analysis so it is difficult to
compare results. Figure 4 indicates that this level of cofiring
is feasible using available wood residues at a relatively
low cost of approximately 2.7 cents/kWh for the electricity
from biomass and that higher levels of cofiring are feas-
ible at a reasonable cost compared to other renewables
suggesting that the DOE analysis likely underestimates the
potential for cofiring. The DOE analysis caps cofiring at
5% biomass share by energy at an individual coal-fired
power plant and at a level of 4% of coal consumption on a
national basis, which, as previously discussed, appear to be
unnecessarily restrictive constraints. Conversely, our esti-
mates of cofiring potential are substantially less than those
of a DOE working group that consider the potential of co-
firing under conditions of carbon constraints (22). They
estimate that cofiring could generate 58—88 TWh of electricity
in 2010 with dedicated energy crops produced at $32/t
providing a substantial fraction of the biomass feedstock.
These costs may be optimistic given current projections of
energy crop production costs; Walsh et al. (23) predicts that
switchgrass becomes economically viable at a price of 40 $/t
with substantial production only feasible at prices around
55 $/t (45).

Policy Implications and Discussion

Although biomass—coal cofiring is generally not cost com-
petitive in the current energy market, cofiring offers benefits
that could result in more widespread cofiring under certain
policy scenarios. We judge that the most important applica-
tion of cofiring is as a way to achieve significant near-term
reductions in CO; emissions. Its potential as a CO, mitigation
strategy depends on its competitiveness with other control
strategies. If costs of NOy and SOy emissions are accounted
for, cofiring could reduce CO, emissions from the coal-fired
electricity generation sector by 10% (about 3% of U.S.
emissions) at a carbon price of about 50 $/tC (Figure 4b),
significantly smaller than the near-term cost of roughly 100
$/tC or larger for reducing emissions by replacing existing
capacity with nonfossil sources such as wind or nuclear or
by building new plants or retrofitting existing coal-fired plants
to capture and store CO, (46—48). Moreover, cofiring can
achieve significant reductions in CO, emissions in the very
near term (less than 5 years).

One might assume that biomass cofiring would have
limited utility in mitigating CO, emissions because coal-fired
generation might be rapidly eliminated from the electric
market as the stringency of constraints on CO, emissions
increases (44). If the price of natural gas remains low and
stable, then itseems likely that a CO; constraint would rapidly
eliminate coal-fired capacity because substantial emissions
abatement could be achieved by switching from coal to
natural gas and “carbon-ordered dispatch” (22, 46). However,
if natural gas prices rise significantly, the future of coal
under CO; constraints is less certain. First, with limited use
of energy crops—as opposed to the residues considered in
our analysis—biomass cofiring can plausibly achieve sig-
nificantly larger decreases in electric sector CO, emissions.
Second, as we describe in the Technical Feasibility Section,
there is little doubt that biomass-to-coal cofire ratios could
be increased beyond the maximum of 20% considered here;
higher ratios might permit an economically efficient strategy
in which some coal-fired generation is retired, while the
remainder uses a gradually increasing fraction of biomass
for generation. Finally, if CO, capture and sequestration (CCS)
technologies are viable (48, 49), then coal-based CCS may
well become the base-load generating technology of choice,
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FIGURE 4. National supply curve for the cost of carbon mitigation
(COM) and the cost of biomass electricity from cofire as a function
of the national cofire rate. Part (a) does not include the credit for
reduction of sulfur and nitrogen emissions due to cofiring; these
credits are included in part (b). The confidence limits (5% and 95%)
apply to the wood plus agricultural residues case and are from
Monte Carlo simulation using the distributions for capital costs,
0&M costs, and biomass fuel properties listed in Table 1. The dashed
horizontal line indicates a cost of mitigation of 0 $/tC.

particularly if gas prices rise above about 3.5 $/GJ (46).
Biomass is compatible with CCS; using these technologies
on power plants firing biomass or biomass—coal mixtures
can achieve electricity generation with negative net CO;
emissions (50, 51).

This analysis also suggests that cofiring is a very cost-
effective use of biomass. The low capital costs and relatively
high efficiency of cofiring make it more competitive than
many proposed advanced biomass technologies. Another
use of biomass is to produce liquid fuels such as ethanol that
can be substituted for, or more practically blended with,
gasoline to reduce CO, emissions. Most current ethanol
productionisfrom corn at very high cost (including subsidies)
making it very uneconomic as a means of CO, mitigation.
There is great interest in the possibility of producing ethanol
from lignocellulosic biomass such as residues and energy
crops, the same biomass sources that could be used for
cofiring. It is therefore reasonable to compare the cost of
reducing CO, emissions accomplished by cofiring and
biomass ethanol production. Realistic projections of the cost
of cellulosic ethanol suggest that the near-term costs will
exceed 1 $/gallon which is equivalent of a carbon mitigation
cost of order 200 $/tC (at a petroleum price of 25 $/bbl) (52,
53). It therefore appears that cofiring is a far more cost-

5088 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 37, NO. 22, 2003

effective method of reducing CO, emissions than liquid fuel
production from agiven biomass supply. On the other hand,
bioethanol offers energy-security benefits not considered
here.

While there is yet no national commitment to reduce CO,
emissions, policies such as federal tax credits or state-level
initiatives exist to promote renewable energy production (54).
Many of these programs, however, explicitly rule out biomass
cofiring. This appears to be due, in part, to adesire to promote
high technology solutions such as wind and solar energy
and, perhaps, to a desire to prevent coal-fired generators
from taking advantage of an environmental tax credit. Figure
4 indicates that cofiring could double U.S. current non-hydro
renewable electricity production at a cost of less than 4 cents/
kWh using wood residues; higher levels are achievable if one
also considers agricultural residues. Four cents/kWh can be
viewed as a best-case cost of new wind capacity, the fastest
growing renewable technology (55, 56). Therefore, unless
specifically excluded, cofiring will likely be an important
response to policy tools to encourage renewable energy
production such as renewable portfolio standards or tax
credits.

The most economically efficient methods for achieving
carbon reductions are policies that set an even price on
carbon emissions using either taxes or tradable permits. Such
mechanisms are particularly appropriate in the electric sector
where there already are successful trading systems for SO,
and NOy. Under an economically efficient emissions con-
straint, we expect that biomass cofiring would be one of the
first technologies to be widely implemented because of its
low cost of mitigation, low capital costs, and technological
maturity. Itisimportant that policies to reduce CO, emissions
do not arbitrarily exclude cofiring from the solution mix.

Acknowledgments

A. L. Robinson thanks L. L. Baxter at Brigham Young
University for many insightful conversations on these issues.

Literature Cited

(1) Easterly,J.L.;Burnham, M. Biomass Bioenergy 1996, 10, 79—92.

(2) Wright, L. L.; Hughes, E. E. Water, Air, Soil Pollut. 1993, 70,
483—497.

(3) Hughes, E. Biomass Bioenergy 2000, 19, 457—465.

(4) Grass, S. W.; Jenkins, B. M. Biomass Bioenergy 1994, 6, 243—
260.

(5) Beamon, J. A.; Leckey, T. J. Trends in Power Plant Operating
Costs; EIA/DOE-0607(99); Department of Energy, Energy In-
formation Agency: Washington, DC, 1999.

(6) Annual Energy Review 2000; DOE/EIA-0384(00); Department
of Energy, Energy Information Administration: Washington,
DC, 2001.

(7) Tillman, D. A. Biomass Bioenergy 2000, 19, 365—384.

(8) Tillman, D.; Hughes, E. EPRI Guidelines for Cofiring Biomass
and Coal; TR-108952; Electric Power Research Institute: Palo
Alto, CA, 1998.

(9) Tillman, D. A; Stahl, R.; Therkelsen, K. Results of Cofiring Tests
at the Colbert Fossil Plant, 1997; Electric Power Research
Institute: Palo Alto, CA, 1997.

(10) Tillman, D. A;; Stahl, R.; Campbell, J.; Salamy, J.; Therkelsen, K.;
Hunt, E. Cofiring wood waste with coal at the Seward generating
station: Results of parametric testing; Electric Power Research
Institute: Palo Alto, CA, 1998.

(11) Aerts, D.; Ragland, K. Co-firing switchgrass and coal in a 50
MW pulverized coal utility boiler; University of Wisconsin—
Madison: Madison, WI, 1997.

(12) Hunt, E. F.; Prinzing, D. E.; Battista, J. J.; Hughes, E. Energy
Convers. Manage. 1997, 38, S551—S556.

(13) Pedersen, L. S.; Nielsen, H. P.; Kiil, S.; Hansen, L. A.; Damjo-
hanesn, K.; Kildsig, F.; Christensen, J.; Jespersen, P. Fuel 1996,
75, 1584—1590.

(14) Pedersen, L. S.; Morgan, D. J.; vandeKamp, W. L.; Christensen,
J.; Jespersen, P.; DamJohansen, K. Energy Fuels 1997, 11, 439—
446.



(15) Andersen, K. H.; Frandsen, F.J.; Hansen, P. F. B.; Wieck-Hansen,
K.;Rasmussen, |.; Overgaard, P.; Dam-Johansen, K. Energy Fuels
2000, 14, 765—780.

(16) Frandsen, F. J.; Nielsen, H. P.; Jensen, P. A.; Hansen, L. A;;
Livbjerg, H.; Dam-Johanseb, K.; Hansen, P. F. B.; Andersen, K.
H.; Sgrensen, H. S.; Larsen, O. H.; Sander, B.; Henriksen, N.;
Simonsen, P. In Impact of Mineral Impurities in Solid Fuel
Combustion; Gupta, R., Wall, T., Baxter, L., Eds.; Klumer
Academic/Plenum Publishers: New York, 1999; pp 271—283.

(17) Swanekamp, R. Power 1995, 139, 51—-53.

(18) Boylan, D. M. Biomass Bioenergy 1996, 10, 139—147.

(19) Demeter, C. P.; Lindsey, C. A.; Comer, K. S. The Dollars and
Sense of Cofiring; In 16th International Pittsburgh Coal Confer-
ence, University of Pittsburgh, Pittsburgh, PA, 1999, Paper #
2-1.

(20) Sondreal, E. A.;Benson, S. A.; Hurley, J. P.; Mann, M. D.; Pavlish,
J.H.; Swanson, M. L.; Weber, G. F.; Zygarlicke, C. J. Fuel Process.
Technol. 2001, 71, 7—38.

(21) Annual Energy Outlook 2002; DOE/EIA-0383(2002); Department
of Energy, Energy Information Administration: Washington,
DC, 2001.

(22) Scenariosof U.S. Carbon Reductions: Potential Impacts of Energy-
Efficient and Low-Carbon Technologies by 2010 and Beyond,;
ORNL-444 and LBNL-40533; Oak Ridge National Laboratory
and Lawrence Berkeley National Laboratory: Oak Ridge, TN
and Berkeley, CA, 1997.

(23) Walsh, M. E.; Perlacka, R. L.; Turhollowa, A.; Ugarteb, D. d. I.
T.; Beckerc, D. A.; Grahama, R. L.; Slinsky, S. E.; Rayb, D. E.
Biomass Feedstock Availability in the United States: 1999 State
Level Analysis. http://bioenergy.ornl.gov/resourcedata/index.
html (accessed March 2001).

(24) Davidson, R. M. Experience of cofiring waste with coal; CCC/15;
IEA Coal Research: London, 1999.

(25) Sami, M.; Annamalai, K.; Wooldridge, M. Prog. Energy Combust.
Sci. 2001, 27, 171-214.

(26) Jenkins, B. M.; Baxter, L. L.; Miles, T. R., Jr.; Miles, T. R. Fuel
Process. Technol. 1998, 54, 17—46.

(27) Rudiger, H.; Kicherer, A.; Greul, U.; Spliethoff, H.; Hein, K. R.
G. Energy Fuels 1996, 10, 789—796.

(28) Wieck-Hansen, K.; Overgaard, P.; Larsen, O. Biomass Bioenergy
2000, 19, 395—-409.

(29) Baxter, L. L.; Miles, T. R.; Miles, T. R. J.; Jenkins, B. M.; Dayton,
D. C.; Milne, T. A,; Bryers, R. W.; Oden, L. L. Alkali deposits
found in biomass boilers: The behavior of inorganic material in
biomass-fired boilers — Field and laboratory experiences; SAND96-
8225; Sandia National Laboratories: 1996; Vol. II.

(30) Nielsen, H.; Frandsen, F.; Dam-Johansen, K.; Baxter, L. Prog.
Energy Combust. Sci. 2000, 26, 283—298.

(31) Robinson, A. L.; Junker, H.; Baxter, L. L. Energy Fuels 2002, 16,
343—355.

(32) Abbas, T.; Costen, P.; Kandamby, N. H.; Lockwood, F. C.; Ou,
J. J. Combust. Flame 1994, 99, 617—625.

(33) Harding, N. S.; Adams, B. R. Biomass Bioenergy 2000, 19, 429—
445,

(34) Stultz, S. C,; Kitto, J. B. Steam: It's Generation and Use; Babcock
& Wilcox: Barberton, OH, 1992.

(35) E-Grid: The Emissions & Generation Resource Integrated
Database http://www.epa.gov/airmarkets/egrid/ (accessed Janu-
ary 2003).

(36) Littge, R. O.;Jenkins, B. M.; Miles, T.R., Jr.; Baxter, L. L. Biomass
Fuels Database; Final Report WO4269-03; Electric Power
Research Institute: Palo Alto, CA, 1997.

(37) Federal Register 1998, 63, 57356—57538.

(38) Morris, G. Biomass Energy Production in California: The Case
for a Biomass Policy Initiative; NREL/SR-570-28805; National
Renewable Energy Laboratory: Golden, CO, 2000.

(39) Cost and Quality of Fuels for Electric Utility Plants. http://
www.eia.doe.gov/cneaf/electricity/cq/cq_sum.html (accessed
June 2002).

(40) Ringe, J. M.; Graves, D. H.; Reeb, J. E. For. Prod. J. 1998, 48,
88—93.

(41) Wiltsee, G. Urban Wood Waste Resource Assessment; NREL/
SR-570-25918; National Renewable Energy Laboratory: Golden,
CO, 1998.

(42) McKeever, D. B. Resource Potential of Wood-Based Wastes in
the United States. In Second Biomass Conference of the
Americas: Energy, Environment, Agriculture, and Industry;
National Renewable Energy Laboratory; Golden, CO, Portland,
OR, 1995; pp 77—87.

(43) Noon, C.; Daly, M. Biomass Bioenergy 1996, 10, 101—109.

(44) Impacts of a 10-Percent Renewable Portfolio Standard; SR/OIAF/
2002-03; Department of Energy, Energy Information Admin-
istration: Washington, DC, 2002.

(45) Walsh, M. E.; De La Torre Ugarte, D.; Slinsky, S.; Graham, R. L,;
Shapouri, H.; Ray, D. Economic Analysis of Energy Crop
Productioninthe U.S.- - Location, Quantities, Price and Impacts
on Traditional Agricultural Crops. In Bioenergy ‘98: Expanding
bioenergy partnerships; Great Lakes Regional Biomass Power
Program & Omnipress: Madison, WI, 1998.

(46) Johnson, T. L.; Keith, D. W. Energy Policy In press.

(47) Herzog, H. Technology 2000, 7, 13—23.

(48) Parson, E. A.; Keith, D. W. Science 1998, 282, 1053—1054.

(49) Herzog, H. Environ. Sci. Technol. 2001, 35, 148 A — 153 A.

(50) Obersteiner, M.; Azar, C.; Kauppi, P.; Mollersten, K.; Moreira,
J.; Nilsson, S.; Read, P.; Riahi, K.; Schlamadinger, B.; Yamagata,
Y.; Yan, J.; van Ypersele, J.-P. Science 2001, 294, 786—787.

(51) Keith, D. W. Clim. Change 2001, 49, 1-10.

(52) Kheshgi, H. S.; Prince, R. C.; Marland, G. Annu. Rev. Energ.
Environ. 2000, 25, 199—244.

(53) Wooley, R.; Ruth, M.; Glassner, D.; Sheehan, J. Biotechnol. Prog.
1999, 15, 794—803.

(54) Hassol, S. J.; Udall, R. Issues Sci. Technol. 2003, 39—46.

(55) Jacobson, M. Z.; Masters, G. M. Science 2001, 293, 1438—1438.

(56) DecCarolis, J. F.; Keith, D. W. Science 2001, 294, 1000—1001.

Received for review April 18, 2003. Revised manuscript re-
ceived July 23, 2003. Accepted August 4, 2003.

ES034367Q

VOL. 37, NO. 22, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 5089



