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a b s t r a c t

Past studies have established measures of co-firing potential at varying spatial scales to

assess opportunities for renewable energy generation from woody biomass. This study

estimated physical availability, within ecological and public policy constraints, and asso-

ciated harvesting and delivery costs of woody biomass for co-firing in selected power

plants of the Northern U.S. Procurement regimes were assessed for direct sources of woody

biomass from timberland including logging residues (slash, by-products), small-diameter

trees, and integrated harvest (logging residues and small-diameter trees). Concentric

woody biomass procurement areas were estimated for each power plant using county-level

estimates and varying procurement radii. Delivered fuel cost estimates were calculated for

each power plant and procurement regime based on incremental maximum transport

distances. Procurement regimes focused on small-diameter trees can potentially produce

the most electric power, but are constrained by lower economical transport distances than

logging residues. These estimates enabled us to assess which power plants in the Northern

U.S. had the highest electricity generation potential. For most procurement regimes, an

average power plant co-firing had the potential to replace greater than 30% of coal elec-

tricity generation if there was no competition for the feedstock. However, woody biomass

resource competition from adjacent co-firing plants could reduce this generation potential

to less than 10%.

ª 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Increasing interest in utilizing wood for bioenergy in the U.S.

has been motivated by environmental concerns, costs of fossil

fuels, and public opinion regarding renewable energy. Among

different biomass feedstocks, wood and wood waste currently

account for the greatest share of bioenergy generation in the
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U.S. at about 53% according to the U.S. Energy Information

Administration [1]. Renewable energymarkets canhelp provide

incentives to remove small-diameter trees (i.e. trees <25 cm in

diameter measured at 140 cm from the ground) and other non-

timber woody material during compatible silvicultural treat-

ments such as pre-commercial thinning, hazardous fuel

reduction, woodland restoration, and certain types of wildlife

habitat improvement. Forests andwaste wood sources on a dry
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basis in the contiguous U.S. could have provided about 88 Tg of

energy feedstock if priced at 66 $Mg�1 at roadside ormill gate in

2012 [2].

Wood used for bioenergy generation can be currently ob-

tained from several sources, including directly from forest

(e.g. residues from timber harvesting operations, and forest-

derived biomass from removal or thinning of trees), indi-

rectly from primary and secondary wood product

manufacturing (e.g. chips, briquettes, mill residues, pellets)

and recovered from post-consumption (e.g. urban residues

from demolition, packaging materials) [3]. In the U.S., indirect

sources supply 78.9%, direct sources 19.3%, and recovered

sources 1.8% of all wood energy consumed in the country [4].

Indirect sources are highly dependent on output from the

wood products industry [5] and large amounts of this material

are already utilized or under contract. Recovered wood is a

component of potentially available wood for energy, but this

source ismainly limited to urban areas [2]. Direct sources have

the greatest potential for future growth for bioenergy at

various price levels [2] and their production can be comple-

mentary to other forest management objectives [6]. Wood

sourced directly from a forest, woodland, or rangeland envi-

ronment may be broadly defined as woody biomass, encom-

passing by-products of forest management including trees

and woody plants (limbs, tops, needles, leaves, and other

woody parts) [7].

Prominent technological platforms that convert wood to

energy include: (1) direct firing or co-firing biomass with coal

for electricity, heating and cooling, (2) production of liquid

biofuels [8], and (3) gasification [9e12]. Co-firing refers to the

practice of introducing biofuels as a supplementary energy

source in high efficiency utility boilers [13,14]. There are

currently 89 coal-fired power plants in the U.S. that utilize

some quantity of biomass [1,15]. Compared to alternatives

such as liquid biofuels or gasification, co-firing facilities (coal-

fired electric plants) can often incorporate biomass into the

existing fuel storage and handling systems with relatively

minor modifications [6,16e19]. Also, unlike wind and solar

energy, wood energy can be readily stored (e.g., as chips or on

the stump) and utilized when needed [20]. In a survey con-

ducted by Aguilar and Garrett [6], various wood energy

stakeholders ranked the perceived practical potential of

woody biomass co-firing higher than other energy conversion

methods including cellulosic ethanol, gasification and

pyrolysis.

Many studies have focused on woody biomass resource

assessments at varying spatial scales to determine the broad-

scale feasibility of co-firing across the U.S. [20,21]. Neverthe-

less, there has been considerably less research assessing the

localized resource availability and coinciding costs for specific

areas identified as having high potential for biomass co-firing.

Aguilar et al. [22] used an array of information to estimate

woody biomass resource availability and elicit the likelihood

of co-firing in counties of the Northern U.S. This methodology

served as a “coarse screen” for identifying counties with the

highest probability of co-firing based on several internal,

external, and location specific physical factors. However,

Aguilar et al. [22] did not estimate localized biomass supply

potential for the areas identified as having a high probability

of co-firing based on transport distance, source of feedstocks,
and alternative woody biomass procurement regimes. These

are important factors nonetheless, as they will all have an

effect on delivered costs of different biomass feedstocks, as

well as limitations to annual net generation in co-firing

facilities.

The purpose of this study was to estimate the supply po-

tential and costs of harvesting, processing and transporting

woody biomass and unused mill by-products for co-firing in

selected coal-fired power plants. For each power plant, woody

biomass procurement areas, maximum transport distances,

and resulting delivered fuel costs were estimated for four

different forest procurement regimes including: (1) removal of

small-diameter trees based on stand density, (2) removal of

small-diameter trees using a biological maximum, (3) removal

of logging residues (slash), and (4) integrated removal of log-

ging residues and small-diameter trees. For each power plant

and procurement regime, supply potential and delivered costs

were estimated using concentric circles to represent woody

biomass procurement area and to calculate maximum trans-

port distance to the plant. Results from these analyses iden-

tified power plants best poised to co-fire based on cost and

electricity generation potential. The first section of this paper

describes the study area and background information for the

selection of power plants and woody biomass availability as-

sessments. The next section describes the methods used to

estimate woody biomass availability and production costs.

This is followed by results, discussion and conclusions.
2. Theoretical background and study area

Recent studies have shown that past placement of co-firing

facilities is highly correlated with power plant physical (e.g.

feeding systems), external (energy markets) and location-

specific (e.g. transportation infrastructure) factors [22,23].

Aguilar et al. [22] developed econometric models to estimate

the likelihood of co-firing at the county-level using explana-

tory variables such as electricity demand, technical feasibility,

coal price, availability of wood mill by-products, renewable

portfolio standards (RPS), and transportation infrastructure.

For this study, we focused on coal-fired power plants

residing within selected counties in the Northern U.S. that have

been identified with a high likelihood of co-firing based on the

econometricmodels developed byAguilar et al. [22]. Specifically,

the counties of interest were identified as being in the top 25%of

all counties in terms of estimated probability of co-firing. We

restricted this study to applicable counties in the U.S. North-

eastern and North-central states e hereafter referred to simply

as the Northern U.S. The Northern U.S. is comprised of the 20

following states: Connecticut, Delaware, Illinois, Indiana, Iowa,

Maine, Maryland, Massachusetts, Michigan, Minnesota, Mis-

souri, New Hampshire, New Jersey, New York, Ohio, Pennsyl-

vania, Rhode Island, Vermont, West Virginia, and Wisconsin.

This region was chosen for this assessment due to lack of

necessary data at the county-level for the entire U.S., as well as

large fluctuations and uncertainty in production costs amongst

major U.S. regions. Aside from data restrictions, there were two

other important reasons for focusing on this region. First,

woody biomass has been identified as a major potential source

of renewable energy in the region [6,15]. Second, this region

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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contains about 53% of all coal-fired power plants in the U.S. Out

of the 1037 counties in the Northern U.S., 246 currently have at

least one coal-fired power plant [15]. The locations of counties

and power plants selected for this study are shown in Fig. 1.

Based on the selection of counties, there were 219 plants

selected in theNorthern U.S. for this study. Only 20 (9%) of these

power plants were using biomass as of 2007, the most recent

estimate available at the time of the study from the EPA [15].

National and region-level estimates of biomass physical

availability indicate broad bioenergy potential [20,24,25] but

do not include details on resource availability and economic

feasibility of co-firing for individual power plants. The “U.S.

Billion-ton Update” by the U.S. Department of Energy made

estimates of forest-based biomass supply at the county level

at various roadside or mill gate prices but did not estimate

amounts that could be economically supplied to particular

plant locations [2]. Perez-Verdin et al. [26] and Huang et al. [27]

both used methods developed by Overend [28] to estimate

radii for concentric supply circles around hypothetical bio-

ethanol plant locations and resulting production costs. We

used a variation of this methodology to obtain maximum

transport distances and marginal delivered cost estimates of

woody biomass for selected power plants.
3. Methods

The methods section is organized as follows: (2.1) Conv-

ersion of biomass supply to electric power, (2.2) Estimating
Fig. 1 eMap of the Northern U.S. with power plants selected for t

firing potential. Latitude and longitude are represented in GCS
availability of woody biomass and unused mill by-products,

(2.3) Amount and costs to deliver woody biomass to power

plant (2.4) Power plants poised to co-fire with woody biomass

based on supply potential and costs, (2.5) Selective sensitivity

analysis, and (2.6) Study limitations. Estimates of woody

biomass availability were generated in two steps. First, woody

biomass availability was estimated by selected power plant

location for each proposed procurement regime. This was

achieved using county-level forest inventory data and prod-

ucts output data reported by the U.S. Forest Service Forest

Inventory and Analysis (FIA) [29e32]. To avoid inclusion of

protected or otherwise unavailable biomass, estimated supply

of biomass was limited to timberland, defined by Smith et al.

[33] as forest land that is producing or is capable of producing

crops of industrial wood and not withdrawn from timber

utilization by statute or administrative regulation. Woody

biomass availability also incorporated ecological and policy

restrictions regarding on-site retention rates and inaccessi-

bility. Second, estimates were comprised of costs to harvest

and deliver biomass itemized to encompass forest operations,

stumpage, and transport. Throughout the rest of this paper, all

woody biomass weight estimates presented in the text are

given in dry (i.e. moisture-free) weight.

3.1. Conversion of biomass supply to electric power

To estimate the amount of electric power that may potentially

be generated by co-firing with woody biomass, information

was needed on both feedstock availability and the efficiency
he study of woody biomass and unusedmill by-product co-

North America 1983 datum.

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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of available energy conversion technology. This analysis used

the conversion efficiency reported by Goerndt et al. [20] of

1.7 MWh Mg�1 of woody biomass. This corresponds to a con-

version of 33% of the heat energy value of woody biomass to

electric power by coal-fired power plants [1].

3.2. Estimation of woody biomass and unused millby-
product availability

Initial estimates of woody biomass and unused mill residue

availability for each procurement regime were derived for

every county in the Northern U.S., as well as several adjacent

states including: North Dakota, South Dakota, Nebraska,

Kansas, Oklahoma, Tennessee, Kentucky, Arkansas, and Vir-

ginia. Sections 3.2.1 through 3.2.4 describe methods used to

derive county-level estimates of woody biomass availability

for each procurement regime.

3.2.1. Removal of conventional logging residues (slash)
County-level estimates of potential logging residues supply

were obtained from the Forest Service Timber Product Output

(TPO) database [32]. We assumed that logging residues would

be removed during the harvest of commercial roundwood/

pulpwood and be chipped and loaded on site [2]. Not all log-

ging residues are available for co-firing. Excessive removal of

logging residues can promote soil erosion, as well as reduce

productivity of unproductive soils and reduce soil nutrient

levels [34,35]. The required amount of residue to be retained

on site following harvesting varies by state, forest type, and

slope but is considered to be in the range of 15e40% [2]. For

this study, we used a residue retention rate of 35% as a bio-

logical threshold to sustain ecosystem functions.

3.2.2. Removal of small-diameter trees
Our analysis included two procurement regimes to supply

biomass from small-diameter trees. The amount of small-

diameter material annually available under each regime was

based on forest density for each county and potential to thin

timberland. Estimates were made of the fraction of timber

that could be removed by thinning and fraction of thinnings

thatwould be in the formof small-diameter trees (i.e. thinning

from below). Two estimates were made of the amount by

which forest density could be reduced, one based on reducing

Stand Density Index (SDI) and one based on Net Annual

Woody Biomass Increase (NAWI). In both cases, we limited

removals to 65% of the estimated amount to account for un-

availability due to ecological factors and an additional 20%

retention rate to incorporate physical inaccessibility [2,26].

We simulate thinning in each county by removing trees in

small-diameter classes when current SDI is greater than 30%

of maximum SDI. SDI is a measure used to guide thinning in

the U.S. Forest Service fuel treatment evaluator and the U.S.

Forest Service forest vegetation simulator (Please refer to

Appendix for SDI equation). A maximum SDI was identified

for each species group. Maximum SDI is defined as the

maximum density (stems per unit area) that can exist for a

given species group for an assumed size (quadratic mean

diameter) in a self-thinning population [36,37]. Following

Perez-Verdin et al. [26] and Woodall et al. [38] the maximum

SDI for hardwoods, mixed forests, and softwood forests were
assumed to be 2028 ha�1, 1176 ha�1, and 1242 ha�1, respec-

tively. Using data on the average per ha distribution of number

of trees by diameter class in a county, thinning was simulated

for counties that have an estimated SDI greater than 30%

(assumed full crown closure) of the assumedmaximumSDI as

determined by themix of hardwood and softwood forest types

in the county. We used an iterative process in which one tree

per ha was removed from each diameter class lower than

25 cm during each iteration and SDI was recalculated. This

process was repeated until either the county-level SDI was

brought down to 30% of the maximum, or there was no small-

diameter material left to remove. Due to intensive tree

removal implied by application of SDI, we assumed a 30-year

thinning cycle [24]. This means that available woody biomass

per county was divided by 30 to estimate total annually

available woody biomass from small-diameter trees.

Although SDI is a common criterion of stand density in

forestry, thinning small-diameter trees to reduce either density

or overall stocking is often considered to be a short-term

management activity [39]. Hence, the second procurement

regime estimated small-diameter trees using a biological

maximum growth. The amount of biomass that could be sup-

plied was determined by the amount of extra harvest possible

without exceeding the net annual growth of the forest. To set

this biological maximum, we estimated the NAWI for each

county as described by Goerndt et al. [20] (Please refer to Ap-

pendix for NAWI equation). NAWI was computed as a ratio of

the corresponding total cubic volume annual growth after

discounting annual removals through harvest and mortality

[20]. Because volume growth and removal estimates included

small-diameter as well as large diameter trees, NAWI was

simply applied to the total availablewoody biomass per county.

To maintain an assumption of small-diameter removal, NAWI

was limited to maximum available standing biomass of trees

25 cm in diameter at 140 cm from the ground, and below.

3.2.3. Removal of small-diameter trees, tops and branches
through integrated harvest
Integrated harvest systems consist of harvesting both con-

ventional solid products and woody biomass for energy use in

a single operation and processing biomass (e.g. chipping) on

site [40,41]. For this study, the integrated harvest regime

combined the woody biomass availability per county from

logging residues and small-diameter trees. In the integrated

harvest regime, we opted to use the SDI method for small-

diameter material due to its wide application as a forest

management tool. Unlike the NAWI approach, removal of

trees to achieve 30% maximum SDI is a more specific stand-

level treatment that can be performed in conjunction with

removal of roundwood products, whereas NAWI would often

allow for little to no additional removal depending upon the

volume being removed for roundwood products and the

annual growth rates for that area.

3.2.4. Unused mill by-products
By-products from the manufacturing of wood products (e.g.

mill residues) were not distinguished as a separate procure-

ment regime but included in each procurement regime anal-

ysis for two reasons. First, the availability of mill by-products

is relatively low to absent compared to standing forest

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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biomass in many counties because by-products are already

used or there are no wood processing mills. Second, aside

from a possible selling price at the mill, mill by-products

typically do not include many costs in addition to transport

costs unlike logging residues and small-diameter trees.

Therefore, currently unused mill by-products were added to

the estimated availability of woody biomass for each pro-

curement regime. County-level estimates were obtained from

the TPO database [32].
3.3. Amount and costs to deliver woody biomass to
power plant

The amount of biomass that can be used by a particular power

plantwill be limitedbyamount thatcanbedeliveredata feasible

cost. The cost for a given amount of woody biomass was deter-

mined by costs for stumpage, harvesting, chipping and trans-

port. For any procurement regime, the amount available at a

given cost is highly dependent upon transport distance. The

objective of this part of the assessment was to determine

amounts available and associated delivered costs for succes-

sively larger procurement areas. The following subsections

describe themethods and assumptions used to estimatewoody

biomass availability to power plants for given delivered costs.

3.3.1. Woody biomass and unused mill by-product supply for
a procurement area
Although woody biomass amounts were estimated for each

procurement regime for each county, we were interested in

estimating biomass availability and costs for each selected

power plant. We estimated biomass amounts and delivered

costs for simulated concentric procurement radii (R) from

10 km to 100 km by 10 km intervals around the selected power

plant locations using ArcGIS [42]. For larger procurement radii,

the total procurement area around most plants consisted of

several counties and county fragments. Therefore, it was

necessary to estimate the total annually available woody

biomass (B) for each procurement regime and procurement

area from the county-level estimates as follows:

B ¼
Xm
i¼1

aibi; (1)

where bi is the total annually available woody biomass for

county i and ai is the percentage of the area of county i that

falls within the procurement area (circle). Equation (1) relies

on the assumption that the woody biomass resource within

each county is uniformly distributed across the entire county.

3.3.2. Delivered costs for a procurement area
To estimate delivered costs of dry woody biomass for selected

procurement areas around selected power plants we esti-

mated the marginal operational costs (stumpage costs, har-

vest, chipping) and transportation costs (fixed and

incremental). A portion of transport cost is dependent upon

maximum transport distance of woody biomass to the power

plant. If we assume that biomass being collected is evenly

distributedwithin a given radius of a plant then themaximum

transport distance (d) for a megagram of biomass is calculated

as follows [27,28]:
d ¼ Rs; (2)
where R is the procurement radius in kilometers, ands is a

tortuosity factor representing a ratio of road transport dis-

tance to line-of-sight distance and is generally assumed to be

within the range of 1.2e1.5 in the Northern and Eastern parts

of the U.S [26,27]. For this study, tortuositywas adjusted by EIA

energy sub-region with a value of 1.2 for West North Central,

1.3 for East North Central, 1.4 for Middle Atlantic, and 1.5 for

New England and South Atlantic to adjust for winding roads

and hilly terrain found in the Northeast U.S. compared to the

Central U.S. For each procurement radius and procurement

regime, total delivered cost (C ) was estimated as follows:

C ¼ ðTvdÞ þ Tf ; (3)

where d is the maximum transport distance for biomass, Tf is

operational cost including loading/unloading of trucks, and Tv

is the incremental transport cost. All cost assumptions for the

analysis are shown in Table 1.

The largest observed cost difference was between harvest

costs for logging residues and harvest costs for small-

diameter trees. This is based on an assumption that logging

residueswould be removed from the felled trees at the landing

and subsequently chipped at the same location. Therefore,

most of the harvest operational cost is covered by the sale of

timber [41]. However, there were still assumed harvest costs

associated with logging residues, which can include handling

at the landing prior to chipping. Harvest cost for small-

diameter trees was greater because these trees have to be

found, felled and transported to the landing as with round/

pulp wood material.

Perlack et al. [2] assumed that woody biomass stumpage

prices from non-federal land will range from about 4 $ Mg�1 up

to 90% of pulpwood prices. The stumpage values for non-

federal land were set to 50% of the pulpwood stumpage

values for the Northern U.S. as estimated by Perlack et al. [2].

These values are similar to those from other biomass pro-

curement studies for the Northern U.S. [41]. Stumpage prices

for federal land were assumed to be zero because woody

biomass removal on federal land is usually part of a fuel

treatment or restoration activity [2].

Chipping prices can vary depending on whether the

woody biomass is chipped loose or bundled before chipping.

Estimates from past studies show chipping costs ranging

from 2.50 $ Mg�1 to as high as 10 $ Mg�1 [41,45]. The assumed

value for chipping was calculated as an average between

maximum costs for loose material and bundled material to

account for both possibilities. A selling and sorting price only

applies to mill by-products and represents costs that can be

incurred through separating usable from non-usable mate-

rial as well as selling prices for unused woody by-products

directly from mills and is assumed to be in the range of

4 $e6 $ Mg�1 [26].

For each procurement regime the stumpage cost was

adjusted to account for themix of both federal and non-federal

land. We calculated a weighted mean of stumpage cost based

on the percentages of total timberland area that were federal

and non-federal for each county. Additionally, it was necessary

to estimate average operational costs for integrated harvesting

where biomass is provided from both logging residues and

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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Table 1 e Operational and transport cost assumptions for woody biomass procurement in the Northern U.S.

Costs Federal Non-federal Mill by-
products

Logging
residues

Small-
diameter

trees

Logging
residues

Small-
diameter

trees

Harvest ($ Mg�1)a 6.42 16.04 6.42 16.04 n/a

Transportation

Fixed ($ Mg�1)b 7.50 7.50 7.50 7.50 7.50

Incremental

($ Mg�1 km�1)c
0.15 0.15 0.15 0.15 0.15

Stumpage value

($ Mg�1)d
0 0 7.16 7.16 n/a

Chipping costs

($ Mg�1)e
5.51 5.51 5.51 5.51 n/a

Selling ($ Mg�1)f n/a n/a n/a n/a 4.96

a Derived from hardwood and softwood values in the Northern Region [2,41].
b Fixed cost for operation and loading/unloading of trucks [24,43,44].
c [2,24,26].
d Derived as 50% of average of hardwood and softwood pulpwood values in the Northern Region for federal and non-federal land [2,41].
e Average chipping costs calculated using values from Saunders et al. [41] and Harrill [45].
f [26].
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small-diameter trees using SDI thinning treatments. Weighted

average costs were estimated that accounted for land owner-

ship and supply structure for each power plant individually.

Marginal cost was estimated for all counties within each pro-

curement radius ranging from 10 to 100 km in 10 km

increments.

3.4. Power plants poised to co-fire with woody biomass
based on supply potential and costs

The cost of biomass compared to coal is a major factor in a

decision to co-fire with biomass and the majority of power

plants already co-firing in theU.S. pay less for biomass (per unit

of energy output) than for coal. Therefore, for this assessment

we set amaximumcost forwoodybiomass feedstocks basedon

the 2010 weighted average market cost of coal utilization for

U.S. power plants as reported by the EIA [46] and based on a

wood to electricity conversion factor of 1.7 MWh Mg�1. This

average market cost of coal was used to estimate the marginal

delivered wood fuel costs that could be paid. This enabled us to

identify the procurement radius which providedwood biomass

at a break-even cost with coal. Using the amount of wood

biomass available at that break-even radius we estimated the

amount of electricity that could be generated annually using

wood biomass for each selected plant by using the factor of

1.7 MWh Mg�1. Co-firing potential by power plant was esti-

mated using the biomass provided at the maximum procure-

ment radiuswherewood biomass feedstock costswould be less

than or equal to coal costs.

3.5. Selective sensitivity analysis

The economic feasibility of woody biomass co-firing can fluc-

tuate depending upon the elasticity of various cost components.

Therefore, we performed a sensitivity analysis to estimate the

change in marginal delivered costs of woody biomass given
changes in individual cost components described in Table 1. The

sensitivity analysis was only applied to integrated harvesting

because it was the only procurement regime that utilized all

operational and stumpage costs for comparison. Specific cost

components for harvest cost of logging residues, harvest cost of

small diameter trees, incremental transport cost, stumpage

cost, and chipping cost were included in the sensitivity analysis.

Results for the sensitivity of other procurement regimes are

available upon request from the authors.

3.6. Study limitations

The broad scope of this study means that the analyses for

both woody biomass supply and delivered costs relied on

many assumptions. One limitation is the assumption that

current harvest rates, as well as total annual growth and

removals will remain steady in years to come. We did not

make adjustments to account for possible future increases or

decreases in harvesting, mortality, or land use change.

Another limitation is that the cost assumptions are average

values for the entire region rather than fluid values which

change geographically. Costs such as stumpage rates can

vary by state and sub-region and be influenced by dynamic

changes in biomass demand and utilization. However, it is

difficult to derive accurate estimates by state or even sub-

region as many states do not have developed markets for

biomass or pulpwood from which to obtain reliable esti-

mates. Additionally, this study relied on county-level FIA and

TPO data, which made it necessary to assume uniform dis-

tribution of woody biomass across each county. Finally, es-

timates of delivered costs rely upon an assumption of 33%

conversion efficiency from heat to electricity, as is typical in

most coal-fired power plants. However, efficiency may in-

crease in the future as some plants are upgraded with new

technology, and in some cases converted from electricity

facilities to co-generation (heat and power) facilities [47].

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
http://dx.doi.org/10.1016/j.biombioe.2013.08.032


b i om a s s a n d b i o e n e r g y 5 9 ( 2 0 1 3 ) 3 4 8e3 6 1354
4. Results and discussion

The results and discussion section is organized as follows:

(4.1) physical availability of woody biomass, (4.2) limitations

on cost of biomass, procurement radius and transport dis-

tance (4.3) potential electrical power generation from co-

firing, (4.4) power plants poised to co-fire with woody

biomass, (4.5) and sensitivity of costs and public policy.

4.1. Physical availability of woody biomass

Assessment of total woody biomass availability by state from

all counties can be a useful prelude to identifying locations of

power plants with high potential for woody biomass co-firing

as spatial distribution and concentration of the woody

biomass resource are important factors in estimating the

electricity generation capacity of individual plants. Table 2

shows estimates of total woody biomass availability and

spatial distribution for each procurement regime using all

counties and aggregated by state.

Northern states with a large timber resource base such as

Wisconsin, Minnesota, and Maine consistently had the high-

est available woody biomass from logging residues and inte-

grated harvest. This is primarily due to greater availability of

residues from harvest of timber and/or pulpwood products.

However, the higher rates of timber removal for counties in

these states can also lead to reductions in available small-

diameter trees, particularly when using NAWI (Table 2).

High total available woody biomass does not necessarily

equate to high density in spatial distribution of biomass. States

such as Minnesota, Wisconsin, and Michigan had fairly high
Table 2 e Estimates of total available woody biomass and spatia

State na Total (Gg)

Logging
res

NAWI SDI

Rhode Island 5 1.7 259.9 30.7

Connecticut 8 8.1 771.1 512.2

New Jersey 21 8.7 1037.6 524.6

Delaware 3 33.8 330.0 110.4

Massachusetts 14 74.7 1679.0 885.8

Iowa 99 101.7 1239.2 334.9

Maryland 24 184.9 1575.0 703.0

Vermont 14 203.2 713.9 1614.6

Illinois 102 292.1 2828.5 883.1

New Hampshire 10 314.6 1194.0 1748.1

Ohio 88 389.3 3923.0 2041.5

Indiana 93 531.8 3034.6 958.2

New York 62 767.4 6575.0 5812.9

Missouri 115 787.1 5019.4 3124.7

West Virginia 55 890.5 3782.2 3385.0

Michigan 83 892.0 3966.8 5223.0

Pennsylvania 67 1173.8 4519.3 5024.9

Minnesota 87 1283.1 2104.9 3173.0

Wisconsin 72 1378.7 2781.8 3526.9

Maine 16 2346.3 733.8 5256.2

Northern U.S. 1038 11663.3 48069.1 44873.6

a Number of selected counties per state and for the entire Northern U.S.
estimatesfor totalavailablewoodybiomass,but relatively lowto

midrange estimates per hectare compared to other Northern

states, denoting a wider spatial distribution of the resource

(Table 2). Awide spatial distribution ofwoodybiomassmay be a

hindrance for co-firing as greater transport distances can be

required to satisfy a power plant’s demand for biomass. There-

fore, assuming that marginal delivered fuel costs are the same,

one areawith relatively high spatial distributiondensitymaybe

better poised to supply woody biomass to a power plant than

another area with greater total available biomass if a high pro-

portion of timberland is within close proximity to the power

plant.

4.2. Limitations on cost of biomass, procurement
distance and transport distance

The Northern U.S. has the potential to generate a substantial

amount of woody biomass for co-firing based on physical

resource availability, particularly for removal of small-diam-

eter trees and integrated harvesting (Table 2). However, costs

of biomass procurement and transport limit the co-firing po-

tential in areas where spatial distribution density of biomass

is low, particularly for procurement regimes focused on

removal of small diameter trees which also have higher

average operational costs than simply utilizing logging resi-

dues (Table 1). While total woody biomass supply potential is

driven by procurement radius (area) and spatial distribution

density, the delivered fuel costs are greatly influenced by

maximum transport distance (Equation (2)). Therefore, it is

important to show delivered cost of woody biomass based on

both procurement radius and maximum transport distance.

Fig. 2 shows the average (among power plants) of marginal
l distribution by state from timberland in the Northern U.S.

Spatial distribution (Mg ha�1)

Integrated Logging
res

NAWI SDI Integrated

32.4 0.01 1.88 0.22 0.23

520.3 0.01 1.13 0.75 0.76

533.2 0.01 1.38 0.70 0.71

144.2 0.24 2.37 0.79 1.03

960.5 0.06 1.43 0.76 0.82

436.5 0.08 1.03 0.28 0.36

887.9 0.19 1.64 0.73 0.93

1817.8 0.11 0.39 0.89 1.00

1175.2 0.15 1.49 0.47 0.62

2062.6 0.17 0.64 0.94 1.11

2430.8 0.12 1.24 0.64 0.77

1490.0 0.28 1.60 0.51 0.79

6580.3 0.12 1.02 0.90 1.02

3911.7 0.13 0.82 0.51 0.64

4275.5 0.19 0.80 0.71 0.90

6115.0 0.11 0.51 0.67 0.79

6198.8 0.18 0.69 0.77 0.95

4456.0 0.20 0.33 0.50 0.71

4905.6 0.21 0.42 0.53 0.74

7602.5 0.34 0.11 0.76 1.10

56536.9 0.17 0.72 0.67 0.84
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Fig. 2 e Estimated averages in marginal delivered cost of

woody biomass by procurement radius and transport

distance based on cost per unit energy.

Fig. 3 e Estimated mean annual electricity generation for

selected power plants by procurement regime and

procurement radius. Percentages of mean annual coal

electricity generation from selected power plants are

shown as horizontal lines and labeled separately.
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delivered cost of woody biomass by procurement radius and

maximum transport distance for the 219 selected power

plants for all procurement regimes.

As indicated by the cost assumptions in Table 1, procure-

ment regimes focused on removal of small-diameter trees had

the highest delivered costs for woody biomass. Delivered fuel

costs from integrated harvestingwere only slightly lower due to

high percentages of small-diameter material making up the

total available biomass through integrated harvest. Marginal

delivered costs of logging residues were less than 75% of the

cost for biomass from integrated harvesting, due to lower

operational costs. Consequently, woody biomass from logging

residues could be obtained from a much greater transport dis-

tance than small-diameter trees or integrated harvest. The

relatively abrupt increase inmarginal fuel cost for NAWI at low

transport distances is caused primarily by individual counties

with zero values for NAWI, in which operational costs are

indicative of unusedmill by-products. The break-even point for

all procurement regimes except logging residues occurs at

around a 55e65 km procurement radius or 75e85 km

maximum transport distance. This coincides with findings by

Sami et al. [18] and Nicholls et al. [21] indicating that on average

90e97 km is the maximum economically feasible transport

distance for woody biomass to power plants.
4.3. Potential electric power generation from co-firing

The assessment of co-firing potential for individual plants

required knowledge of both delivered fuel costs and biomass

electricity generation that could be achieved by plants based

on the concentric procurement areas. Therefore, an important

comparison between the procurement regimes is an estimate

of the average annual amount of electricity that could be

generated by selected power plants at varying procurement

radii. Annual electricity generationwas calculated by applying

the 1.7 MWhMg�1 conversion rate to average available woody

biomass for each procurement radius. For comparison, we

estimated the average annual net generation from coal

(3.007 TWh) of all selected power plants and calculated per-

centages of that value to represent possible levels of coal

replacement with woody biomass [15]. Note that these esti-

mates do not account for overlapping procurement areas be-

tween power plants, meaning that we assumed each plant

was co-firing individually without resource competition from

nearby power plants. However, the effects of procurement

area overlap on annual net generation potential will be dis-

cussed. Fig. 3 shows the estimated mean annual electricity

generation among selected power plants by procurement

regime and transport distance.

Based on the analysis of delivered fuel costs, potential

mean annual electricity generation at 60 km procurement

radius is of particular interest in Fig. 3. Removal of small-

diameter trees under NAWI had the greatest potential for

electricity generation (w19% of coal generation at 60 km),

mainly due to high values for woody biomass spatial distri-

bution density (Table 2). The combination of forest thinning

through SDI and logging residues leads to relatively high

electricity generation potential through integrated harvest

(>15% of coal generation at 60 km), second only to NAWI.

Notice that logging residues was the only procurement regime

that on average could not supply enough woody biomass

to achieve even a 10% replacement of coal within a 60 km

procurement radius.

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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Fig. 3 showed that, on average, selected power plants in the

Northern U.S. can generate substantial amounts of electricity

(>15% of coal generation at 60 km) using biomass for most

procurement regimes on an individual basis. However, it is

unlikely that many plants will be able to take full advantage of

the availablewoody biomasswithin the procurement area due

to competition from other co-firing power plants. Deducting

duplication of biomass electric power production from zones

of overlap between the procurement areas of all selected

power plants and assuming a 60 km procurement radius

yields average woody biomass power estimates of 37.6 GWh,

193.1 GWh, 210.1 GWh, and 157.9 GWh for logging residues,

integrated harvest, NAWI, and SDI respectively. This means

that if each power plant has to compete for biomass resources

with neighboring plants, on average no procurement regime

would be able to supply enough woody biomass to achieve

even 10% of coal electricity generation. The issue of over-

lapping procurement areas will be discussed further in the

next section.

4.4. Power plants poised to co-fire with biomass

Counties with the highest potential for co-firing were those in

which a power plant can obtain the greatest amount of woody

biomass at marginal delivered fuel costs that are competitive

with the cost of coal. Therefore, we assume a 60 kmmaximum

procurement radius because the delivered fuel cost analysis

revealed that it is the approximate break-even point for most

procurement regimes between delivered cost of woody

biomass and coal market value. For this assessment, we

focused on the logging residues and integrated harvest pro-

curement regimes as they represent two different extremes

regarding average woody biomass availability for co-firing. In

this case, co-firing potential for individual plants was gauged

by the percentage of annual coal net generation that could be

generated using woody biomass (Fig. 4). We calculated this

percentage for each plant based on two contrasting assump-

tions: (1) each plant would co-fire individually with no

deduction of biomass availability for overlapping procure-

ment areas with other plants, and (2) woody biomass avail-

ability for each plant was deducted for procurement area

overlap. In reality, it would not be physically possible for all

plants to co-fire independently without procurement area

overlap, but this comparison serves to illustrate the change in

spatial distribution of power plants by co-firing potential in

the presence of procurement area overlap.

Aside from the relatively higher levels of co-firing genera-

tion potential from integrated harvest compared to logging

residues which was expected, there is a noticeable trend in

spatial distribution of power plants with high co-firing po-

tential between these two regimes (Fig. 4, A and C). Many

plants in the Great Lake states and the Northeast sub-region

have a very high co-firing potential for both integrated har-

vest and logging residues. Areas that are intensively har-

vested, and therefore have high availability of logging

residues, can also have low SDI estimates due current harvest

removals. Therefore, many plants with high co-firing poten-

tial for logging residues do not experience a great increase in

available biomass with integrated harvest. Both procurement

regimes show the highest concentration of power plants with
high co-firing potential to occur in eastern states such as Ohio,

Pennsylvania, andWest Virginia. This is logical as these states

have high concentrations of timberland combined with well-

established timber-based industries providing logging resi-

dues and mill by-products [20].

When we deducted available biomass for overlapping

procurement areas, therewas a substantial decrease in the co-

firing potential of most power plants (Fig. 4, B and D). Most

notable decreases occurred in eastern states such as Penn-

sylvania, West Virginia, and Maryland. This is due not only to

woody biomass availability, but also to the higher density of

selected power plants in these areas competing for the same

resource. From the standpoint of an individual plants ability

to achieve a high percentage of coal electricity generation

using woody biomass, many of the plants in the Great Lake

states such as Minnesota, Wisconsin, and Michigan are the

most stable, due to a combination of biomass availability and

relative isolation from other co-firing power plants.

4.5. Sensitivity of costs and public policy

Assuming the average coal cost of 27 $ MWh�1 [46], the break-

even point for most procurement regimes occurs at about

60 km procurement radius. However, past trends show that

coal market prices can change swiftly due to general changes

in fossil fuel costs and fluctuation in the overall economy. The

period between 2005 and 2010 averaged market values of coal

at 22 to 23 $ M Wh�1 [46]. The highest average (32 $ M Wh�1)

occurred in 2009 following the start of the global economic

recession and represented a 14% increase from the previous

year. Theoretically, if the coal market value were to increase

by 14%, the procurement radii could increase to 100 km and

still be economically feasible (Fig. 2). However, this estimate

does not account for increase in the per-unit cost of delivered

feedstock as demand increases.

One of the greatest causes of elasticity in harvesting and

transport of woody biomass is fluctuation in operational fuel

(diesel) prices. Although greatly driven by demand, coal prices

can be affected by volatility in petroleum prices as petroleum

prices are often considered an indicator of investor attitudes

toward energy [48,49]. More importantly, increases in petro-

leum prices would most likely affect delivered fuel prices of

both biomass and coal as both feedstocks depend on petro-

leum for transport. Based on Fig. 2, the increase in transport

distance to meet the break-even point for 1% increase in coal

market value could be offset by either a 3.5% increase in in-

cremental transportation cost or a 2.2% increase in total

operational costs at the landing (harvesting and chipping),

which is certainly possible depending on the region [25]. Re-

sults of the sensitivity analysis for the cost function of inte-

grated harvest (Table 3) helps to clarify the importance of

transport cost elasticity in economic feasibility of co-firing.

A percentage change in harvest cost of logging residues was

the least influential to delivered fuel cost of woody biomass,

primarily due to the low percentage of total available woody

biomass comprised by logging residues for integrated harvest.

In contrast, a 25% change in cost of small-diameter trees led to

a 7.2% change (6.6% greater than logging residues) in the

delivered cost of woody biomass. Of particular interest is the

high sensitivity of the cost function to procurement radius and

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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incremental transport cost. Both show similar changes in

delivered cost of woody biomass by percentage above or below

the initial estimate. A 25% change in incremental transport cost

equates to a change of only 0.04 $ Mg�1 km�1 in incremental

transport cost and leads to a change of 6.5% in delivered cost of

woody biomass. Essentially, there is about a 1:1 relationship in

sensitivity between procurement radius and incremental

transport cost, meaning that to maintain the break-even point

with coal price the procurement radius would need to be

decreased by nearly the same percentage of increase in incre-

mental transport cost.

Decreasing supply area due to disproportionate delivered

fuel costs of biomass compared to coal highlights a potential

renewable energy policy issue with regard to woody

biomass usage. Although supply of both coal and biomass

feedstocks could increase readily with increasing price, it is

unlikely that most power plants would be able to easily
Fig. 4 e Estimated potential percentage of annual coal electricit

each selected power plant at a 60 km concentric procurement rad

overlap), (B) logging residues regime (deduction for overlap), (C) i

integrated harvest regime (deduction for overlap). Latitude and

datum.
adjust supply area for biomass, mainly due to pre-

established contracts with local suppliers and transporters

[23,50]. Moreover, RPS in some of the Northern States set

maximums on the percentage of annual energy production

that can come from other renewable energy sources such as

solar and wind. For instance, Minnesota set an RPS of 25% of

retail electricity being renewable by 2025, with a maximum

of 1% that can be solar photovoltaic. Based on the as-

sumptions of this study, it is unlikely that many selected

plants would be able to supplement more than 10% of net

annual electricity generation with woody biomass, with an

even lower percentage when using only logging residues

(Fig. 3). However, higher efficiency power units such as co-

generation facilities could potentially double this percent-

age for certain areas.

Increasing demand for woody biomass due to RPS may

necessitate the use of compensatory incentives to offset
y generation that could be replaced by woody biomass for

ius assuming (A) logging residues regime (no deduction for

ntegrated harvest regime (no deduction for overlap), and (D)

longitude are represented in GCS North America 1983

http://dx.doi.org/10.1016/j.biombioe.2013.08.032
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Fig. 4 e (continued).

Table 3 e Selective sensitivity analysis for the integrated harvest regime in the Northern U.S.

Cost component Component increase

Initial estimate �50% �25% 25% 50%

Parameter Costa Costa Change Costa Change Costa Change Costa Change

$ Mg�1 $ Mg�1 % $ Mg�1 % $ Mg�1 % $ Mg�1 %

Procurement radius (km) 60 46.05 40.04 �13.0 43.04 �6.5 49.05 6.5 52.04 13.0

Harvest ($ Mg�1)

Logging residues 6.42 46.05 45.54 �1.1 45.79 �0.5 46.30 0.5 46.55 1.1

Small-diameter trees 16.04 46.05 39.39 �14.4 42.72 �7.2 49.37 7.2 52.70 14.4

Transport ($ Mg�1 km�1) 0.15 46.05 40.05 �13.0 43.05 �6.5 49.05 6.5 52.04 13.0

Stumpage ($ Mg�1) 7.16 46.05 42.68 �7.3 44.36 �3.7 47.73 3.7 49.41 7.3

Chipping ($ Mg�1) 5.51 46.05 43.33 �5.9 44.69 �3.0 47.40 3.0 48.76 5.9

a Marginal delivered fuel cost measured in $ Mg�1 and averaged between the 219 selected counties.
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additional costs associated with transporting biomass feed-

stocks greater distances. In the absence of such incentives,

power plants would either need to pass the extra cost to the

consumer through retail price premiums or obtain more

biomass from smaller supply areas (shorter transport dis-

tances). The latter could lead to ecological sustainability is-

sues if co-firing power plants are pushed to utilize more

biomass than can be sustainably procured within an eco-

nomic transport distance. This is especially true if the annual

woody biomass demand is greater than NAWI. Demand for

woody biomass from forests could be partially offset by

dedicated energy plantations using woody crops such as

hybrid poplars and willows on marginal land in close prox-

imity to power plants [2,51,52] However, it may be necessary

in some states to set a maximum on the amount of co-fired

electricity that can be produced to achieve the RPS e unless

conversion efficiencies are enhanced and/or plantation

biomass made available. Additionally, ecological concerns

may call for the mandatory adoption of best management

practices (BMPs) specifically tailored to woody biomass pro-

curement, such as the woody biomass harvesting BMPs

developed by the Missouri Department of Conservation [53]

and others. Such BMPs incorporate woody biomass harvest-

ing principles to support sustainable forest management [54].
5. Conclusions

Availability of wood biomass from forests and unusedmill by-

products suggests that numerous power plants in the North-

ern U.S. have a high potential for woody biomass co-firing.

However, biomass spatial distribution and transport dis-

tances may greatly limit the levels of coal replacement. Dif-

ferences in individual plant electricity generation potential

are mainly driven by the spatial distribution of woody

biomass, and anticipated harvest intensity for sawlogs and

pulpwood. Variability in woody biomass spatial distribution

and costs shows that a single uniform renewable energy

target from biomass for all facilities would not be an adequate

public policy approach but tailored state-, or even county-

level targets would allow for varying rates of co-firing to

match local biomass supply conditions. State-level RPS and

restrictions placed on other forms of renewable energy creates

pressure on co-firing facilities to utilize more woody (and

other types of) biomass than may be sustainably available

within economically-feasible procurement distances. In-

centives to use woody biomass could expand transport dis-

tances and the amounts of woody biomass that are

economically feasible for particular facilities, but the need for

such incentives may be reduced if facilities are upgraded to

use higher efficiency boiler systems. Demand for woody

biomass from forests could be partially offset by emerging

availability of biomass from dedicated energy plantations.
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Appendix

County-level SDI was calculated as follows [55]:

SDIi ¼ TPHi

�
QMDi

25

�1:605

where TPH is the average number of trees per unit area for

county i, and QMD is the quadratic mean diameter for county i.

Species dominance was determined for each county based on

the ratio of softwood volume to total volume on timberland. A

county was classified as hardwood if the ratio was <25%,

mixed if the ratio was �25% and <65%, and softwood if the

ratio was �65%.

Net annual woody biomass increase (NAWI) for each

county was calculated as follows:

NAWIi ¼ Vol gi � Vol ri
Vol ti

� Bioi;

where Vol gi represents the estimated total annual net vol-

ume growth on timberland for county i, Vol ri is the estimated

total annual volume of removals on timberland for county i,

Vol ti is the estimated total live standing volume on timber-

land for county i, and Bioi is the estimated total aboveground

tree biomass on timberland for county i.
r e f e r e n c e s

[1] SEDS [database on the internet]. U.S. States state profiles and
energy estimates, energy estimates (SEDS), 1960-2011
estimates, Table PT2. Energy production estimates in Trillion
Btu, United States, 1960e2011 [cited 2013 Aug 08].
Washington DC: US Energy Information Administration;
2012. Available from:, http://www.eia.gov/state/seds/?
sid¼US [Files updated annually].

[2] Perlack RD, Wright LL, Turhollow AF, Graham RL, Stokes BJ,
Erbach DC. Biomass for a feedstock for bioenergy and
bioproducts industry: the technical feasibility of a billion ton
annual supply. Oak Ridge TN: Oak Ridge National Laboratory;
2005 May. p. 78. DOE/GO-102995e2135, ORNL/TM-2005/66.

[3] Malmsheimer RW, Heffernan P, Brink S, Crandall D,
Deneke F, Galik C, et al. Forest management solutions for
mitigating climate change in the United States. J Forest
2008;106(3):115e71.

[4] JWEE [database on the internet]. Joint wood energy enquiry
(JWEE) database, 2011 results, country profiles; wood energy
source estimates by percentage, United States, 2005e2011
[cited 2013 July 2]. Geneva: United Nations Economic
Commission for Europe and Food and Agriculture
Organization (UNECE/FAO); 2011. Available from:, http://
www.unece.org/forests/jwee.html.

[5] Aguilar FX, Song N, Shifley S. Review of consumption
trends and public Policies promoting woody biomass as
an energy feedstock in the U.S. Biomass Bioenerg
2011;35:3708e18.

http://www.eia.gov/state/seds/%3fsid%3dUS
http://www.eia.gov/state/seds/%3fsid%3dUS
http://www.eia.gov/state/seds/%3fsid%3dUS
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref2
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref3
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref3
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref3
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref3
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref3
http://www.unece.org/forests/jwee.html
http://www.unece.org/forests/jwee.html
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref5
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref5
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref5
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref5
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref5
http://dx.doi.org/10.1016/j.biombioe.2013.08.032
http://dx.doi.org/10.1016/j.biombioe.2013.08.032


b i om a s s a n d b i o e n e r g y 5 9 ( 2 0 1 3 ) 3 4 8e3 6 1360
[6] Aguilar FX, Garrett H. Perspectives of woody biomass for
energy: survey of State Foresters, state energy biomass
contacts, and National Council of Forestry Association
executives. J Forest 2009;107:297e306.

[7] Patton-Mallory M, editor. Woody biomass utilization
strategy. Washington DC: USDA Forest Service; 2008 Feb.
17FS-899.

[8] Hamelinck C, van Hooijdonk G, Faaij A. Ethanol from
lignocellulosic biomass: techno-economic performance in
short-, middle-, and long-term. Biomass Bioenerg
2005;28(4):384e410.

[9] Gil J, Corella J, Aznar M, Caballero MA. Biomass gasification
in atmospheric and bubbling fluidized bed: effect of the type
of gasifying agent on the product distribution. Biomass
Bioenerg 1999;17:389e403.

[10] Basu P. Biomass Gasification, Pyrolysis and Torrefaction:
Practical Design and Theory. 2nd Edition. London: Academic
Press; 2013.

[11] Ran J, Li C. High temperature gasification of woody biomass
using regenerative gasifier. Fuel Process Technol
2012;99:90e6.

[12] Kumabe K, Hanoaka T, Fugimoto S, Minowa T, Sakanishi K.
Co-gasification of woody biomass and coal with air and
steam. Fuel 2007;86:684e9.

[13] Demirbas A. Sustainable cofiring of biomass with coal. Energ
Convers Manage 2003;44:1465e79.

[14] Tillman DA. Biomass cofiring: the technology, the
experience, the combustion consequences. Biomass
Bioenerg 2000;19:365e84.

[15] eGRID2012 Version 1.0[updated 2012 May 10; cited 2012 Nov
12]Database of electric power facilities in the us, 2007e2009.
Washington DC: Environmental Protection Agency (EPA);
2012. Available from:, http://www.epa.gov/cleanenergy/
energy-resources/egrid/index.html#download.

[16] Baxter L. Biomass-coal co-combustion: opportunity for
affordable renewable energy. Fuel 2005;84:1295e302.

[17] Hansson J, Berndes G, Johnsson F, Kjarstad J. Co-firing
biomass with coal for electricity generation-An assessment
of the potential in EU27. Energ Policy 2009;37:1444e55.

[18] Sami M, Annamalai K, Wooldridge M. Co-firing of coal and
biomass fuel blends. Prog Energ Combust 2001;27:171e214.

[19] Savolainen K. Co-firing of biomass in coal-fired utility boilers.
Appl Energ 2003;74:369e81.

[20] Goerndt ME, Aguilar FX, Miles P, Song N, Shifley S, Stelzer H.
Regional assessment of woody biomass physical availability
as an energy feedstock for combined combustion in the U.S.
Northern Region. J Forest 2012;110(3):138e48.

[21] Nicholls D, Patterson S, Uloth E. Wood and coal cofiring in
interior Alaska: utilizing woody biomass from wildland
defensible-space fire treatments and other sources. Sitka AK:
USDA Forest Service Pacific Northwest Research Station;
2006 April. p. 13. GTR PNW-RN-550.

[22] Aguilar FX, Goerndt ME, Shifley S, Song N. Internal, external
and location factors influencing cofiring of biomass with coal
in the U.S. northern region. Energ Econ 2012;34:1790e8.

[23] Goerndt ME, Aguilar FX, Skog K. Drivers of woody biomass
co-firing in U.S. coal-fired power plants. Unpublished
Results.

[24] Lead Authors Perlack RD, Stokes BJ. Us billion-ton update:
biomass supply for a bioenergy and bioproducts industry.
Oak Ridge TN: Oak Ridge National Laboratory; 2011 August.
p. 227. ORNL/TM-2011/224. Prepared of the USDOE under
contract DE-AC05-00OR22725.

[25] Gan J, Smith CT. Availability of logging residues and
potential for electricity production and carbon displacement
in the USA. Biomass Bioenerg 2006;20:1011e20.

[26] Perez-Verdin G, Grebner D, Sun C, Munn I, Schultz E,
Matney T. Woody biomass availability for bioethanol
conversion in Mississippi. Biomass Bioenerg
2009;33:492e503.

[27] Huang H, Ramaswamy S, Al-Dajani W, Tschirner U,
Cairncross R. Effect of biomass species and plant size on
cellulosic ethanol: a comparative process and economic
analysis. Biomass Bioenerg 2009;33:234e46.

[28] Overend R. The average haul distance and transportation
work factor for biomass delivered to a central plant. Biomass
1982;2:75e9.

[29] USDA Forest Service. Forest inventory and analysis National
Core Field guide: Version 6.0 [internet]. Washington DC:
USDA Forest Service Washington Office; 2012 [cited 2013 Aug
19]. Available from:, http://www.fia.fs.fed.us/library/field-
guides-methods-proc/docs/2013/Core%20FIA%20P2%20field
%20guide_6-0_6_27_2013.pdf.

[30] Woudenberg SW, Conkling B, O’Connell B, LaPoint E,
Turner J, Waddell K. The forest inventory and analysis
database version 4.0: database description and users
manual for phase 2. Fort Collins CO: USDA Forest Service
Rocky Mountain Research Station; 2010 Dec. p. 355. RMRS-
GTR-245.

[31] EVALIDator [database on the internet]. Forest Inventory
EVALIDator web-application version 1.5.1.05 [cited 2013
Aug 21; updated 2013 March 5]In Forest inventory and
analysis (FIA), FIA data and Tools. USDA Forest Service;
2013. Available from:, http://apps.fs.fed.us/Evalidator/
evalidator.jsp.

[32] TPO [database on the internet]. Timber products output
(TPO) database, forest inventory and analysis (FIA), FIA data
and tools [cited 2013 July 2]. Knoxville TN: USDA Forest
Service Southern Research Station; 2012. Other Reporting
Tools; Available from:, http://srsfia2.fs.fed.us/php/tpo_2009/
tpo_rpa_int1.php.

[33] Smith WB, Miles P, Perry C, Pugh S. Forest resources of the
United States, 2007. Washington DC: USDA Forest Service
Washington Office; 2009 March. p. 336. GTR-WO-78.

[34] Sanchez F, Carter E, Klepec J. Enhancing the soil organic
matter pool through biomass incorporation. Biomass
Bioenerg 2003;24:337e49.

[35] Scott D, Dean T. Energy trade-offs between intensive
biomass utilization, site productivity loss, and ameliorative
treatments in loblolly pine plantations. Biomass Bioenerg
2006;30(1):1001e10.

[36] Long JN. A technique for the control of stocking in two
storied stands. West J Appl For 1996;11(2):59e61.

[37] Doruska PF, Nolan Jr WR. Use of stand density index to
schedule thinnings in loblolly pine plantations: a
spreadsheet approach. South J Appl For 1999;23:21e9.

[38] Woodall C, Miles P, Vissage J. Determining maximum stand
density index in mixed species stands for strategic-scale
stocking assessments. Forest Ecol Manag 2005;216:367e77.

[39] Hall SJ, Marchand PJ. Effects of stand density on ecosystem
properties in subalpine forests of the southern Rocky
Mountains. Ann For Sci 2010;67:102.

[40] Bolding CM, Kellogg LD, Davis CT. Productivity and costs of
an integrated Mechanical forest fuel reduction operation in
Southwest Oregon. Forest Prod J 2009;59(3):35e46.

[41] Saunders A, Aguilar FX, Dwyer J, Stelzer H. Cost structure of
integrated harvesting for woody biomass and solid hardwood
products in southeastern Missouri. J Forest 2012;110(1):7e15.

[42] ArcGI S, Redlands CA. ArcGIS Desktop Release 10 [cited 2013
July 20]. Environmental Systems Research Institute; 2013.
Available from:, http://www.esri.com.

[43] Wu J, Sperow M, Wang J. Economic feasibility of a woody
biomass-based ethanol plant in central Appalachia. J Agr
Resour Econ 2010;35(3):522e44.

[44] Gallagher P, Dikeman M, Fritz J, Wailes E, Gauther W,
Shapouri H. Biomass from crop residues: cost and supply

http://refhub.elsevier.com/S0961-9534(13)00378-4/sref6
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref6
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref6
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref6
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref6
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref7
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref7
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref7
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref8
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref8
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref8
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref8
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref8
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref9
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref9
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref9
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref9
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref9
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref10
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref10
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref10
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref11
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref11
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref11
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref11
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref12
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref12
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref12
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref12
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref13
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref13
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref13
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref14
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref14
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref14
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref14
http://www.epa.gov/cleanenergy/energy-resources/egrid/index.html#download
http://www.epa.gov/cleanenergy/energy-resources/egrid/index.html#download
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref16
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref16
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref16
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref17
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref17
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref17
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref17
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref18
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref18
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref18
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref19
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref19
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref19
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref20
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref20
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref20
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref20
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref20
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref21
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref21
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref21
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref21
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref21
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref22
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref22
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref22
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref22
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref23
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref23
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref23
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref23
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref23
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref24
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref24
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref24
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref24
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref25
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref25
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref25
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref25
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref25
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref26
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref26
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref26
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref26
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref26
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref27
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref27
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref27
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref27
http://www.fia.fs.fed.us/library/field-guides-methods-proc/docs/2013/Core%2520FIA%2520P2%2520field%2520guide_6-0_6_27_2013.pdf
http://www.fia.fs.fed.us/library/field-guides-methods-proc/docs/2013/Core%2520FIA%2520P2%2520field%2520guide_6-0_6_27_2013.pdf
http://www.fia.fs.fed.us/library/field-guides-methods-proc/docs/2013/Core%2520FIA%2520P2%2520field%2520guide_6-0_6_27_2013.pdf
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref29
http://apps.fs.fed.us/Evalidator/evalidator.jsp
http://apps.fs.fed.us/Evalidator/evalidator.jsp
http://srsfia2.fs.fed.us/php/tpo_2009/tpo_rpa_int1.php
http://srsfia2.fs.fed.us/php/tpo_2009/tpo_rpa_int1.php
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref32
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref32
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref32
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref33
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref33
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref33
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref33
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref34
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref34
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref34
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref34
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref34
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref35
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref35
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref35
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref36
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref36
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref36
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref36
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref37
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref37
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref37
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref37
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref38
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref38
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref38
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref39
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref39
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref39
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref39
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref40
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref40
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref40
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref40
http://www.esri.com
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref42
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref42
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref42
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref42
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref43
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref43
http://dx.doi.org/10.1016/j.biombioe.2013.08.032
http://dx.doi.org/10.1016/j.biombioe.2013.08.032


b i om a s s a n d b i o e n e r g y 5 9 ( 2 0 1 3 ) 3 4 8e3 6 1 361
estimates. Washington DC: USDA Office of Energy Policy and
New Uses; 2003 Feb. p. 26. Report No.: 819.

[45] Harrill H. Costs and productivity of woody biomass
harvesting in integrated stand conversion and residue
recovery operations [thesis]. Arcata (CA): Humboldt State
University; 2010.

[46] Annual Energy Review [database on the internet]. U.S.
Annual energy review, production and prices of coal,
1949e2011 estimates, Table stb0709 [cited 2013 Sept 12]In
Coal Price Estimates in Dollars per Short Ton, United States,
1949e2011. Washington DC: US Energy Information
Administration; 2012. Available from:, http://www.eia.gov/
coal/data.cfm#prices [Files updated Annually].

[47] Richter D, Jenkins D, Karakash J, Knight J, McCreedy L,
Nemestothy K. Wood energy in America. Science
2009;323:1432e3.

[48] Regnier E. Oil energy price volatility. Energ Econ
2007;29(3):405e27.

[49] Bachmeier L, Griffin J. Testing for market integration: crude
oil, coal, and natural gas. Energy 2006;27(2):55e71.
[50] Coffin G. Power plant Superintendent University of Missouri.
Personal Communication; 2010, Sep 21.

[51] Goerndt ME, Mize C. Short rotation woody biomass as a crop
on marginal lands in Iowa. North J Appl For 2008;25(2):82e6.

[52] Hoogwijk M, Faaij A, Eikhout B, de Vries B, Turkenburg W.
Potential of biomass energy out to 2100, for four IPCC SRES
land-use scenarios. Biomass Bioenerg 2005;29(4):225e57.

[53] Enyart D, Aguilar FX, Kurtz B, Hernandez R. Missouri woody
biomass harvesting best management practices manual.
Jefferson City MO: Missouri Department of Conservation;
2009. p. 42.

[54] Janowiak M, Webster C. Promoting ecological sustainability
in woody biomass harvesting. J Forest 2010;108(1):16e23.

[55] Shepperd WD. SDI-Flex: a new technique of allocating
growing stock for developing treatment prescriptions in
uneven-aged forest stands. In: Powers RF, editor. Restoring
fire-adapted ecosystems: proceedings of the 2005 National
Silviculture Workshop. Albany CA: USDA Forest Service
Pacific Southwest Research Station; 2006 June 6e10.
p. 171e80. PSW-GTR-203.

http://refhub.elsevier.com/S0961-9534(13)00378-4/sref43
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref43
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref44
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref44
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref44
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref44
http://www.eia.gov/coal/data.cfm#prices
http://www.eia.gov/coal/data.cfm#prices
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref46
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref46
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref46
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref46
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref47
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref47
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref47
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref48
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref48
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref48
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref49
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref49
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref50
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref50
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref50
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref51
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref51
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref51
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref51
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref52
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref52
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref52
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref52
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref53
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref53
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref53
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://refhub.elsevier.com/S0961-9534(13)00378-4/sref54
http://dx.doi.org/10.1016/j.biombioe.2013.08.032
http://dx.doi.org/10.1016/j.biombioe.2013.08.032

	Resource potential for renewable energy generation from co-firing of woody biomass with coal in the Northern U.S.
	1 Introduction
	2 Theoretical background and study area
	3 Methods
	3.1 Conversion of biomass supply to electric power
	3.2 Estimation of woody biomass and unused millby-product availability
	3.2.1 Removal of conventional logging residues (slash)
	3.2.2 Removal of small-diameter trees
	3.2.3 Removal of small-diameter trees, tops and branches through integrated harvest
	3.2.4 Unused mill by-products

	3.3 Amount and costs to deliver woody biomass to power plant
	3.3.1 Woody biomass and unused mill by-product supply for a procurement area
	3.3.2 Delivered costs for a procurement area

	3.4 Power plants poised to co-fire with woody biomass based on supply potential and costs
	3.5 Selective sensitivity analysis
	3.6 Study limitations

	4 Results and discussion
	4.1 Physical availability of woody biomass
	4.2 Limitations on cost of biomass, procurement distance and transport distance
	4.3 Potential electric power generation from co-firing
	4.4 Power plants poised to co-fire with biomass
	4.5 Sensitivity of costs and public policy

	5 Conclusions
	Acknowledgments
	Appendix
	References


