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ABSTRACT

A unique feature of biomass energy systems is that the feedstock must be gathered from a wide area
around the energy production facility. For a small-scale facility, transport costs will be relatively low, but
capital cost per unit of output will be high. For a large-scale facility, b"ansport costs will be high, but capital
costs will be relatively low. At some intermediate scale, the total cost of energy should reach a minimum. This
paper examines the effects of scale on the prospective costs of producing electricity and alcohol fuels from
plantation-grown switChgrass in the North Central and Southeast regions of the US.

Site-specific biomass cost-supply cmves for the year 2000 and 2020 are developed using projections of
the Oak Ridge National Laboratory for switchgrass yields and costs as a function of land capability class. A
geographic information system (GIS) is used to analyze soil quality distributions and road transport distances.

Conversion technologies considered include one commercial electricity generating technology--the steam
rankine cycle--and one nearing commercial readiness.-the gasifier/gas turbine combined cycle. Two alcohol fuels
are considered: methanol via thermochemical gasification and ethanol via enzymatic hydrolysis. Both of these
processes have the potential to be commercially ready early in the next century or sooner. Estimates of installed
capital costs for all of these conversion systems drawn from published and other sources.

In all cases. the minimum cost of elecbicity (COB.;.) or alcohol (Coy is reached at plant capacities
that are larger than conventional wisdom might suggest. Up to these capacities. the rate of decrease in unit
capital costs is more rapid d1an the rate of increase in biomass transportation costs. However. around the
capacity corresponding to CO~ or CO~. there is a wide range over which costs change very little. In
general. higher biomass yields lead to larger capacities at COE... or CO~ Costs are higher in the NC than
SE region. and (in both regions) costs are lower using year-2020 biomass costs compared to year-2000 costs.

INI'R.ODUCflON

Biomass energy crops are of increasing interest worldwide because of the potential for using them in
advanced elecbicity and transportation fuel production systems that promise cost-competitiveness with fossil fuel
systems, while substantially reducing emissions of Co,. to the atmosphere [Hall, et aI., 1991; Turhollow and
Perlack, 1991; Larson et al., 1995]. Also, in industrialized countries like the United States, economically viable
bioonergy systems might help reduce government subsidies paid to fanners. Currently. die government pays
fanners some $1.8 biUion/year to keep erodible lands out of production under the Conservation Reserve Program
(CRP). In addition, price-support payments, which many fanners need to maintain profitability,l were some
$16.1 billion in 1993 [Flinchbaugh and Edelman, 1994]. Perennial energy crops would serve to reduce or

. Present address: Oliver, Wyman & Company, LLC, 666 Fifth Ave., New York, 10103.

I For example, com fanners in Iowa received an average annual government payment of $45/acre from 1990 to 1992.
During this same period. the profit per acre (gross income, including government payments, minus total economic costs) was
$51 [Davis. 1994).



eliminate erosion on many CRP lands. while providing a revenue source to me fanner. With adequate,
unsubsidized profitability, energy aops might help reduce the ~t level of price support payments.

A unique feabJre of bi<Xnass energy systems that ~ the focus of this paper is that the feOOstock must be
gad»eled from a wide area arouOO the energy poduction facility. For a small-scale facility. transport rosts will
be relatively low t but capital cost per mtit of output will be high. For a large-scale f~ili!y t tr8nsIX>rt costs will
be high. but capital costs will re relatively low. At some intennroiale scale. die fOCal 00st of enQgy should
reach a minimum. This ~ examines the effocts of scale on the prospective ~ts of producing elecbicity and
alcohol fuels from plantation-grown switchgmss in the North Cenb'al and Soudleast regioos of the US.

The components of the tWl cost of energy supply from biomass are (1) the cost to grow and deliver the
biomass 10 the conversion facility aOO (2) the COSt of the conYerSioo. A number of sttkIies have examined th~
two elements independently. Fcx example, biomass cost-supply curves have been developed for some specifIC
geographic regions by Graham and Downing [1993], Nooo [1994], and English, et aI. [1994], amoog others. A
variety of studies (discussed later) have examined the capital and operating costs for biomass-to-e1ectricity or
biomass-to-fuels conversion systems. There do not appear to have been any previous efforts to marry biomass
supply with biomass conversion studies, as dooe here, 10 examine the issue of energy COSt versus scaJe.

BIOMASS COSTS

The starting point for the analysis was the selectioo of a S})e(:ific site to provide case-study variations in
soil quality and transportation ~ for a typical agriculbJral area. A four-c~ty area in South Cenb'al Iowa
(Appanoose. Lucas. Monroe. and Wayne counties) was chosen. in large part because ~ is significant interest
in this regioo in the development of biomass energy pociuctkm on lands currently under CRP contracts [Cooper.
1993; Brown. 1994]. The total area is approximately 5100 km2. over 90% of which is suitable for growing
~. Some 22% of the area is presently held under CRP cootract [DNR. 1994]. Soil type [IGS. 1973] and
road [USGS. 1986] maps of the region were digitized and loaded into a geographic infonnation system (GIS).
(See Marrison [1995) for details of the digitization process.)

The GIS system was used to calculate road tl'ansJX>rt distances from each ~re to a centI8l ~g
facility that was assumed to 00 located near the center of thc region! As detailed below. the cost of growing
biomass on each acre (dependent primarily on soil type) was then calculated and added to the transport cost
associated with the distance between that aae and the conversion fa;ility. The chank:teristics of the Iowa site
(relative soil quality and road layout) were taken to represent typical agricultural areas in the North CentI8l (NC)
region (which includes Iowa) and in the Southeast (SE) region.

Costs of Growin2 Biomass

DevelOJXncnt of energy crops in the US is focussed on short-rotation wO<X!y crops for some regions and
on herblk:eous crops for others [Hohenstein and Wright. 1994]. Switchgrass is a Jrimary candidate energy aop
for the North Central (NC) and Southeast (SE) regions.

Switchgrass yield and cost projections made by analysts at die Oak. Ridge National Laboratay [Walsh
and Graham, 1995] provide the basis fa- biomass pnxluction costs presented here. Walsh aJxI Grahant give
estimates of per-hectare yields and costs for four regions of die US (Northeast, North Central. Southeast, and
South Cenlral). They identify sub-regions by land C8JDbility class (LCC). LCC 1 has few restrictions on ~ f(X'
crops. LCC2 through LCC4 have variable suitability for crops, and LCC S thIoogh LCC 8 are generally
unsuiled for crop production. Within each LCC, soils are sub-dermed by the primary reason for restrictions 00
their use as cropland: e - erosion potential; w - excessive water: c -- extreme climate; and s -- soil foctors

(salinity, shallowness, texture, etc.).

Z The GIS is dte MapBox package of Decision Images. bx:. of Princeton. New Jersey rromlin. 1990). Transport distarx:es

fCK each map tmit (W%e) ue found by locating the nearest point 00 dte road system. and COImting dte distance along the road
system to dte conversion facility. The result is a map on which evcry acre has an assigned road transpcxt distaJ¥:e.



For each sub-class of each LCC, Walsh and Graham estimate the area' and projected switchgrass
yields. They also give projected plantation establishment costs (incurred in the first year), projected annual
plantation maintenance costs (incurred over ensuing Dine years, after which it is assumed the switchgrass would
require replanting), and estimated annual land rents. Tables 1 and 2 give yield and cost estimates, respectively,
for LCC2, LCC3, and LCC4 for the NC and SE regions. Areas classified as LCCI are not shown, because they
would probably not be used for energy cropping and, in any case, dIe total LCCl area i~ relatively small-about
8% of dIe total area of dIe NC and SE regions included in the land capability classifications.

Tables 1 and 2 give two sets of yield and cost estimates--those projected to be achievable in the year
2000 and in 2020. Yields are projected to rise between 2000 and 2020 due primarily to improvements in
switchgrass varieties and farm management practices. Costs per hectare are slightly higher in 2020 than in 2000
due to increased costs for fertilizer and for harvesting the higher yields. For either 2(XX) or 2020, projected
yields are lower in the NC region than in the SE region, and per-hectare costs are generally higher (due largely

to the higher land rents in the NC region).

As one check on Walsh and Graham's estimates, we examined estimates of switchgrass yields and costs
made by Brown [1994), based on field experiments conducted between 1988 and 1992 in Chariton, Iowa, which
lies within the four-county area selcx:ted for the case study analysis here. Soils there are less productive than in
many other parts of Iowa. Brown estimates production costs based on measured test-plot yields and present local
agricultural practices. In this respect, it is more reasonable to compare Brown's estimates with those of Walsh
and Graham for year 2<XX> than for year 2020. Brown reports a measured average yield during 1988-1992 of
10.5 dry tonnes per halyr. Brown estimates establishment-year and subsequent annual maintenance costs to be
$270/ha and $190/ha, respectively, excluding land rent of $2021ha/yr.4 By comparison, Walsh and Graham's

estimates for the North Central region appear conservative.

For the selected site. the available soil map included three qualities of soil: loess. which is generally
very good agricultural land; complex alluvial deposits. which is of intermediate quality for agriculture; and till.
and-outcropping paleosols. which is the least desirable of the three for farming. We assumed that the yields and
costs of switchgrass from these three soil types are given by area-weighted averages for LCC2. LCC3. and

LCC4, respectively, as estimared by Walsh and Graham (fable 3).

Table 3 provides the inputs for calculating levelized switchgrass production costs per unit of useable
biomass tonnage. The time-averaged tonnage (fable 4) accounts for an assumed zero yield in the establishment
year, two-thirds of the steady-state (fable 3) yield in the next year, followed by eight years at the steady-state
yield. Post harvest losses of 10% [UMinn, 1994] are also included. The levelized costs in Table 4 assume a

discount rate of 6.5%, as used by Walsh and Graham [1995].

Costs of TranSDOrtinl! Biomass

The standard expression for transport costs takes the fonn

(1)Cost (in $/tonne) = A + (TC.TD) .
,

where A is a constant fiXed costs (e.g. truck loading and unloading), TC is the variable transport cost ($ pel'
tonne-kin), and TD is the tranS}X>rt distance in kin.

There are conflicting estimates in the literature for biomass transport costs. Some of the discrepancies
arise because basic underlying assumptions are not made clear. For example, whedier die distance to be used in

3 Walsh and Graham include in the areas all agricultural cropland (including idled or fallow cropland), area in die
conservation rescrve program, and pastuTeland with high to medium ~tential for conversion to cropland. No forest land,

wetlands, or urban areas are included.

4 All costs in this paper are exp-cssed in 1994 S using US GDP deflators [Council of Economic Advisors, 1995).



an equation of the fonn shown above is a single or round-hip distance is imP<X"tal1L (In this paper, all distances
arc one-way distances: TO is the distance from the harvest site to the conversioo facility.) In othez cases, the
moisture cootent of die load is not clearly ~ifiOO. Typical rnoisblle contents for transported biomass are 50%
for wood chips and 10-20% for field-dried switchgrass [Miles and Miles, 1980].

Transport cost es~ have been reviewed to establish a baseline re1ationship for transport costs. In
Eqn. I, A and TC bodt affect the transport ~L However, only TC matters in detennining the capacity of an
energy conversion facility that minimizes dIe tOtal ~ production cost [Marrisoo, 1995], so die focus of die
discussion here is on the variable cost parameter, TC. For our subsequent analysis. we use A = $3/dry tonne
and TC = SO.I8/dry tonne-kin as baseline JDrameter' valla f(X' switchgrass 1:8les. 5

The variable cost we assumed here is about OOuble that of the widely cited estimate by Bhat. et at.
[1m],' but is supported by other analyses we have reviewed. Joonson [1987] and Lee and Johnson [1988] give
the variable portion of wood chip transp<X1atioo costs for a variety of different vehicle typeS (Table 5). The fmal
column in Table 5 are our estimates (based on their results) of the cost of ~nsporting 15% moisture content
rectangular swilChgrass bales. These estimates are based on hourly truck rental rares. truck-lood volume
capacities, and the bulk density of switchgrass OOles (Table 5). The lowest cost option is the truck with a chip
van: $O.15/t-k:m (at 15% moisture) or SO.IS/dry ronnc-bn. In another analysis. Bludau [1990] gives b"ansport
cost estimates (based on cost quotations for short-haul freight) that agree well with the low-end estimates of
Johnson.7 For 50% moisture content wood chips the cost in 1994$1K:t tonne is 2.57 + (O.IO.TO), where TO is
in kin. For 15% moisture switchgrass bales. the cost is 2.57 + (0.15.TD). On a dry basis. the cost is 3.03 +
(0.18.TD). Some b'anSIX>rt costs in addition to those cited here are reviewed by Marrison [1995].

Total Costs of Biomass Delivered to the Conversion Facility

Production and transportation costs were summ~ to get the tolaI cost of biomass delivered to the
conversion facility from ~h acre of land. Fig. la shows qualitatively the cost distribution. Fig. Ib shows costs
against tolaI tonnage of biomass available at that COSt or less within the four-county area studi~ (asswning 94%
of the area is used for switchgmss production, which excludes, primarily, towns and lakes).

For the NC region using yield and cost projections for 2<XX>, biomass costs start at $71/dry torme, or
$3.9/GJ.' The maximum production within a transport distance of 32 kin (the limit of the four-county area
examined') is 1.7 million dry toonestyear, with a marginal cost of $79/tOOne ($4.3/GJ) and average cost of
S77/tonne ($4.2..(;J). For NC-2020, biomass costs start at $55/dry tonne (S3.0/GJ), and the maximum production
is 2.4 million dry tonnes/year [marginal and average costs of $63/toOne (S3.4/GJ) and $6I/tOnne (S3.3~J)].
Biomass costs are considerably lower in the SE region. For example, using 2020 projections biomass costs Start
at S32/dry tonne (SI. 7/GJ) and rise to an average cost of $39/dry tonne ($2.I/GJ).

, Actual transport cost per tonne of useable biomass at dIe conversion f~ility is [3 + O.18~W.9, which ~unts for 10%

post-harvest Josses[UMiDn. 1994), all of which are asswned (oonservatively) to occur during storage at dIe conversion site.

, Bha1 et a1 [1992) indicate dial for h~baccous crops. the trInsportalion cost per tnx:k load is $34.08 + O.62-d. where d is d1e

roundtrip distance. They furdter indicate that one load of switd1grass is 15.5 tOMes of flCld-dry crops. Assuming a moisture
c:on1ent of 15~, Bhat's exp-ession for die transport cost pel" dry Iomte becomes 2.6 + O.~4.TD, wItere TD is the ~-way
haul distance in bn.

1 Bludau's estimates are given originally in 1988 German marks. We converted his ~ates to 1994 US ooUars using me

ava-lie 1988 exchange rate and d1e US GDPdeOator.

. All fuel ~gy contents in litis paper are given on a higher healing value basis. The higher heating value for switchgrass is

assumed 10 be 18.44 OJ per dry 1Ome.

t The area analyzed is not c~u1.. (see Fig. la). 1x1t the greatest transport distaJx:e was limited in d1C analysis to d1e minintwn

distance between the conversion f~ility (near the ~ter of the four cowuy area) and die outer oorder of die area. This defmed
a circle widi a radius of aoout 32 kin.



ENERGY CONVERSION 1ECHNOLOGY COSTS

SevO'al technologies are commercially available or un~r devdopment for converting plantation-biomass
into elecbicity or transportation fuels [Larson, 1993]. For electricity production, commercial steam-rankine cycle
systems are coosi~ here (~ EPRI [1992]), together with two varieties of gasifier/gas turbine combined
cycles {BIG/GTCC)-one using low-pressure gasification and one using presswized gasit:1C8tion [Consonni and
Larson. 1994]. BIG/GTCC systems are not commezcially established at present. but are likely to be
commercially ready by the turn of d)C century. The pressurized BIG,(JTCC is more efficient than the low-
pressure version, but is likely to be more capital intensive below a certain capocity I3Dge. Two alcohol
production sYstems are consi~red: med1anol via thermochemical gasification [Williams et al, 1995] and ethanol
via enzymatic hydrolysis [Wyman et al., 1993]. For methanol production, only the initial gasification step is not
commercial, but biomass gasifiers are under active commezcial develqJmeDt WO"ldwide. Advanced designs of
enzymatic hydrolysis ethanol production are undergoing pilot-scale testing and development at the unit level in
the USA [Wyman et al, 1993].

The analysis here requires only overall cost and perfOmlance chanK:leristics, SO details of the
techoologies are not discussed. The perfOnnalx:e and cost characteristics assumed here are probably achievable
within about a decade (or SOODez:) with cootinued commercialization efforts. Still further ;M1vances in die
technologies have been identified and are likely to improve perfonnance and/or lower costs compared to those
assumed here. Uncertainties in the cost estimates among ~ different technologies are due largely to differences
in the extent of commercial development and scaleup. Cost estimates for electricity technologies (especially the
steam cycle) are more certain than those for the alcohol production systems.

Capital Costs

The total installm capital cost per unit of output capa;ity fCX' ~h technology is assumm to vary with
capacity as follows:

UnitCost ~ C + De(Capacity)E (2)

where C, D, and E are constants for a given technology, values for which can be deternlined from available cost
projections. For elecbicity generation, UrntCost is given in $/kW.. For methanol and ethanol production,
UnitCost is in $/(MJ/hr)~. For all technologies considered. E is a negative number (unit cost falls wim
increasing capacity), and thus C corresponds to the unit cost for a very large facility. If the costs for two
facilities wilb different capacities are available, values for two of the three coefficients in Eqn. 2 can be
determined, once a value for the third coefficient is establishOO}O Table 6 summarizes all of the capital cost
information used to establish me ~etcr values for Eqn. 2. The notes to Table 6 provide details as to sources
of the estimates.

For the electricity producing technologics, the capilal costs for d1e "large" capocity systems (which
establish the values for C) are our estimates based on several considerations. For d1e steam-rankine cycle, C
($12OO/kW) is based 00 an extrapolation to 100 MW of a cost VeI'SUS ca.-city relationship given by EPRI
[1m]. Also, $1200/kW is 10 to 15% less than the cost given by EPRI [1993] for the least costly 300-MW
coal-fired power plant with flue gas desulfurization. (FGD would not be needed with biomass.) Pm- the
biomass-gasifier/gas turbine (BIG/GT) systems, the valtleS of C ($I200/kW fm- low-pressure BIG/GT and
Sll00/kW for pressurized BIG/GT) were set to force a cross-over in tota1 electricity productioo costs between
the systems in die SO to 80 MW. capacity range. B~cb~.t. et al. [1994] give a detailed analysis suggesting
this cross-over range.

For the methanol and ethanol production facilities. the unit cost at the "largeW ca~city was set to
achieve a value of E of -0.3. a typical scaling factor for total plant costs for many chemical processes [Holland

It Pm' example. if. va1~ for C is established. Iha1 D = (UllitCo#. - C)/Copacily.&. where

E a (log([UnitCosl. . C]/[UnilCostz - C)))/(log(Ct¥Jocu,JC4¥'OCu,,)}.



et al., 1985]. Two sets of cost estimates each for methanol and ethanol are given in Table 6. The set of
estimates soown for only single-capacity methanol or ethanol plants were assumed to best represent likely future
costs. The "earlier design" estimates (also shown in Table 6) were used, together widt the selected value of E,
to establish parameter values for Eqn. 2 (see Table 6, n~ (i».

The capital cost-capacity relatiooships for elecbicity 800 for alcdK>1 production Me plotted in Fig. 2.
These reJationshi~ can be considered most accurate for d1e ca~ily ranges shown in Table 6 (e.g. between 10
and 50 MW. for the steam-rankine power plant ~hnology).

To convert capital costS 10 annualized costS. capital charge rates (CCRs) of 0.101 for elcctricity and
0.151 for alcohol prodtx:tion plants ale assumed. The electricity CCR assumes utility financing foc renewable
energy IX>wer plants, a 30-year life, 6.2% realp'e-tax discotmt rate. and 38% income tax [EPRI. 1993]. For
aIcofK)I production. die CCR is based on average financial parameters for major US corporations ~ 1984
and 1988.'1

Feedstock Costs and Ooeratinl! and Maintenance Costs

FueVfeedstOCk costs are dCtClmined by d1e efficiencies of the conversion systems. For simplicity.
efficieocies are coosideted to be fixed with ~ty for all except one technology (fable 6). B~use ~ steam-
rankine technology is commercial today, its efficiency at different capacities is well established. and an equation
having the same form as Eqn. 2 was fitted to available performance estimates for use here. 12 For simpl~ity,

operating and maintenance (O&M) costs per unit of output are also assumed fIXed regardless of ~ale for each
technology (fable 6).

TOTAL COST OF ELECIRICITY AND ALCOHOL FUELS VERSUS PLAN!" CAPACITY

The tota1levelized cost per unit of output (kWh for electricity and GJ for alcohol) can now be
calculated by combining tOO cost of the feedstock with the capital charge and O&M charges. The levelized cost
of electricity (COE) in $/kWh is:

COB = (~.3.6)/(18.44.11..1(xx» + UnitCosl.cCR/(8766-CF) + OM
(3)

where ~ is the average delivered cost of biomass in $/dry tonne (frtXn Fig. Ib), 18.44 OJ/dry tonne is the higher
heating value of SwilChgrass, 1\. is the elecbicity generating efficiency (Table 6 fcx BIO/OT systems am
footnote 12 fcx steam-rankine systems), UnilCost is the installed capital cost in $/kW (from Fig. 2), CCR is the
capital charge rate (0.101), 8766 is the avemge number of hows in a year, CF is the capacity factor (assumed to
be 0.75), and OM is the O&M cost (Table 6). The levelized cost of alcohol (COA) in $/OJ is:

COA - (CJ18.44)/(ttJ + UnilCost-CCR.l<XX>/(8766-Cf) + OM (4)

where elements on the righthand side are defined as for Eqn. 3, except that 1\. is the efficiency of akohol
prodoction (Table 6), UnilCost is the installed capital cost in $/MJ/hr (Fig. 2), CCR is 0.151, and CF is assumed
to be 0.90.

Electricitv Production Costs

Calculated baseline results for the roE versus scale for bod1 the NC and SE regions are shown in Fig

II Ava-age financial plrlmeters fIX' major US corporations during 1984-1988 wa-e 9.91% real ret1D'n on equity, 6.2% real ret1D'n

on debt. 30% dett fraction, 8nd 44% corporate income lax. The CCR also assumes a 25-year plant life 8I¥l poperty tax plus
~ of 1.5% per year of the initial capital cost

12 For die steam-rankine ~Ie, 11. (%) = 100.[0.27 - O.2S.(MW.)-J. which assumes 20% efficiency at 10 MW. (BPRJ, 1992]

and 21% efficiency at 'lIIe" scale (100 MW. Wd. wood chip combustion) (EPRI. 1993].



3a (year 2000) and Fig. 3b (year-2020) for all three electricity trA::hnologies. For small capacities, falling unit
capital costs with scale for the conversion systems more than offset inaeasing biomass costs that arise from
increased tranSportation c~ts. The tOtal COE reaches a minimum (COB..) at the capa:ity at which the rate of
decrease in unit capital cost equals the rate of increase in the transport costs. At capacities larger than this, there
is a very gradual rise in the COE as ~ transport ~ts become increasingly more important

.
For a given technology. the considerably lower biomass costs proj~ted foc 2020 compared to 2<XX> or

foc die SE compared 10 the NC regioo. lead to considerably loWeI' COE.- in 2020 c<mpared to 2(XX) and in the
SE compared to the NC region. as well as higher installed capa::ities at which COE.,. are rea:hed (Table 7).

In all cases. the capa::ity at which die COE.. is achievoo is reJatively large (e.g. up to SOO MW. for the
steam rankine cycle). Howevei'. ~ of the flatness of the COE curves around their minima. COE.- is
closely approachOO at much smaller cai:6cities: the capacity at which the COE is within 1 % (5%) d COE... is
about half (one-quarter) of the capacity at COE.. (Table 7).

For the steam-rankine cycle, the capacities for being within 5% of the minimum COE (86-111 MWJ are
larger than existing biOOlass-rlIed stcam-rankine power plants. Most such plants rely on low-cost biomass (e.g.
byprcxlucts of industrial poocCS$ing), and their scales are set by the availability of feedsux:k. rather than by the
economics of scale.

The COE... with BIG/GTCC cycles are app~hed at much smaller ~ities than with the steam-
rankine cycles (COEs within S% of COE.., at 27-91 MW.--Table 7), because most of the scale economy gains in
capital cost occur at smaller ca~itics (Fig. 2).

At any scale, the higher efficiency (and lower capital costs) of the BIG/GT systems make them a
significantly less costly SOW'Ce of electricity than steam-mnkine cycles. With the costs in Table 7, BIG/GTs
would be competitive with JX>wcf from new cool-fired plants: coal-based electricity in 2(XX) and in 2020 is
projected to cost SO.049/kWh and SO.O52/kWh, respectively, in the NC region and SO.047i1cWh and SO.049/kWh,
respectively, in the SE region.I3 BIG/GTCC systems might become competitive in the NC region only when
year-2020 targets are achieved with the system using pressurized gasification. In the SE region, BIG/GTCC
systems would compete in year 2(XX) as well as 2020.

Alcohol Fuel Producrion Costs

Calculated baseline results for the cost of methanol and ethanol versus scale for both the NC and SE
regions are shown in Fig. 3c (year-2(XX» and Fig. 3d (year-2020). Similar patterns arc observed as with the
electricity costs. with ~ major difference: the capital costs of the fuel production f~ilities dominate the total
costs for capacities up to those that can be supported by biomass supplied from the entire selected site (circular
area of about 32 kIn radius). Even at capacities requiring transp<wt of biomass from the 32-kIn limit. capital
costs are still falling at a faster rate than biomass b'ansport costs are rising. No absolute minimum is reached
within the limits of the capacity scale shown in Fig. 3c and 3d

Table 8 gives minimum values of COA and related ca~cities that are reached within dte biomass
supply consb"aints. When biomass costs are relatively lower, plant capacities that give minimum COAs are

U These elecnicity ~ts ..e based on capital and operating costs and pcrfcxmance estimates of the Electric Power Resean:h

Instiblte for 300 MW. pJlverized coal sukritical-steam plants with flue gas desulfurization in the East-West Central and Southeast
regioos [EPRI. 1993) (~ng to the NC and SE regi~ in the analysis in Ibis paper) and on electric utility saeam-a>al
prices projected by the US Dcparbnent of Energy for the West-North Central and South Atlantic regions [EIA, 1995). For the
NC region (m 1994$). die capital ~t for die coal facility is $1662Jk;W.. with fixed IrMi vwble O&;M costs of S48.8t\;W-yr IlK!
$0.0021/kWh. and a ~t rate of 10.719 MJt\;Wh. For the SE region. the COI'resJXmding figures are $1359/kW.. $42.0/kW-yr,
SO.OOI5/kWh. and 10.371 MJ/kWb. ~ DOE lX'ojects coal prices in 2000 and 2010. Ass\uning a continuation of the p-ojected
growth rate betWeen 2000 arM12010 to estimate year 2020 prices, coil prices in the NC regMm in 2000, 2010, and 2020 wouJd
be $1.14/OJ, $1.27/OJ. and $1.4010J, respectively. For the S8 region. the COfresJXmding prices would be $1.56/01, $1.66/OJ,
and $1.77IGJ.



larger. Coyespondingly, capacities are smaller in the NC region than in tOO SE region. Methanol production
COstS ~ 5% of COA.- at capacities of 1322 GJ/hr (169 million ga]/yr) aOO 2018 GJ/Or (258 million gaJ/yr)
for the NC and SE in 200), ~tive1y, and 1849 GJ/hr (236 millioo ga1/yr) and 2786 GJ/br (357 million
gaJ/yr) in 2020. These ~ities are COO1parable 10 those of the largest existing industrial biomass processing
facilities or methanol-from-natural gas plants.14

Ed1anol production costs app~h a minimum at smaller plant capocities than fo"r rnedtaool. Cal8cities
for a COA within 5% of tOO minin\um range from 650-1470 GJ/hr (66-149 rni11ioo gal/yr) among all of ~ ~
considered (Table 8).

The CO~ for methanol in 2020 ranges from $10.1-12.4/GJ ($O.70-0.8S/gallon). with the lower cost in
the SE regioo (Table 8). The cones~ding range for ethanol is $8.6-11.~J (SO.7S-O.97/gaIloo). For
comparison. the average wholesale price of gasoline in 1993 in the US was 8rout $4.5,(iJ ($O.6/gallon). and is
projected to rise to aboot $6.8/GJ in 2010 (SO.9/gal)!S With these costs for gasoline. neither ethanol na-
methanol are competitive on 8 per-unit of energy basis. However. ethanol and, especially. methanol can be
readily ~ in fuel ceO vdticles (FCVs) that are under intensive development for commeJ'Cial application early
in the next century [Williams. 1994]. With gasolinc-equivalent fuel economies!' of methanol-R::Vs expected to
be some 2.4 times those for comparable gasoline intcrnal combustion engine vehicles [Ogden et aL. 1994].
methanol would be able to compete on a cost-per-vehicle-km basis with gasoline with methanol prices (m WJ)
up to 2.4 times those for gasoline.

Sensitivity Analvsis

The above results change with changes in inputs, especially those relating to biomass prodoction and
transportation costs. To illustrate some of the effects. the SE region in year-2020 is considered. Four important
input parameters are examined here: (a) planting density, i.e. the fl3ctioo of available land at the selected site
that is used for biomass production (baseline valUe = 0.94); (b) variable uansportation cost (SO.IS/dry ton~km
baseline); (c) yield ('see Table 3); and (d) annual land rent (see Table 2).

Reducing ~ planting density raises transpat costs and bClx:e total enecgy COsts for a given ca~ity. It
also decreases the capacity at which die minimum energy cost is reached. For die baseline case, it was assumed
that all agriculturally-suitable land in die selected area-94% of dlc area-was avai1able to sUWly biomass. In
practice. a diversity of aops would be planted. One initial bioenergy-crop strategy that has been proposed for
Iowa [Brown, 1993] and other regions of die US is die use of 1ands cunently under the Conservation Reserve
Program fcx energy crop production. For die specific four-county area considered in our analysis. 22% of
agricultural land is held under CRP contracts. The average for Iowa as a whole is about 8% [Brown. 1993].

With electricity generation, when the planting density is half that for the base ~ (O.sxO.94 = 0.47),
COE.. is slightly higher than the baseline value. The capacity that gives COE... drops by 10-15% for BIG/GT
sYstems and by 30% for stearn-rankine systems. When planting density is reduced further to 0.W4 (=O.94xO.l),
the COE still does not change dramatically, but the caJ:acity that gives the minimum CaE drops by 40-60% for

14 The Puenta Arenas flcility in Southern Chile is among die largest medtmol-from-natural gas facilities opa-ating today. Its

capacity is about 300 mil1Km gal/yr. The capacities of die largest facilities in the US JXoduc:ing etbaIK)1 from com today are of
this order, aid the l..gest ethanol-from-sug&leane factories in Brazil ue ~ half this cap8city. The biomass input capecity
of a typical modem large integrated pulp aOO paper mill today is equivalmt to dlat of a methanol-from-biomass facility dlat would
have a capacity of about 300 million gal/yr.

JJ The 1993 glSOline cost is ~ 1993 average Rwl price of $8.64,{]1 ($l.14/gl1) (8Q'OSS all fuel grIdes of motor glSOline

Ind including state Ind feda"ll taxes) (FJA. 1995] minus SO.31/gl1 in state and federal taxes and SO.23/gl1 in distribution and
fJllin, station costs [Ogden, et at, 1994]. T\te US DOE pojects m average retail gasoline pice (ududin& taxes) of
510.85/01 ($1.43/gl1) in 2010.

M F<X" metJW1ol. the gasoline-a{uivalent fuel economy (km/Iiter of gasoline equivalent) is the distance traveled per unit of

methanol (in km/GJ) times 0.0349 GJ/liter. the higher heating value of gasoline.



BIG/GT technology and by over 85% for steam-rankine technology. With ethanol productioo, larger changes
arise in both the value of COA,... and the capacity at which it is reached. For example, with a density of 0.094,
values of COA.- rise by 30-40% aM correspoooing ca~cities fall by more dIaD an order of magnitude. The
very different result for etecuicity and for alcohol pn:xiuction is due to the greater flatness of the alcohol ~
curves around the minimum.

.
Raising or lowering the variable transport cost has the predictable effect of raising or lowering COE respectively. and decreasing or increasing the corresponding capacity (fable 9).

Changing the yield assumption has a small effect 00 the capa::ities at which the minimum COE <X' COA
are reached, but a much larger impact on the value of COF-.III and COA... (Table 9). With higher yield, more
bi<Xnass is available within a smaller nMlius, tJx:;Ieby k>wering total production costs and transportation costs per
tonne. Both of these costs im~t the value of CO~ or COA.,... and increased transportation costs reduce the
capacity required to achieve the minimum costs.

Modified input assumptions which change the unit cost of producing biomass by a fIXed amount
(regardless of capacity) shift die CaE or COA curves up or down, but will not change die capacity at which
minimum production costS are achieved. One such cost is die land rent Table 2 gives baseline land rents, and
Table 9 shows the impact of changing dlese by .t. $123 per hectare!7

CONa.USIONS

This paper examined the impact of scale on prospective costs of electrk:ity and alcohol fuels from
plantation-grown biomass in the North Central and Southeast United States. All results are based on assumed
biomass prOOuction and convel'Sion technologies. most of which have not yet been commercially ~strated
and thus involve some uncertainty. The results are informative. nonetheless.

A key conclusion is dlat for any of the technologies examined. die capacity needed to ~hieve a
minimum levelized energy production cost is larger dlan prevailing wisdom might suggest. but costs are
relatively insensitive to large changes in the ~ity around that value. so that prodUCtion costs are not much
different than die costs at much smaller capacities. For example. widl pressurized biomass-gasifier/gas turbine
systems. electricity costs are within 5% of the minimum at capacities that are 25%-30% of those at which the
minimum cost is reocOOd.

There are important distinctions among cost-ca~ity chamcteristics of different systems. The cost of
electricity generation (CaE) is considcrably lower at all scales for gasifier/gas turbine combined cycles
(BIG/GTCCs) than for stearn-rankine cycles. and BIG/GTCCs achieve minimum costs at m~h smaller capacities
than stearn-rankine cycles. Assuming year-2020 switchgrass production systems. the CaE for steam-rankine
cycles ~hes within 5% of its minimum at 100-110 MW.. BIG/GTCC COBs reach 5% of their minimum at
capacities of 30 to 40 MW. with unpressurized gasifICation aOO at 70 to 90 MW. with pressurized gasification.
The latter technology is the lowest-cost electricity producer at cap~ities larger than 50 to 75 MW.. Electricity
production costs are consi~bly lower in the SE region (4.3 to 4.6 c/kWb fO' BIG/GTCC) than in the NC
region (5.4 to 5.7 c/kWh) due to lower <k:livered biomass costs.

Projocfed costs of alcohol production (COA) are lower for ethanol than for methanol by 8-10% in die
North Cenb'al region and IS-17% in the Southeast region. Plant ca~cities that achieve a COA within 5% of the
minimum for methanol are twice those for ethanol Methanol facilities ~ieve COAs within 5% of the

17 l..81d rait represents m opport\mity cost arising from clM>Osing to grow energy aops instead of using the land for 8nOtha'

purpose. When reduced by $123/ha, the lam rent in the SE region would be negative (~Table 2). A ~&ative lmd rait
could r~t a situatiOn in whim a biomass prod~ is teceiving CRP payments while also using die CRP land for
bioenergy ~On. Biomass crops like swirchgrass are perem1ia]. am dtus substantially red1x:C soil erosion compared to
annual row crops. Since erosion control is one objective of die CRP program. the production of ena-gy aops on CRP lands
may not be inconsistent widt the goals of the CRP pop'aJn. A continuatiOn of CRP payments (for a limited period) might
provide an important incentive to iOOuce farmers to grow energy ~.



minimum when dley are comparable in size to the largest existing industrial biomass processing facilities (c.g. a
state-of-lhe-art pulp and papel'mill).

Values of COE and CO~ change most significantly when assumed yields and/a land rents are
changed. but the corresponding capacities change reJatively little. In contrast. values of COE.., and COA...,
change reJatively little widl changes in assumed variable transport costs and/a planting d,eosity. but
corresponding capacities change signiftcantly.
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Table 1. Land areas and projected switchgrass yields in 2000 and 2020 by land capability class (LCC) in
the Nortb Central and Soutbeast Regions or tbe US [Walsh and Grabam, 1995].

NORm CENTRAL REGION SOunmAST REGION

Yield (dry to~)Yield (dry tonnes/ha)
Area~

(10' ha)
Land Capability
Classification-

Area
{to' ha)2(XX) 2020 2(MX) 2020

!.(Dc 3379 7.09 10.1 none

L(X:2e 21638 9.29 13.3 2613 13.7 19.5

La::2s 2769 9.76 13.9 806 14.1 20.2

LCClw 17265 10.1 14.4 IOSI 13.9 19.8

Lre3c 2 833 11.9 none

LCC3o 15027 9.16 13.J. 957 12.2 17.4

Lcx=3s 2011 7.18 10.3 472 13.0 18.5

LCC3w 4761 9.65 13.8 1049 13.6 19.4

LCC4e 5171 9.02 12.9 491 tl.g 17.C

LCX:4s 1452 7.47 10.7 278 12.7 18.1

LCC4w 934 6.82 9.76 512 12.6 18.1

(a) The Iower-cue letters indicates the primary restriction on land managemml: C = cHmI1e. e . eros¥m. I -IOU quaHty.
and w . wetl1e$S.

(b) The total area considered by Walsh and Graham [199S] includes agricultural cropland (InCluding idled or fallow
cropland), land in die ~~ation res~e program (CRP), arx1 pastUreland widl high to medium potential for conversion to
croplaJ¥l. No fwest land, wed8J¥is, w urban areas are iJ¥:Juded.



Table 2. Projected costs in 1994 dollarS- for switcbgrass production in 2000 and 2020 by land capability
class (LCC) In the North Central and Southeast Regions of the US [Walsh, 1995].

NORm CENTRAL REGION

Ye. 2(Y)OYear 2(XX)Land
Capability
C~ Main~

($/ha/year)
MainL'

($/ha/yr)

Land
($/ha/yr)

Land
($/ha/yr)

Establishment"
($/ha)

EstablishmentC

($/ha)

334.55 295.98 136326.41 266.71 136La:2c

346.63 217327.17 294.90 217 337.20ux=2e

337.20

337.20

346.63 217~ 327.17 294.90 217

327.11 294.90 217 346.63 217LCC2w

58 345.32 326.71 58LCC3c 130.39 254.71

337.20 346.63 217LCC3e 327.17 294.90 217

334.55 295.98 136LCC3s 326.4J. 266.7J. 136

346.63

346.63

211LCC3w 327.17 294.90 217 337.2a

294.90 217 337.20

334.sS

217LCC4c 321.17

LCC4s 326.4J 266.71 136 295.98 136

295.98 136La:4w 326.4 J 266.71 136 334.55

SOU1HEAST REGION

AllLCC 41528 285.01 71 429.30 376.88 71

(a) Costs originally given by Walsh and Graham [1995) in 1993 don.. are ex}X"essed hele in 1994S using the US GDP
deflator [Co\D1cil of Economic Advisors, 1995).

(b) The lowa--case letters indicates dte primary restriction on land mlnagement: c = climare. e - a'Osim. J = soil quality,
and w = wetness.

(c) Excludes land rent-total first year cost is this establislunent cost plus one year of land renL Establislunent costs include
variable cash costs: seeds, fertilizer, chemicals, and machinery fuel, lubricants, IJ¥l repairs; fixed cash costs: general
ova-head. taxes and mswance. inta'est on operating loans IJ¥l on real estate lOUIS; and costs of fumer-owned resowces:
capital replacement. oma- non-land capital, IJ¥l ~.

(d) Excludes IIJ¥I rent-totalamual maintenance cost is indicated maintenance cost plus land rent Mlintenance costs ilK:l1xfe
variable cash costs: fertilizer, harvesting, and machinery fuel, lubricants, IJ¥I repairs; fixed cash costs: g~aI ova-head, taxes
and insurarx:e. interest on operating k>ans and on real estate loans; and costs of fumer-owneci resources: capital repl~t,
other non-11J¥I capital. and labor.



Table 3. Average projected yields and costs [m 1994$) for North Central and Southeast Regions..

Year 2020Year 2(XX)
Land
~ Year 2-10

costs ($/ba/yr)
First-year

costs ($Iha)
F JtSt -year

costs ($/ha)
Year 2-10

costs ($/ba/yr )
Yield

(dry r/ha,Iyr).
Yield

(dry t/haIyr)~

NORm CENTRAL REGION

504.71 14.8 S49.02 SS4n~ 10.4 539.11

S47.S1 SS2.5SLOC3 S31.68 502.80 14.210.0

478.44 13.1 S2ft.92 523.18~ 9.2 519.46

SOU11lEAST REGION

21.7 501.04 .448.50~ 15.2 486.99 356.42

1m 356.42 203 501.04 4485C14.2 486.99

1aA 13.6 486.99 356.42 19.4 501.04 448.50

(a) Average yields 1M average oosts fCX' each IaJ¥I c:apability class 8:e ~-1("L~ted as area-wei&hted averages using the
proj~tcd yields and costs by lIJ¥i CApability sub-classification. For example, for lIJ¥i capability class 2, the av~age yield,
y~ is:

y~ - ~.y~ + ~.y~ + ~.y~ + As.a:a..y~~

where ~ - y ~- we ~ uea and yield for LCC2 subclassirlCa!ion. i. arxI ~ is ~ total C"ea of LCC1.. 1118
ava-age first-year cost. f.Ct.a:IO is:

~ . (Aux:ao°EC..a:a. + Aux:ao°~ + ~°ECux:a. + Aa.a:a..°EC.,a:a..Y~

where ~ is the establishment costs plus first-year land rent for LCC2 subclassifICation. i.

(b) Dry metric tonncs pel" hectare pel" year.



Table 4. Calculated time-averaged delivered biomass and totallevelized cost of switch grass production.
-

Year 2020Year 2<XX>

Land
Class

Levelized production
c~ ($ldry tonne)

Time-ave. biomasS-

( tonnes,11a/yr )
Levelized production
cost" ($/dry tonne)

Time-ave. biomasS-

(tonneSlba/yr)

NORm CENTRAL REGION

49.9311.665.538.1LCC2
51.8711.168.047.8LCC3
52.8510.469.n7.2LCC4

SOU1HEAST REGION

28.1216.932.9511.9LCC2
30.0415.835.2011.1LCC3
31.4015.136.7910.6LOC4

(a) This is die avezage am1ual useable biomass delivered from a unit area to die conversion facility ovez a ten year period. It
accounts for no yield in the establislunent year. two-dtirds of the steady-state yield in the next year. the steady state yield for

the eight subsequent years. and 10lf0 post harvest losses:

Tune Averaged Biomass = [(0 + 0.667 + 8}Y, 0.9]/10 = 0.78.Y-.

where Y.-, are the steady-state yields given in Table 3.

(b) The levelized production cost is calculated from:

($ldry torme) = (S/dry tormc)w_-,(l-L)

where L is the IX>st-harvest loss fraction, which is assumed to be 0.10 [UMinn, 1994]. (Tonnage loss occurs during harvest.
in-field storage. transport, and on-site storage, but in calculating transportation costs (see text), we conservatively assume that
all losses occur during storage at dte conversion facility site, i.e. the full harvest tonnage must be transported to the facility,
but only 90% is converted to IX>wer or fuel at the facility.) The cost before losses is given by:

, ,
($ldry tome) = (E + M.1: [1/(1+11D])/(Y ,.(0.667/(1+11 + 1: [l/(l+;rJ»)_1 .-2

where E'is the first year cost (establishment costs plus land rent) in $/ha and M is the 8IU1Ual cost in years 2 through 10
(maintenance cost plus land rent) aJd Y , is the {X'ojected steady-state yield (fable 3). and i is the disco1D1t rate. A real

discount rate of 6.5% is assumed [Walsh and Graham. 1995J.
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Table 6. ~timates or the unit installed capital costs, conversion efficiencies, and operating and
maintenance costs for systems for electricity or liquid fuels production from biomass at various capacities.

Generating
efficiency (%)~

Capital cost
(l994$/kWJ

O&M~
( 1994$/t Wh )

CaIXtcity-
(MW.)

Electricity
production systems

3Sro O.Ol2S10 20

1647 0.0125so n.r.-
Steam rankine cycle~

0.012527 1200large

10 0.00837 2577

37 1288 0.008ro
Bi~ass-gasirJCC/gas turbine combined
cycle (BIG/GTcq using Dear-
atmospheric pressure gasifier and wet
~bbing cleanupr.. 37 1200 o.~large

30 1800 0.00840Bicmass gasifier/gas blrbine combirm
cycle (BIG~TCC) using pressurized
gasifier and ceramic filter hot gas
cleanu~

o.~40 142560

1100 0.008large 40

Capitalcost
( 1994$/MJ /hr )

O&M cost
( 1994$/01)

PrOOlJctjon

efficieocy(%)
Ca.-city
(GJ/hour)'

Alcohol fuel

production systems.

Medlanol via ~l1y-heaIM gasifierk 60 317 2.61811

1049 162 n.rn.r
Methanol via indirectly-heated gasifier.
earlier design estimatesl 1125245

1355

D.rDol:

2.18Ethanol, advanced enzymatic hydrolysis- SG ISI

40 341 2.46S90

2956
Ed1anol, enzymatic hydrolysis using
earlier (cilCa-1990) process design' 40 230 2.46

(a) ~&e" ref~ to d1e capacity at which it is asswned that the minimum unit installed capital cost is reached.

(b) 100 times the electricity or fuel production divickd by the higher heating vll~ of the input biomass.

(c) Assmned constmt for all capacities.

(d) From EPRI [1992], ex~ f(X' the c:apital cost and efficietw;y of die I_&e-capa:ity \miL For the Iaua:, see taL

(0) Not ~uired for die analysis in this paper.

(f) The JCKIrce for dte two k>wer-capcity capital cost estimates is a ~ romm\micatioo from H. LmKIberg (TPS
Tenniska Processer, AB, Stockholm, Sweda!.) to Robert Williams (Cent~ fIX' Energy and Environmental Sttxlies, Princeton
University) on October 29, 1994. TPS Tem1isb Processer is .:tively working to comm~cialize biomass-gasifier/gas turbine
combined cycles mat woold use their Mar-abnospherlc JX"essure cb'Culating fluidized-bed gasifia- systan mat includes a
secondary tar cracking rector aid Wet scrubbing for glS cleanup. For dte captal oost at "large" capecity, ~ discussion in
tex.L The efficiency is an estimate for a systan of aOOut 25 MW. capEity that would use a General Electric LM2500 gas
turbine [Elliott and Booth, 1993].



(g) The O&M cost estimate is based on two soun:es. One is the best MguestimateM of dte O&M costs for . ~ 25-
30 MW. BIG/GT facility in BraDl by industry experts involved in the developnmt ofd1e rot commezcial-scale Blom
demonstration project (to be built in Brazil). The _guestimateM is 0.5 to 1.0 cents per kWh <JXivate commUDic8lXm from A1i1
Elliott, Shell mtemational Petroleum Company, to Robert Williams, Center fcx Energy and Environmental StUdies, Princeton
University, Princetoo, New Jersey, Oct. 26, 1994). Williams and Larsm [1993J give estimates of O&:.M ~ts rn.n O.7S to
0.87 cents/kWh fcx l00-MW. scale advanced BIOm" systems. -

(h) The somce for the capital cost estimates for the two Jower-capaaty 1mits is (CooSOIDIi lId Larson. 1994]. h IepesUlts
an estimate of the future conunercial-level costs frx a system that is being developed toward commelcialization by Bioflow, a
Scandinavian joint VUlture involving Sydkraft, Swedai's ~ l.gest electric utility, 8nd Ahlsttcxn, the FiImish 00i1er 8I1d
gasilia'manufacturer. The systan includes a circulatiJIg fluidized-bed gasifier lId a ~amic hot-gas candle filaa-. For the
capital cost of the large capacity mit, see discmsion in feXL The imjcated efficiellCy is for a systan of alX>ut 2.S MW.
capacity that would we the General Electric LM2.S00 gas tiD"bine [Elliott and Bood1. 1993].

(i) Best estim~ for medtanol and edlanol system capital costs were available only for a siDgle ~ty. The ~
ex1»nent. E. in Eqn. 2 wu usumed to be -03, a typical value for scaling total plant costs (or many cl1emical processes
[Holland et al.. 1985), and die values (or ooeffM:ienlS C IUd D were established u (oUows. FItSt, equations o( die «Xm o(
Eqn. 2 were determined (or "earlia- designs," (or whida two different-capacity cost estimates were available. Theae equations
~: (s/MJfI:Ir>-, = 31.4 + lO52.(GJfI:Ir)4J and ($/MJfI:Ir~ = 51.4 + 1963-(GJfI:Ir)4J. The values for C IUd D in dtese
equations wa-e multiplied by me ratio of the singlc-capacity capital cost estimate to the capital cost predicted by me
equations (or die "earlia- designs" at the same capacity. The resulting equations are givm in the caption of Fig. 2.

(j) To convert GJtnr to li~. divioo by die 8AX'ap'iatc higher heating value: 0.0181 GJ/Iit for medtanol aid 0.0228 GJ/lit
f(X" hydrous ethaIM)l (95% edtanol. 5% water).

(k) From Williams et al.. [l99S}

(1) From Wyman et al. [1993J.

(m) From Odgen, et al. [1994], based on Wyman et al. [1993].



Table 7. Calculated minimum c~t of electricity (CO~ as a runction or installed capacity ror the North
Central and Southeast regions. Also shown are the capacities at which COE... is reached and the
capacities at which the CaE is within 1 % or 5% or COE

InstaL~ Cap8;ity (MW J
~

For roE within
1 % of minimum

Minimum COE
( 1994$/k Wh )

Electricity
technology

For COE =
minimum

For COB within
5% of minimumYear

NORm CFNI'RAL REGION

366 212 86S team - rankine

cycle

2(XX) 0.(1)0

227 1012020 0.077 470

6G 272(XX) 0.066 114Low-pressurc
BIG/GTCC 61 302020 0.057 127

269 123 6SPressurized
BIG/GTCC

2(XX) 0.062

722W 1372020 0.054

SOU1HEAST REGION

~Steam. ranki n eo

cycle
2(m 0.00 424 214

2020 519 244 1110.060

130 61 37Low-pressure
BIO/GTCC

2(XX) 0.049

372020 0.046 142 64

285 140

154

8SPressurized
BIG/GTCC

~ 0.046

9.12020 0.043 319



Table 8. Calculated minimum cost or alcohol (COA.,J as a function of installed capacity for the North
Central and Southeast regions. Also shown are the capacities at which COA- is reached and the
capacities at which the COA is within 1 % or 5% of CO~.

Installed Cal.:ity (OJ F bom')
.

For COA widrin
1 % of minimum

Minimum COA
(1994$/0J)

Alcohol production
technology

For COA =
minimum-

POI" COA within
5% of minimumYear

NORm CENTRAL REGION

2373 13222(XX) 14.2 > 2700
Methanol 184932352020 12,4 >3800

65213.J >2200 15322(KX)
Ed1anol

2267 9522020 11.2 > 3200

SOUrHEAST REGION

20182(XX) 10.9 > 3800 3451
Methanol

2786>5400 49302020 10.1

2435 10702(XX) 9A > 3200
Ethanol

14712020 8.6 > 4500 3199

(a) For aD cases, me biomass available a1 the site WIS exhausted bcfore 111 absolute minimum COA WIS reached. The

minimum COA values shown here are me lowest COAl achieved up to this limit in biomlSs supply.
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Steam-rankine cycle, $/kW = 1200 + (2219S}MW-t.n
Pressurized BIG/GTCC, $/kW = 1100 + (110420).MW-u2
Unpressurized BIG/GTCC, $/kW = 1200 + (47198).MWL56
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PLANTATION-BASED BIOMASS ENERGY SYSfEMS IN. THE U.s.

Christopher I. Marrison* and Eric D. Larson
Center for Energy and Environmental Studies
School of Engineering and Applied Science
Princeton University. Princeton. NJ 08544

ABSTRACT

A unique feature of biomass energy systems is that the feedstock must be gathered from a wide area
around the energy production facility. For a small-scale facility, transport costs will be relatively low, but
capital cost per unit of output will be high. For a large-scale facility, b"ansport costs will be high, but capital
costs will be relatively low. At some intermediate scale, the total cost of energy should reach a minimum. This
paper examines the effects of scale on the prospective costs of producing electricity and alcohol fuels from
plantation-grown switChgrass in the North Central and Southeast regions of the US.

Site-specific biomass cost-supply cmves for the year 2000 and 2020 are developed using projections of
the Oak Ridge National Laboratory for switchgrass yields and costs as a function of land capability class. A
geographic information system (GIS) is used to analyze soil quality distributions and road transport distances.

Conversion technologies considered include one commercial electricity generating technology--the steam
rankine cycle--and one nearing commercial readiness.-the gasifier/gas turbine combined cycle. Two alcohol fuels
are considered: methanol via thermochemical gasification and ethanol via enzymatic hydrolysis. Both of these
processes have the potential to be commercially ready early in the next century or sooner. Estimates of installed
capital costs for all of these conversion systems drawn from published and other sources.

In all cases. the minimum cost of elecbicity (COB.;.) or alcohol (Coy is reached at plant capacities
that are larger than conventional wisdom might suggest. Up to these capacities. the rate of decrease in unit
capital costs is more rapid d1an the rate of increase in biomass transportation costs. However. around the
capacity corresponding to CO~ or CO~. there is a wide range over which costs change very little. In
general. higher biomass yields lead to larger capacities at COE... or CO~ Costs are higher in the NC than
SE region. and (in both regions) costs are lower using year-2020 biomass costs compared to year-2000 costs.

INI'R.ODUCflON

Biomass energy crops are of increasing interest worldwide because of the potential for using them in
advanced elecbicity and transportation fuel production systems that promise cost-competitiveness with fossil fuel
systems, while substantially reducing emissions of Co,. to the atmosphere [Hall, et aI., 1991; Turhollow and
Perlack, 1991; Larson et al., 1995]. Also, in industrialized countries like the United States, economically viable
bioonergy systems might help reduce government subsidies paid to fanners. Currently. die government pays
fanners some $1.8 biUion/year to keep erodible lands out of production under the Conservation Reserve Program
(CRP). In addition, price-support payments, which many fanners need to maintain profitability,l were some
$16.1 billion in 1993 [Flinchbaugh and Edelman, 1994]. Perennial energy crops would serve to reduce or

. Present address: Oliver, Wyman & Company, LLC, 666 Fifth Ave., New York, 10103.

I For example, com fanners in Iowa received an average annual government payment of $45/acre from 1990 to 1992.
During this same period. the profit per acre (gross income, including government payments, minus total economic costs) was
$51 [Davis. 1994).



eliminate erosion on many CRP lands. while providing a revenue source to me fanner. With adequate,
unsubsidized profitability, energy aops might help reduce the ~t level of price support payments.

A unique feabJre of bi<Xnass energy systems that ~ the focus of this paper is that the feOOstock must be
gad»eled from a wide area arouOO the energy poduction facility. For a small-scale facility. transport rosts will
be relatively low t but capital cost per mtit of output will be high. For a large-scale f~ili!y t tr8nsIX>rt costs will
be high. but capital costs will re relatively low. At some intennroiale scale. die fOCal 00st of enQgy should
reach a minimum. This ~ examines the effocts of scale on the prospective ~ts of producing elecbicity and
alcohol fuels from plantation-grown switchgmss in the North Cenb'al and Soudleast regioos of the US.

The components of the tWl cost of energy supply from biomass are (1) the cost to grow and deliver the
biomass 10 the conversion facility aOO (2) the COSt of the conYerSioo. A number of sttkIies have examined th~
two elements independently. Fcx example, biomass cost-supply curves have been developed for some specifIC
geographic regions by Graham and Downing [1993], Nooo [1994], and English, et aI. [1994], amoog others. A
variety of studies (discussed later) have examined the capital and operating costs for biomass-to-e1ectricity or
biomass-to-fuels conversion systems. There do not appear to have been any previous efforts to marry biomass
supply with biomass conversion studies, as dooe here, 10 examine the issue of energy COSt versus scaJe.

BIOMASS COSTS

The starting point for the analysis was the selectioo of a S})e(:ific site to provide case-study variations in
soil quality and transportation ~ for a typical agriculbJral area. A four-c~ty area in South Cenb'al Iowa
(Appanoose. Lucas. Monroe. and Wayne counties) was chosen. in large part because ~ is significant interest
in this regioo in the development of biomass energy pociuctkm on lands currently under CRP contracts [Cooper.
1993; Brown. 1994]. The total area is approximately 5100 km2. over 90% of which is suitable for growing
~. Some 22% of the area is presently held under CRP cootract [DNR. 1994]. Soil type [IGS. 1973] and
road [USGS. 1986] maps of the region were digitized and loaded into a geographic infonnation system (GIS).
(See Marrison [1995) for details of the digitization process.)

The GIS system was used to calculate road tl'ansJX>rt distances from each ~re to a centI8l ~g
facility that was assumed to 00 located near the center of thc region! As detailed below. the cost of growing
biomass on each acre (dependent primarily on soil type) was then calculated and added to the transport cost
associated with the distance between that aae and the conversion fa;ility. The chank:teristics of the Iowa site
(relative soil quality and road layout) were taken to represent typical agricultural areas in the North CentI8l (NC)
region (which includes Iowa) and in the Southeast (SE) region.

Costs of Growin2 Biomass

DevelOJXncnt of energy crops in the US is focussed on short-rotation wO<X!y crops for some regions and
on herblk:eous crops for others [Hohenstein and Wright. 1994]. Switchgrass is a Jrimary candidate energy aop
for the North Central (NC) and Southeast (SE) regions.

Switchgrass yield and cost projections made by analysts at die Oak. Ridge National Laboratay [Walsh
and Graham, 1995] provide the basis fa- biomass pnxluction costs presented here. Walsh aJxI Grahant give
estimates of per-hectare yields and costs for four regions of die US (Northeast, North Central. Southeast, and
South Cenlral). They identify sub-regions by land C8JDbility class (LCC). LCC 1 has few restrictions on ~ f(X'
crops. LCC2 through LCC4 have variable suitability for crops, and LCC S thIoogh LCC 8 are generally
unsuiled for crop production. Within each LCC, soils are sub-dermed by the primary reason for restrictions 00
their use as cropland: e - erosion potential; w - excessive water: c -- extreme climate; and s -- soil foctors

(salinity, shallowness, texture, etc.).

Z The GIS is dte MapBox package of Decision Images. bx:. of Princeton. New Jersey rromlin. 1990). Transport distarx:es

fCK each map tmit (W%e) ue found by locating the nearest point 00 dte road system. and COImting dte distance along the road
system to dte conversion facility. The result is a map on which evcry acre has an assigned road transpcxt distaJ¥:e.
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ABSTRACT

A unique feature of biomass energy systems is that the feedstock must be gathered from a wide area
around the energy production facility. For a small-scale facility, transport costs will be relatively low, but
capital cost per unit of output will be high. For a large-scale facility, b"ansport costs will be high, but capital
costs will be relatively low. At some intermediate scale, the total cost of energy should reach a minimum. This
paper examines the effects of scale on the prospective costs of producing electricity and alcohol fuels from
plantation-grown switChgrass in the North Central and Southeast regions of the US.

Site-specific biomass cost-supply cmves for the year 2000 and 2020 are developed using projections of
the Oak Ridge National Laboratory for switchgrass yields and costs as a function of land capability class. A
geographic information system (GIS) is used to analyze soil quality distributions and road transport distances.

Conversion technologies considered include one commercial electricity generating technology--the steam
rankine cycle--and one nearing commercial readiness.-the gasifier/gas turbine combined cycle. Two alcohol fuels
are considered: methanol via thermochemical gasification and ethanol via enzymatic hydrolysis. Both of these
processes have the potential to be commercially ready early in the next century or sooner. Estimates of installed
capital costs for all of these conversion systems drawn from published and other sources.

In all cases. the minimum cost of elecbicity (COB.;.) or alcohol (Coy is reached at plant capacities
that are larger than conventional wisdom might suggest. Up to these capacities. the rate of decrease in unit
capital costs is more rapid d1an the rate of increase in biomass transportation costs. However. around the
capacity corresponding to CO~ or CO~. there is a wide range over which costs change very little. In
general. higher biomass yields lead to larger capacities at COE... or CO~ Costs are higher in the NC than
SE region. and (in both regions) costs are lower using year-2020 biomass costs compared to year-2000 costs.

INI'R.ODUCflON

Biomass energy crops are of increasing interest worldwide because of the potential for using them in
advanced elecbicity and transportation fuel production systems that promise cost-competitiveness with fossil fuel
systems, while substantially reducing emissions of Co,. to the atmosphere [Hall, et aI., 1991; Turhollow and
Perlack, 1991; Larson et al., 1995]. Also, in industrialized countries like the United States, economically viable
bioonergy systems might help reduce government subsidies paid to fanners. Currently. die government pays
fanners some $1.8 biUion/year to keep erodible lands out of production under the Conservation Reserve Program
(CRP). In addition, price-support payments, which many fanners need to maintain profitability,l were some
$16.1 billion in 1993 [Flinchbaugh and Edelman, 1994]. Perennial energy crops would serve to reduce or

. Present address: Oliver, Wyman & Company, LLC, 666 Fifth Ave., New York, 10103.

I For example, com fanners in Iowa received an average annual government payment of $45/acre from 1990 to 1992.
During this same period. the profit per acre (gross income, including government payments, minus total economic costs) was
$51 [Davis. 1994).



eliminate erosion on many CRP lands. while providing a revenue source to me fanner. With adequate,
unsubsidized profitability, energy aops might help reduce the ~t level of price support payments.

A unique feabJre of bi<Xnass energy systems that ~ the focus of this paper is that the feOOstock must be
gad»eled from a wide area arouOO the energy poduction facility. For a small-scale facility. transport rosts will
be relatively low t but capital cost per mtit of output will be high. For a large-scale f~ili!y t tr8nsIX>rt costs will
be high. but capital costs will re relatively low. At some intennroiale scale. die fOCal 00st of enQgy should
reach a minimum. This ~ examines the effocts of scale on the prospective ~ts of producing elecbicity and
alcohol fuels from plantation-grown switchgmss in the North Cenb'al and Soudleast regioos of the US.

The components of the tWl cost of energy supply from biomass are (1) the cost to grow and deliver the
biomass 10 the conversion facility aOO (2) the COSt of the conYerSioo. A number of sttkIies have examined th~
two elements independently. Fcx example, biomass cost-supply curves have been developed for some specifIC
geographic regions by Graham and Downing [1993], Nooo [1994], and English, et aI. [1994], amoog others. A
variety of studies (discussed later) have examined the capital and operating costs for biomass-to-e1ectricity or
biomass-to-fuels conversion systems. There do not appear to have been any previous efforts to marry biomass
supply with biomass conversion studies, as dooe here, 10 examine the issue of energy COSt versus scaJe.

BIOMASS COSTS

The starting point for the analysis was the selectioo of a S})e(:ific site to provide case-study variations in
soil quality and transportation ~ for a typical agriculbJral area. A four-c~ty area in South Cenb'al Iowa
(Appanoose. Lucas. Monroe. and Wayne counties) was chosen. in large part because ~ is significant interest
in this regioo in the development of biomass energy pociuctkm on lands currently under CRP contracts [Cooper.
1993; Brown. 1994]. The total area is approximately 5100 km2. over 90% of which is suitable for growing
~. Some 22% of the area is presently held under CRP cootract [DNR. 1994]. Soil type [IGS. 1973] and
road [USGS. 1986] maps of the region were digitized and loaded into a geographic infonnation system (GIS).
(See Marrison [1995) for details of the digitization process.)

The GIS system was used to calculate road tl'ansJX>rt distances from each ~re to a centI8l ~g
facility that was assumed to 00 located near the center of thc region! As detailed below. the cost of growing
biomass on each acre (dependent primarily on soil type) was then calculated and added to the transport cost
associated with the distance between that aae and the conversion fa;ility. The chank:teristics of the Iowa site
(relative soil quality and road layout) were taken to represent typical agricultural areas in the North CentI8l (NC)
region (which includes Iowa) and in the Southeast (SE) region.

Costs of Growin2 Biomass

DevelOJXncnt of energy crops in the US is focussed on short-rotation wO<X!y crops for some regions and
on herblk:eous crops for others [Hohenstein and Wright. 1994]. Switchgrass is a Jrimary candidate energy aop
for the North Central (NC) and Southeast (SE) regions.

Switchgrass yield and cost projections made by analysts at die Oak. Ridge National Laboratay [Walsh
and Graham, 1995] provide the basis fa- biomass pnxluction costs presented here. Walsh aJxI Grahant give
estimates of per-hectare yields and costs for four regions of die US (Northeast, North Central. Southeast, and
South Cenlral). They identify sub-regions by land C8JDbility class (LCC). LCC 1 has few restrictions on ~ f(X'
crops. LCC2 through LCC4 have variable suitability for crops, and LCC S thIoogh LCC 8 are generally
unsuiled for crop production. Within each LCC, soils are sub-dermed by the primary reason for restrictions 00
their use as cropland: e - erosion potential; w - excessive water: c -- extreme climate; and s -- soil foctors

(salinity, shallowness, texture, etc.).

Z The GIS is dte MapBox package of Decision Images. bx:. of Princeton. New Jersey rromlin. 1990). Transport distarx:es

fCK each map tmit (W%e) ue found by locating the nearest point 00 dte road system. and COImting dte distance along the road
system to dte conversion facility. The result is a map on which evcry acre has an assigned road transpcxt distaJ¥:e.
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Fig. 3. (a) and (b) Totallevelized cost or electricity production as a runction or installed capacity ror the
selected site in the NC and SE regions in 2000 and 2020. (c) and (d) Totallevelized cost or methanol and
ethanol Droduction as a runction or capacity.
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