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1 Introduction

This document provides a description of a static comparative, multi-region,
computable general equilibrium (CGE) trade model, based on Global Trade
Analysis Project (GTAP) data. Model structure is similar to that of McDonald
et al. (2005) and McDonald et al. (2006), but with more detailed representations
of land use and agricultural and biofuels-related activities.

This model facilitates analysis of the general equilibrium e�ects of biofu-
els policy. Partial equilibrium methods are useful for analyzing the e�ects of
marginal increases in biofuels production on agricultural markets and trade.
However such methods are less appropriate for considering other very interest-
ing questions, such as the e�ects of very large changes from the status quo,
the likely e�ects of new technologies for which no historical data exist, and the
increasing in�uence of biofuels production on fossil energy market equilibria.
Computable general equilibrium methods can overcome these limitations.

Several aspects of the current biofuel market and policy environment moti-
vate the development of this type of tool. The Energy Independence and Secu-
rity Act of 2007 established ambitious new Renewable Fuel Standards (RFSs),
which mandate annual use of 36 billion gallons of biofuels by 2022, of which
21 billion gallons are required to be �advanced biofuels�. Moreover, a portion
of the advanced mandate must be satis�ed by �cellulosic biofuels�. Essentially
no cellulosic biofuels are currently being produced, and the advanced RFS in
particular represents a substantial change from the status quo. Moreover, the
production of 36 billion gallons of renewable fuel by 2022 will exert a substan-
tial in�uence on fossil energy markets. The long-run economic e�ects of these
policy and market developments on agricultural markets, land use, and U.S.
energy independence are poorly characterized at this time, and analysis of these
issues using appropriate methods is sorely needed. Policymakers will doubtlessly
consider numerous changes in biofuel and other energy policy in coming years,
necessitating analyses using the type of model presented here.

After describing the data used, we provide a description of the CGE model.
The unique biofuels-related components of the model are described in relatively
greater detail than other more typical CGE model components. Section 4 de-
scribes the calibration of key elasticities of substitution and transformation.
Section 5 describes the calibration of the model's biofuel-related sectors. Sec-
tion 6 describes an additional, second-stage model component, in which changes
in equilibria calculated in the CGE are used to determine changes in global food
insecurity.

2 Data

The GTAP database is the primary data source used for calibrating the model
(Gehlhar et al., 1997). Version seven of the database is employed. The database
contains information on the �ow of funds within and between 113 regions of the
world. Individual database entries are total payments during the year 2004
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Figure 5.  The SAGE global map of the 18 AEZs 
Figure 1: Global Endowments of Land in Agro-ecological Zones (AEZs; source:
Monfreda et al., 2009)

from one database entity to another, where entities include the regions them-
selves, households, production sectors, governments, factor markets, commodity
markets, and capital markets.

Within each region, 57 production activities and corresponding �nal com-
modities are represented (at least potentially). These production sectors make
payments to primary factors of production: natural resources, capital, skilled
labor, unskilled labor, and land of various types. Payments to the factors ul-
timately are passed to a single representative household within each region. A
single government entity receives payments re�ecting a variety of taxes, and
makes transfer payments to households. Payments for �nal commodities are
made by the governments, by households, by production sectors, and capital
investment accounts. With the exception of payments for trade and transport
services, the counter-parties for all inter-regional payments are recorded, facili-
tating rich modeling of trade �ows.

A supplementary GTAP database on land use is employed, as described in
Lee et al. (2009). This supplementary database records payments by produc-
tion sectors within each region to land in each of 18 separate agro-ecological
zones (AEZs). These are areas that are relatively homogeneous with respect
to moisture, length of the annual growing period, and climate (Koppen-style
climate classi�cation). There are six categories of moisture and growing period
(arid with 0-59 growing days, dry semi-arid with 60-119 growing days, etc.), and
three climate classi�cations (tropical, temperate, and boreal), for a total of 18
AEZs. Global endowments of land in the AEZs are illustrated in Figure 1.

The GTAP database is structured in an input-output format, with separate
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USA United States of America

BRA Brazil

 Rest of South America, Mexico, Central America 

 and Caribbean

CHK China and Hong Kong

IND India

 Other High Income Far East, including Japan, Australia  

 and New Zealand

EUF EU-15 plus European Free Trade Association; Canada

EUO Other Europe; Former Soviet Union

ROW Rest of the World, including Africa and the Middle East

RSA

OFE

Figure 2: Model Regions

matrices for each region representing �nal demands for domestically produced
commodities, tax payments, industry payments for primary factors of produc-
tion, inter-regional payments, etc. The GTAP data is converted to social ac-
counting matrix (SAM) format using the method of McDonald and Thierfelder
(2004). In this format all data concerning each individual region are represented
in a single matrix that re�ects a common intra-regional price basis. The SAM
is square, with each account being represented by both a row and column of the
matrix. Individual entries in the SAM re�ect total payments from the account
represented by the entry's column to the account represented by the entry's row.

Various aggregations of the full database are typically used for this model,
wherein payments to and from some individual entities of the same type (pri-
mary factors, production activities, or regions) are summed to reduce the com-
putational burden of solving the model. The default regional aggregation em-
ploys nine world regions, as illustrated in Figure 2. The default aggregation
of production activities employs the full detail of the GTAP data over agricul-
tural and energy-related activites, but aggregates over other activities such as
services, manufacturing, etc. Thirty-�ve activities are derived from the GTAP
database, and additional seven biofuels-related activities are incorporated, as
listed in Table 1.
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Table 1: Production Activities

Activities from GTAP data: Biofuels activities:

pdr Paddy rice US switchgrass

wht Wheat US grain ethanol

gro Other cereal grains US cellulosic ethanol

v_f Fruits and vegetables US vegetable oil biodiesel

osd Oil seeds US algal biodiesel

c_b Sugar cane and beets Brazilian sugarcane ethanol

pfb Plant-based �bers Chinese grain ethanol

ocr Other crops

ctl Livestock (cattle, sheep, goats)

oap Other animals and products

rmk Raw milk

wol Wool and silk worm cocoons

frs Forestry and logging

fsh Fishing

coa Coal mining

oil Crude oil extraction

gas Natural gas extraction

omn Other mineral mining

cmt Meat prodcuts (corresponds to ctl)

omt Other meat products

vol Vegetable oils and fats

mil Dairy products

pcr Processed rice

sgr Processed sugar

ofb Other food and beverage products

clt Textiles and clothing products

wdp Wood and paper products

p_c Petroleum and coal products

crp Chemical rubber and plastic products

mfg Other manufactured products

ely Electricity

gdt Gas manufacturing and distribution

wtr Water

srv Services

trn Transportation

6



3 Model Description

The behavior of production activities and households is described using con-
stant returns to scale, nested constant elasticity of substitution (CES) produc-
tion technology. The model code accommodates the Leontief and Cobb-Douglas
limiting cases of the CES function, so that any value for the elasticity of sub-
stitution can be used as appropriate for di�erent types of market entities, and
di�erent instances of those entities. The nested CES functions are calibrated
against the base year data from the SAM, which details each entity's receipts
and payments made to all inputs. Prices of inputs recorded in the SAM are
assumed to be unity in the base year, implicitly de�ning the units in which
commodity and factor quantities are measured. Values for all elasticities of sub-
stitution are speci�ed exogenously, and the values of the other CES parameters
are then calculated as functions of that elasticity, the ad valorem tax rates, in-
put prices, and payments to inputs, as described in Shoven and Whalley (1992).
This process is recursive over the nest hierarchies, with lower nests being cal-
ibrated before higher nests. Model equilibria solutions are characterized by
mixed complementarity relationships among �rst-order conditions and solution
constraints using the speci�ed elasticities of substitution and other calibrated
parameters.

Model equations other than those describing behavior provide system con-
straints, which preserve accounting identities and impose model closure rules.
The heart of the model is a set of excess supply functions describing a Walrasian
market equilibrium. These inequalities describe factor and domestic commodity
market balance within each region, and analogous inequalities describe trade
balance among regions. These inequalities, along with corresponding market
prices, are used to characterize system equilibrium as set of mixed complemen-
tarity relationships.

The balance of this section describes model components organized by types of
economic activities and actors. Biofuels-related and land use model components
are described in somewhat greater detail, as these components diverge from
typical CGE model speci�cation and are of critical importance in applications
of this model.

3.1 Factor Markets and Production Activities

The primary factors of production, labor, capital, natural resources, and land,
are assumed to be immobile across regions. Factors are fully mobile across
production activities, and the equilibria generated by the model are therefore
long-run. Within each region, a single representative household sells its full
endowment of all primary factors to production sectors. The factors are assumed
homogeneous (with the exception of land as described below), and a single
market-clearing price for each factor determines its allocation within each region.

Each production activity maximizes pro�ts. In the top nest of the production
function, each activity employs a composite value-added-energy input, a com-
posite intermediate input, and a composite land input (for land-using activities).
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Figure 3: Standard Commodity Production Technology
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The value-added-energy input is produced in a nest that takes labor, natural
resources, and a capital-energy composite as inputs. The capital-energy com-
posite is produced using a capital and energy composite good. This arrangement
is illustrated in Figure 3. The separation of land at the top level is motivated
by the need to treat substitution between land and other inputs very carefully
for agricultural activities. The nesting arrangement among value-added and en-
ergy inputs is motivated by empirical evidence suggesting minimal substitution
between capital and energy, but much greater substitution possibilities between
labor and either of capital or energy. This evidence is described in Section 4.
The composite intermediate good is produced using �nished commodities other
than energy commodities.1 The composite land input is produced using land
from (potentially) all of the 18 AEZs within each region.

Inputs into the lower nests are subject to ad valorem taxes on their use. Pro-
duction activities are subject to a zero-pro�t condition, whereby the payments
made for all inputs, inclusive of use taxes, must equal the payments received for
output, when the output level is non-zero.

3.2 Land Transformation

We employ a land transformation scheme similar to that of the GTAP-BIO
model (Hertel et al., 2010). Each region has endowments of land for each of
the 18 AEZs. Land owners supply this endowment to forestry and agriculture
according to a constant elasticity of transformation (CET) revenue function.
This allows land rents to di�er for these alternative uses, and facilitates frictional
transformation of land use as relative returns vary. In a second stage CET
nest, agricultural land is allocated between cropland and pastureland. This is
illustrated in Figure 4.

Land of each of these �nal transformed types (forestry, crop, pasture) is
implicitly assumed homogeneous. The dairy and livestock-related production
activities in each region (ctl, rmk, wol) compete for land in markets for pas-
tureland for each AEZ. The other, primary agricultural production activities
compete for land in markets for cropland for each AEZ in each region. Pro-
duction activities ultimately use land from each AEZ to produce a composite
land input using CES technology, as illustrated in Figure 3. This re�ects im-
perfect substitution among land from di�erent AEZs in production of particular
commodities.

3.3 U.S. Biofuels-related Activities

Interesting model features relate to U.S. biofuels production. The GTAP database
does not contain information on biofuels production, and data from other sources,
including USDA reports, and agronomic and engineering studies are used to cal-
ibrate and incorporate production sectors related to biofuels. New production
sectors relate to feedstock production and production of biofuels themselves.

1Technically, commodities entering into domestic consumption are themselves composites
of domestic output and imported goods, as described in subsection 3.7.
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Figure 4: Land Transformation
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Additionally, the existing petroleum and coal products sector is modi�ed to re-
�ect the incorporation of biofuels into the energy products distribution stream.
Each of these enhancements is now described in turn.

A switchgrass production sector is added to the model, as switchgrass is a
leading candidate cellulosic ethanol feedstock. Switchgrass is a summer peren-
nial grass that is native to North America and is a dominant species of the
remnant tall grass prairies in the United States. Switchgrass is resistant to
many pests and plant diseases and has the potential to produce high yields with
low fertilizer application rates. Switchgrass can be grown on marginal land
with fairly moderate inputs and can also protect the soil from erosion problems
(Du�y and Nanhou, 2002). The two main types of switchgrass are upland types
(grows to 5 or 6 feet tall) and lowland types (grows to 12 feet tall). Switchgrass
planting and harvesting is very similar to other hay crops and the same ma-
chinery can be used for harvesting. When switchgrass is produced for biomass,
it can be cut once or twice a year. Switchgrass is currently grown as a forage
crop on limited acreage in the Conservation Reserve Program (CRP), and on
various test plots throughout the United States. Calibration of the switchgrass
production sector is described in Section 5.1.

Corn stover is a byproduct of corn grain production and consists of the
stalk, leaf, husk, and cob remaining in the �eld after the corn grain harvest.
The main component of corn stover is cellulose. Corn stover composition and
moisture content varies due to several factors such as region, soil type, weather,
corn variety, and harvesting methods (Aden et al., 2002). Half of the corn crop
yield by weight is corn stover, but it is generally left in the �eld after harvest. A
portion of the stover can be collected and used as a biomass source for cellulosic
ethanol production, but a certain percentage must be left on the ground to avoid
soil erosion. Less than 5% of corn stover production is generally used currently
(Hettenhaus and Wooley, 2000).

Given that large quantities of corn stover are currently produced, yet little is
utilized, they are likely the lowest cost biomass source as cellulosic ethanol pro-
duction begins (Gallagher et al., 2003). Consideration of corn stover is therefore
critical to ensuring that an unrealistic level of dedicated energy crop production
is not provoked by increases in cellulosic ethanol production. We incorporate
stover as a �xed proportions joint product of cereal grain production (Figure
5). Costs for producing corn stover are therefore not separately modeled, but
are instead shared with the cereal grains production activity. Collection and
transportation costs for stover in this model are borne by the consumer.

A portion of the corn stover can be collected and used as a biomass source
for cellulosic ethanol production. The amount that can be removed varies by
region, soil conditions, and harvest activities. Corn stover is very important
in preserving the organic matter and nutrients in the soil following corn grain
harvesting and preventing soil erosion. It is di�cult to establish a corn stover
removal rate that is ideal for all regions due to variations in soil and weather
conditions. Additionally, stover collection is restricted by several constraints
relating to available collection technologies. For the purposes of this model,
we assume a stover collection rate of 30%, which is consistent with available
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Figure 5: Joint Production of Coarse Grains and Stover

collection technology and is believed sustainable from an erosion standpoint.
Two U.S. ethanol production sectors are incorporated into the model, re�ect-

ing two possible feedstocks: cereal grains and biomass. Fuel ethanol production
from grain feedstocks is a mature technology, and numerous estimates of pro-
duction costs and their structure are available. Calibration of the grain ethanol
production sector is described in Section 5.1.

So-called cellulosic ethanol is widely viewed as a promising avenue for de-
velopment of sustainable, domestically produced liquid fuel. Cellulosic ethanol
is produced by converting cellulose from plants into sugars which can then be
fermented and distilled using standard technology. Enzymatic hydrolysis is
the technology being most actively pursued for cellulosic conversion, and this
is the technology against which we calibrate cellulosic ethanol production sec-
tors. This technology is much less mature than that of grain-based ethanol, and
production on large commercial scales has yet to commence. Cost estimates
therefore re�ect a fair amount of uncertainty. Available cost studies vary widely
in their assumptions, particularly regarding production scale, feedstock costs,
and enzyme costs. We incorporate both corn stover and switchgrass as biomass
feedstocks for cellulosic ethanol production. Calibration of the cellulosic ethanol
production sector is also described in Section 5.1.

Two biodiesel production activities are incorporated into the model. A fatty
acid methyl ester (FAME) biodiesel activity produces fuel via transesteri�cation
using vegetable oil as a feedstock. This is the traditional and predominant

12



form of biodiesel production worldwide. As an established technology currently
operating at commercial scales, we are con�dent in the cost estimates used in
calibrating this activity. Calibration of this activity is described in Section 5.2.

An algal activity re�ects both feedstock (algal oil) production and conversion
to fuel. Substantial challenges to and uncertainty regarding real-world imple-
mentation of this activity exist, as described in Wij�els and Barbosa (2010)
and Lundquist et al. (2010). In this activity, microalgae is produced using one
of two possible technologies: open ponds or photobioreactors. In the former,
algae is grown in water in open, outdoor raceways that are injected with carbon
dioxide and continuously stirred. Various parameters for pond con�guration
(e.g., water depth and square footage), pond seeding (continuous vs. batch),
harvesting (continuous, semi-continuous, or batch, using various methods such
as centrifuging, �occulation, or electrocoagulation), nutrient addition, and pop-
ulation �crash� handling are currently under investigation. The open pond ap-
proach to algae production attempts to minimize capital costs at the expense of
less control over growing conditions. The photobioreactor technology, by con-
trast, accepts higher capital costs in a e�ort to create ideal conditions for algae
growth. Photobioreactors are closed systems consisting of transparent growth
containers in which the light intensity, nutrient availability, and temperature
can be carefully controlled.

Following production and harvesting of algae, oil and other constituents
are separated in an extraction process. As with algae growth and harvesting,
substantial uncertainty currently exists as to the technically and economically
optimal extraction process, and various possibilities are under investigation.
After extraction, algae oil is used in our model activity to produce a biodiesel
fuel using a transesteri�cation process. Our representation of this activity also
accommodates the possibility of joint production of both algae meal and high-
value oils. Characteristics and potential value of the meal are described in
Gogichaishvili (2011). In general, current research into algal fuel production
suggests quite high production costs relative to other biofuels, and this activity
is therefore incorporated as a latent technology that becomes active only under
suitable policy scenarios. Calibration of our algae activity is described in Section
5.2.

All biofuels are consumed by a petroleum and coal products production sec-
tor. This arrangement is similar to Reilly and Paltsev (2007), who assume that
the output of their �bio-oil� sector is a perfect substitute for re�ned oil prod-
ucts. The arrangement is also somewhat similar to McDonald et al. (2006), who
consider switchgrass as a substitute for crude oil in the production of re�ned
petroleum products. More generally, the use of biofuels as an input into produc-
tion of petroleum products is consistent with the nature of actual biofuel market-
ing, which typically involves the distribution of blends of biofuels and traditional
petroleum-based fuels. The petroleum and coal products production sector is
depicted in Figure 6. Traditional petroleum and coal products are produced
in a nested sub-tree structured like all other commodity production functions
in the model. Biofuels and the composite traditional coal and petroleum-based
products good are used in the production of the new, more broadly de�ned
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Figure 6: Petroleum and Coal Products Sector

petroleum and coal products commodity. The top nest is calibrated using the
value of production of the traditional coal and petroleum products, the quantity
of fuel ethanol produced in 2004, and the 2004 grain ethanol cost of production
of about $1.21. Note that cellulosic ethanol and algal biodiesel production are
not used in the calibration of this nest as these fuels were neither produced
nor consumed in 2004. Advanced biofuels are instead incorporated as a latent
technologies that become active under appropriate market or policy conditions.

Production of U.S. biofuels is aggregated in various ways to re�ect the struc-
ture of the revised Renewable Fuel Standards set forth in the Energy Indepen-
dence and Security Act of 2007 (RFS2). These aggregations are also depicted
in Figure 6. Under RFS2, production mandates are nested. There is a total
biofuels mandate (36 billion gallons of ethanol-equivalent by 2022), which must
be satis�ed using a minimum quantity of �advanced� biofuels (21 billion gallons
by 2022). Under RFS2 rules, our grain ethanol production activity represents
a �conventional� biofuel, while the cellulosic ethanol and both biodiesel sectors
represent advanced biofuels (EPA, 2010a,b). Furthermore, the mandated quan-
tity of advanced biofuels must be comprised of minimum quantities of biodiesel
(at least 1 billion gallons of ethanol-equivalent by 2012 and beyond) and cellu-
losic biofuels (16 billion gallons by 2022).

Quantities of ethanol are modeled in gallons (not abstract units such that
base year prices equal unity), so imposition of production mandates is straight-
forward. Under RFS2 rules, biodiesel mandates are described in ethanol-equivalent
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volumes. We calibrate our biodiesel activities using these units as well (i.e.,
quantities are measured in 84,000 BTU units rather than gallons of biodiesel).
Again, this facilitates straightforward imposition of RFS2 mandates as they are
commonly described.

Currently in the model, ethanol is produced using either grain or biomass.
The resulting ethanol is assumed to be homogeneous for purposes of use, and
in the absence of a binding use mandate the two varieties should command the
same price. Analogously, biodiesel produced by our two di�erent production
activities is assumed homogeneous in use and price in the absence of binding
use mandates.

In the presence of binding use mandates, various biofuels must be allowed
to command di�erent prices. This is accomplished by requiring the petroleum
and coal products activity to purchase aggregate biofuel output at a quantity-
weighted price, and allowing the various advanced biofuels to collect price pre-
miums above the grain ethanol price if use mandate are binding. This scheme is
described by several equations and complementarity relationships in the model.
The average cost of aggregate U.S. biofuels consumed is given by

Pave =

(
1∑
j Qj

)∑
i

(Pi − Vi)Qi, (1)

for i, j ∈ {GEth,CEth, FAME,Algal}, where the GEth denotes grain-based
ethanol, CEth corresponds to cellulosic ethanol, and so forth. Pi and Qi rep-
resent prices and ethanol-equivalent quantities of fuel i, respectively, and Vi
represents a volumetric government incentive for use. Default values for Vi are
comprised of the volumetric ethanol excise tax credit (VEETC) of $0.45 per
gallon for grain ethanol, and VEETC plus additional incentives totaling $1.00
per gallon for cellulosic ethanol. For biodiesel, Vi represents the $1.01 per gal-
lon Biodiesel Tax Credit (adjusted to re�ect our 84,000 BTU units rather than
gallons).

The prices of the advanced biofuels relative to that of grain ethanol are

PCEth = PGEth + λadv + λCEth (2)

PFAME = PGEth + λadv + λbiodiesel (3)

PAlgal = PGEth + λadv + λAlgal (4)

where λadv ≥ 0 is a price premium that applies to all advanced biofuels, and each
fuel potentially enjoys its own individual premium as well. This speci�cation
re�ects the nested nature of RFS2 mandates. The market excess supply of
biofuels is

QGEth +QCEth +QFAME +QAlgal −Qdemanded ≥ 0 ⊥ Pave ≥ 0. (5)

Here, the ⊥ symbol denotes a complementarity relationship, whereby exactly
one of either the excess supply or Pave is exactly zero, and the other is strictly
greater than zero.
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The overall RFS (satis�ed by total use of biofuels of all kinds) is imposed by
requiring a minimum level of use of the biofuels bundle by the top nest of the
petroleum and coal products activity. The various advanced biofuel components
of RFS2 can be imposed, by allowing positive price premiums for advanced
biofuels:

QCEth +QFAME +QAlgal −RFSadv ≥ 0 ⊥ λadv ≥ 0 (6)

QCEth −RFScell ≥ 0 ⊥ λcell ≥ 0 (7)

QFAME −RFSFAME ≥ 0 ⊥ λBiodiesel ≥ 0 (8)

QAlgal −RFSAlgal ≥ 0 ⊥ λAlgal ≥ 0. (9)

Note that there is no algal component to RFS2, but we incorporate an algal
price premium and the possibility of a use mandate nonetheless to facilitate
evaluation of policy scenarios that feature such a mandate. Depending on the
exact policy scenario under consideration, equations 4 and 8 may be modi�ed
to apply algal biofuel production to the biodiesel RFS.

Switchgrass is not currently produced in commercial quantities, and is there-
fore modeled as a latent technology. The cellulosic ethanol production activity is
the sole consumer of aggregate biomass production from corn stover and switch-
grass (if any in a given equilibrium). Biomass from these two sources commands
the same price in the model in the absence of any use mandate, but switchgrass
is allowed to command a price premium in the event of a binding use mandate.

Pswitchgass = Pstover + λswitchgrass (10)

Qswitchrass − S ≥ 0 ⊥ λswitchgrass ≥ 0 (11)

Here, S is the mandated level of switchgrass use. The biomass consumer is
again required to purchase biomass at a weighted average price:

Pbiomass =
PstoverQstover + PswitchgrassQswitchgrass

Qstover +Qswitchgrass
. (12)

3.4 Households

A single representative household is speci�ed for each region. The household is
endowed with primary factors of production, including land, which are rented
to production sectors. The government imposes ad valorem taxes on factor
incomes. Household income is also augmented by transfer payments from the
government. The household is subject to a budget constraint, by which net
income is exactly exhausted by utility production.

Utility production by each region's representative household is illustrated in
Figure 7. The household saves a portion of income and consumes a composite
consumer good. This composite consumer good is produced using composite
food, energy, and other goods, which are each produced in lower nests using the
individual commodities represented in the model. Consumption by households
is, of course, subject to sales taxes.
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Figure 7: Household Utility Production

3.5 Government

Each region features a government which collects several types of taxes. All
taxes are speci�ed ad valorem, with default rates inferred from the base year
SAM. Taxes on factor incomes are levied against the representative household,
and taxes on factor use are levied against production activities. Taxes are
levied on imports and exports of commodities. A tax is levied on commodity
production, and sales taxes are levied on purchases of commodities for �nal
consumption, intermediate use in production, or investment use. Perhaps sur-
prisingly, a tax on government consumption of commodities is speci�ed in the
model, as this is needed to accommodate the GTAP data for some regions.

Government budget balance is imposed for each region. All government
income is exactly exhausted, and is distributed in �xed proportions via transfer
payments to the representative household and purchases of �nal goods.

3.6 Trade

Each region potentially trades �nal commodities with other regions. Demand for
commodities re�ects the Armington convention, whereby domestically produced
and imported goods are imperfect substitutes (Armington, 1969). For each
imported commodity in each region, imports from foreign regions are used to
produce a composite import good (Figure 8). The domestic production of the
commodity that is allocated for domestic consumption and the corresponding
composite import good are then used to produce a composite �nal commodity
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Figure 8: Commodity Trade System

that is allocated among end users.
Domestic commodity production is allocated between domestic use and ex-

port to foreign regions using nested constant elasticity of transformation (CET)
functions (also depicted in Figure 8). Production is initially allocated between
domestic use and export, and then the export commodity is allocated among
individual destinations. Both imports and exports are potentially subject to
tari�s, rates for which can be partner region-speci�c.

Goods are valued within each region in their local currencies, net of all
tari�s and inclusive of transport margins in the case of imports, for purposes
of determining import and export behavior. Corresponding F.O.B. values in a
global reference currency are calculated for purposes of international trade.

A single trade and transport commodity is consumed in the import pro-
cess, based on commodity, source, and destination-speci�c transport margins.
The trade and transport commodity is assumed perfectly homogeneous, and is
imported by all regions from a �globe� region. The globe region imports the
transport good from all exporting regions, and internally determines a global
price that equilibrates global supply and demand. This assumption of a homoge-
neous transport good with a single global price is necessary because the GTAP
database does not record the speci�c destination regions for exports of trade
and transport services. All such exports must consequently be pooled together,
valued and distributed by an arti�cial global transport services aggregator.
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3.7 Commodity Markets

Within each region, the �nal composite consumption commodities are allocated
to end use by households, intermediate use in production, government consump-
tion, and investment use. All forms of commodity use are potentially subject
to taxation. Model solutions feature a market-clearing price that equilibrates
aggregate demand across all uses to the supply determined by a region-wide
representative importer and aggregator of the domestic good and composite
imported commodity, as described in the previous sub-section.

3.8 Model Closure

Primary factors are fully employed in each region. Government tax rates and
government savings are �xed. Government spending is �exible, adjusting equi-
proportionatly across consumed commodities to just exhaust variable govern-
ment revenue within each region. Exchange rates are �exible (with the exception
of a reference region), and net foreign capital out�ows from each region are �xed
in terms of the world reference currency. Each region's representative house-
hold has a �xed marginal propensity to save, and investment purchases adjust
equi-proportionatly across capital goods to accommodate changes in savings.

4 Calibration of Key Elasticities of Substitution

and Transformation

In this section, we describe the calibration of some of the model's constant elas-
ticities of substitution and transformation. There are at least three approaches
to calibrating elasticities of substitution. First, econometric estimates of such
elasticities may be employed directly. One di�culty with this approach is �nding
estimates of the correct form. Blackorby and Russell (1989) demonstrate that
the Morishima elasticity of substitution is the appropriate form corresponding
to the standard de�nition of CES technology that we employ in our model, but
many studies report only Allen partial elasticities of substitution.

A second approach is calibration of elasticities of substitution against de-
mand elasticities reported in econometric studies. Similarly, elasticities of sub-
stitution can be calibrated against measured supply responses.

Finally, elasticities of substitution may be calibrated against measured yield
responses (the response to output price changes of the ratio of output quantity
to one speci�c input quantity). Because the CES production function is homo-
geneous of degree one, the ratio of the output quantity to any individual input
quantity (a �yield� with respect to a single input such as land) is a function
strictly of relative input prices. This approach therefore relies on auxiliary as-
sumptions regarding input �xity, with Keeney and Hertel (2008) providing an
example of this latter approach.

We employ the �rst two approaches to calibrating various elasticities of sub-
stitution and transformation in our model. Before discussing speci�c cases, we
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�rst describe the second approach.

4.1 Calibration of a CES to a Compensated Own-price

Elasticity of Demand

The Marshallian demand function for good i associated with CES preferences
is:

X∗
i =

αiI

pσi
∑
j αjp

1−σ
j

This can be used to generate a simpli�ed expression for the good's compensated
own-price elasticity of demand:

εCii = σ

[
p1−σi αi∑
j αjp

1−σ
j

− 1

]

= σ

[
piX

∗
i

I
− 1

]
= σ [Si − 1]

where Si is the income share of the ith input in the base data. Obviously,
the single CES parameter σ could be calibrated against any one of the inputs'
demand elasticity and income share. One simple strategy for considering infor-
mation from all inputs would be to weight the individual expressions for σ by
the corresponding inputs' income shares:

σ̄ =
∑
i

Si

(
εCii

Si − 1

)
(13)

Note that the approach is identical in the case of CET. For CES, individual
values of σ will be positive given that Si− 1 must be strictly less than zero and
given an εCii < 0. For CET, the relevant supply responses will be positive, and
individual values of σ will be negative.

4.2 Production Activities

Substitution possibilities among inputs in production activities are discussed
in this subsection. In particular, our characterizations of substitution between
energy and value-added inputs, between land and other inputs in production
of primary agricultural commodities, and between primary resource inputs and
other inputs in processing industries (e.g., petroleum re�ning) are described.

Energy Demand and Capital-Energy Substitution

For a model that is substantially concerned with energy-related issues, accu-
rate re�ection of energy demand and substitution between energy and other
inputs in commodity and utility production is critical. Burniaux and Truong
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(2002) review empirical evidence related to energy use in production activity
and substitution between energy and other inputs. Taken as a whole, the body
of evidence they review suggests that limited substitution between capital and
energy is possible, while much greater opportunities for substitution between
labor and either of capital or energy exist. This motivates the nesting structure
for value-added and energy inputs into production described in Section 3 and
illustrated in Figure 3. Given this nesting structure, our remaining task is to
calibrate the relevant elasticities of substitution, σAEnergy, σAKEn, and σAV ad.

For σAEnergy, which measures substitution possibilities among energy in-
puts into production, we considered several articles reviewed in Stern (2011).
Noting that Stern found that elasticities of substitution tended to be smaller
at higher levels of industry aggregation, Beckman and Hertel (2010) consider
a subset of the studies Stern reviewed when specifying this parameter. They
were concerned with calibrating a medium-run response, however, whereas we
are concerned with a long-term (20 year) response. We therefore consider a
smaller subset of papers in which take care to distinguish between long-run and
short-run responses. The long-run own and cross price elasticities of industrial
demand for energy commodities reported in Renou-Maissant (1999) suggest, on
average, a value for σAEnergy of approximately 0.35. Averaging across relevant
long-run Allen partial elasticities of substitution reported in Urga (1999) and
Urga and Walters (2003), a value of 0.24 is suggested. We employ the simple
of average of these, specifying σAEnergy = 0.305. This is slightly higher than
the 0.25 employed by Beckman and Hertel (2010), a value which they discov-
ered would result in GTAP-E model approximately recreating energy market
gyrations observed over a �ve-year horizon.

For σAKEn, which measures substitution possibilities between capital and
energy, we review three sources. A survey in Thompson and Taylor (1995)
summarizes Morishima and Allen partial elasticities of substitution from sev-
eral studies conducted in the 1970s and early 1980s. They �nd considerable
variability in the AES estaimtes, with a mean estimate of 0.17. They �nd the
MES estimates considerably more stable, with means of 1.01 and 0.76 for the
Morishima elasticities for energy and capital price changes, respectively. The
MES are theoretically more appealing, and we therefore attach more weight
to these estimates. Unfortunately, the data used in the reviewed studies are
quite old, and no distinction is made between short and long run adjustments.
Okagawa and Ban (2008) use much more recent panel data for 19 industries
in 14 OECD countries to estimate nested CES production structures. Their
�KE-L� nesting formulation is identical to our structure portrayed in Figure 3
without the land and natural resource components. For this structure, they �nd
an average (across industries) value for σAKEn of 0.2125. Beckman and Hertel
(2010) �nd that the GTAP-E model reproduces observed market activity for a
�ve year period wen they specify a value of 0.25 for this parameter, however
our horizon is somewhat longer at 20 years, a�ording time for greater adjust-
ment. Considering all of the above evidence, we specify a value of 0.35 for this
elasticity.

For σAV ad, which measures substitution possibilities between the capital-
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energy composite and labor (natural resource inputs are relevant for mineral
extraction activities only), we �rst consider the evidence from several prominent
but older studies (Berndt and Wood (1975); Pindyck (1979); Kulatilaka (1980);
Troung (1985)). The average partial Allen elasticity of substitution for capital
and labor reported in these studies is 0.964, while the average for energy and
labor is 0.848. More recently, Okagawa and Ban (2008) estimate (again using
their �KE-L� nesting formulation) an average (across industries) value for σAV ad
of 0.35. We attach relatively more weight to recent evidence, and specify a value
of 0.45 for this parameter.

Land in Agricultural Production

Elasticities of substitution between land and other inputs in agricultural com-
modity production will be an important determinant of land use change resulting
from biofuel and energy-related shocks. We consider various direct estimates of
this elasticity of substitution in specifying this model parameter.

Binswanger (1974) employs a cost function approach to estimate pairwise
Allen partial elasticities of substitution between ag inputs. He pools aggregate
data for agriculture for various U.S. states in 1949, 1954, 1959, and 1964. Using
cost shares corresponding to his sample period, the weighted average Allen
elasticity of substitution between land and other inputs is 0.802. This estimate
has the disadvantages of using quite old data, and employing Allen rather than
Morishima elasticities of substitution. Lopez (1980) provides also employs a
dual approach, using data for Canadian agriculture for various years. For his
latest sample (1977), he �nds Allen partial elasticities of substitution between
land and other inputs that range from 0.209 to 0.539, with an average of 0.345.
Clark and Youngblood (1992) also study Canadian agriculture using a dual
approach. Using their preferred model (from two separate models that they
estimate), they �nd an average Allen partial elasticity of substitution between
land and other inputs of 0.332. Debertin et al. (1990) provide estimates of Allen
and Morishima elasticities for U.S. agriculture for the individual decades of the
1950's, 60's, and 70's. Using their 1970's estimates, the cost share weighted
Allen partial elasticity for land vis-a-vis other inputs is 0.141. The analogous
weighted average Morishima elasticity of substitution is 1.348. Hertel et al.
(1996) consider substitution between land and nitrogen fertilizer in U.S. corn
production. Employing time series data for 1976 through 1990, they estimate
an Allen elasticity of 1.15.

Overall, these elasticity estimates exhibit little consistency, perhaps owing to
varying data vintages, methodologies, and subjects of study. A simple average
of the Allen elasticities of substitution cited above is 0.554, with a standard
deviation of 0.41. Also troubling for speci�cation of this parameter for our model
is the fact that only a single estimate of the Morishima elasticity of substitution
is available. This single estimate (1.348) is noticeably higher than our average
Allen elasticity estimate, and is conspicuously higher than the corresponding
Allen elasticity estimate from the same study (0.141). The time frame over
which the elasticities apply is little discussed in any of the cited references.
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Amid this substantial uncertainty, we specify a default value of 0.50 for this
parameter. We note however that our model results in any given analysis should
be subject to careful sensitivity analysis with respect to this parameter.

Processing Industries

We de�ne processing activities as those production activities that are predom-
inantly concerned with transformation of raw natural resources or commodi-
ties (e.g., crude oil, paddy rice, etc.) into more useful forms (e.g., petroleum
products, processed rice). Here, we are primarily concerned with substitution
possibilities between value-added inputs (capital and labor) and a primary in-
termediate input. In these production activities, we employ a very low CES
of 0.15 in the production of a composite intermediate good (see Figure 6 for
example) which will embody the primary raw input. Thus, substitution possi-
bilities between the primary raw commodity input and value-added inputs are
characterized predominantly by the top nest (σATop in Figure 3).

For ag commodity processing industries, we employ estimates from Moroney
and Toevs (1977). For meat packing, dairy products production, and grain
milling, they �nd average Allen elasticities of substitution between the primary
corresponding raw commodity inputs and other inputs of 0.47, 1.59, and 0.09,
respectively. We map their average estimate for meat packing to our elasticity
of substitution in our top level production activity nests for our beef products
production activity (cmt in Table 1), our other meat products activity (omt),
and our other food and beverage products activity (ofb). We map their dairy
products estimate to our dairy products production activity (mil). Finally, we
employ their grain milling elasticity estimate in our processed rice, processed
sugar, and vegetable oil and fats activities (pcr, sgr, and vol).

Moroney and Toevs (1977) also provide estimates of partial Allen elasticities
of substitution between crude oil and other inputs in petroleum re�ning, with
an average (across paired inputs) point estimate of 0.98. We use this average
estimate in our petroleum and coal products sector (σATop in Figure 6).

4.3 Land Transformation

Here, we follow the approach of Ahmed et al. (2008), but update relevant data
inputs using GTAP7 rather than GTAP6, and make modi�cations due to di�er-
ing land transformation schemes in their work and ours. For each AEZ in our
model, in the bottom CET nest depicted in Figure 4, raw land is transformed
for use in either agriculture or forestry. Ahmed et al. (2008) do not provide own-
return elasticities of land use for agricultural land generally, but instead provide
separate own-return elasticities of land use for cropland and pastureland. We
therefore calibrate this initial land transformation elasticity using their forestry
own-return land use elasticity; we do not average over individual CET values
as in equation 13. As depicted in Figure 2 of Ahmed et al. (2008), forestry use
of land is highly inelastic, with a one-percent increase in the return to forestry
land inducing only a ≈ 0.03% increase in such use at a 100-year horizon. For
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a 20-year horizon, they indicate an own-return elasticity of forestry land use
of 0.02%, which we use as a default for calibration. For the usa region, this
elasticity of forestry land use and a forestry revenue share in our base year of
0.137 results in a CET for these nests in this region of -0.029. We obtain similar
values for other regions.

Agricultural land is further transformed for use as either pasture or for crop
production, as depicted in Figure 4. From Ahmed et al. (2008), 20-year elastic-
ities of land use for cropland and pastureland are 0.145 and 0.345, receptively.
Given that these elasticities are available for both of these uses, we employ
revenue-share weighted average elasticities of transformation as in equation 13.
Cropland commands a much larger share of revenue to agricultural land than
does pastureland in all regions. For the usa region, we obtain individual CET
values of -0.774 and -0.425 for cropland and pastureland, respectively, with a
weighted average of -0.709.

4.4 Trade

The magnitudes of elasticities of substitution among imports from competing
trading partners are studied in Hertel et al. (2007). These quantities correspond,
in our model, to σCImp illustrated in Figure 8. We adopt their estimates,
which are available for most commodities in our model. The commodities for
which they are not available are electricity, water, natural gas, services, and
transportation. Trade in the �rst three of these commodities is quite limited and
di�cult, relying on expensive infrastructure. We therefore assume values at the
low end of the ranges for the other commodities. For services and transportation,
we assume values that are typical of those for other commodities.

The elasticities of substitution between imported and domestically produced
commodities will also be an important determinant of the response of trade
patterns to shocks (σCTop in Figure 8). For key commodities, we calibrate these
elasticities against various econometric estimates.

4.5 Substitution between Petroleum Fuels and Biofuels

Reliable econometric measurements for calibrating this elasticity of substitution
(σANewTop in Figure 6) are not available. Rapid increases in the use of biofuels
in the U.S. and Europe in recent years suggest a substantial societal willing-
ness to incorporate biofuels into the overall liquid fuel mix. Hertel et al. (2010)
exploit this recent experience to infer values for this parameter, adjusting it
until their CGE model accurately reproduced observed changes in biofuel con-
sumption between 2001 and 2007. They �nd a value of 1.65 for the E.U. and a
value of 3.95 for the U.S. Due to the time required for vehicle �eets to adjust to
accommodate alternative fuels, this parameter should be speci�ed with consid-
eration of the adjustment horizon of a particular analysis. A 20-year adjustment
horizon should a�ord somewhat greater �exibility than the values inferred using
2001-2007 data; we set a default value of 4.0 for this parameter.
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5 Calibration of Biofuels and Energy Crop Pro-

duction Sectors

5.1 Calibration of Ethanol-related Sectors

Calibration of the grain ethanol production function is accomplished by cal-
ibrating cost shares and total cost to available cost studies. Numerous such
studies were reviewed (Ti�any et al., 2008; Environmental Protection Agency,
2007; Eidman, 2007; Burnes et al., 2005; Shapouri and Gallagher, 2005; Wallace
et al., 2005; Ti�any and Eidman, 2003; McAloon et al., 2000), and the individual
unit cost schedules were adjusted to re�ect a 2004 corn price (corresponding to
our GTAP7 base year). The average adjusted unit cost estimate of about $1.21
is employed in calibration. Cost shares for individual inputs were averaged over
available studies as well, and those averages were used for calibration. Actual
per gallon unit costs are used as the base year price rather than unity, and
the corresponding output quantity variables are therefore measured in standard
physical units (i.e., gallons).

All available cost estimates for cellulosic ethanol production assume use of
switchgrass as a feedstock (Aden et al., 2002; McAloon et al., 2000; Wallace
et al., 2005; Wooley et al., 1999), and these cost data are used for calibration.
The di�erent cost estimates are normalized to re�ect identical biomass costs,
and to re�ect the cost of biomass collection and transportation. The resulting
average normalized estimate of total unit cost of $2.08 is used in the calibration.
Individual costs from the studies reviewed were categorized and aggregated as
appropriate, and these categorized costs were mapped to the primary factors
and commodities employed in the model. As with the grain ethanol produc-
tion sectors, per gallon unit costs are used as the base year price rather than
unity, and the corresponding output quantity variables are therefore measured
in gallons.

We incorporate a dedicated switchgrass production activity following the
approach taken by McDonald et al. (2006), and contrasting with the approach
of Raneses et al. (1998) who considered switchgrass an output of an existing
�other hay� sector. As in McFarland et al. (2004), we calibrate the production
technology for this sector using cost share and total cost information. Following
McDonald et al. (2006), cost shares for the inputs into switchgrass production
are set to levels similar to those of similar crops in the GTAP database. The
speci�cation of cost shares for individual AEZ land inputs is based on compar-
ison of the geographical distribution of U.S. AEZ endowments (see Figure 1)
with the geographical distribution of likely switchgrass production reported in
Ugarte et al. (2003). This approach considers both the suitability of individual
AEZs for switchgrass production and the returns of competing uses of land in
each AEZ. The total cost of switchgrass production in the base year is based on
a broad literature review (Du�y, 2008; Du�y and Nanhou, 2002; Khanna and
Chapman, 2001; Mapemba et al., 2007; Perrin et al., 2003, 2008; Turhollow,
2000; Vogel, 2007; Walsh et al., 2003; Ugarte et al., 2003). Individual estimates
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Table 2: Cost Structures of Ethanol-related Production Activities

U.S. Grain U.S. Cellulosic U.S.

Ethanol Ethanol Switchgrass

($/gal) ($/gal) ($/ton)

Capital 0.21 0.52 9.99

Labor 0.11 0.25 10.41

Biomass 0.77

AEZ7 0.22

AEZ8 8.84

AEZ9 8.84

AEZ10 1.11

AEZ11 1.11

AEZ12 1.99

Other cereal grains 0.47

Other crops 1.03

Other mineral mining 0.46

Textiles and clothing products 0.46

Wood and paper products 0.05

Petroleum and coal products 0.08 0.02 1.37

Chemical rubber and plastic products 0.09 0.29

Other manufactured products 19.52

Electricity 0.07 0.02

Gas manufacturing and distribution 0.05

Water 0.01 0.01

Transportation 0.12 0.20

Total 1.21 2.08 65.39

from these sources were adjusted based on their varying assumptions, and a av-
erage price of approximately $65 per ton is used in calibrating this sector. This
cost is exclusive of transportation costs, which are borne by the consumer. In
contrast to standard practice in CGE model calibration, we use actual price per
ton for switchgrass, and model quantities are therefore measured in standard
physical units (c.f., physical units that are implied by a base year price of unity).

5.2 Calibration of Biodiesel-related Sectors

Two biodiesel-related sectors are incorporated into the model. The fatty acid
methyl ester (FAME) production activity is based on a vegetable oil feedstock.
This sector is calibrated against the cost structure reported in Fortenbery (2005)
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for an operation using soybean oil as a feedstock. Individual cost items were not
adjusted to re�ect 2004 prices, as that research likely took place predominantly
in 2004 (corresponding to our GTAP7 base year). The unit cost estimate of
about $2.88 per gallon is employed in calibration. Actual unit costs per 84,000
BTU of biodiesel are used as the base year price, and the corresponding out-
put quantity variables in our model are therefore measured in ethanol energy-
equivalent volumes (cf., gallons or non-standard units that imply a base-year
price of unity). The cost structure for vegetable oil FAME is presented in Table
3. For this vegetable oil biodiesel activity we employ a nested CES strucutre
similar to the standard production technology (Figure 3). However, this ac-
tivity features vegetable oil as an individual input into the top nest (it is not
included in the intermediate nest), and no composite land input. This allows us
to specify a very limited potential for substitution between the feedstock and
other inputs (σTop = 0.15).

Calibration of the algal biodiesel production activity is much more challeng-
ing, as no commercial scale production exists, and eventual production costs are
highly uncertain. We currently have available three full cost structure estimates,
any of which can be employed in our model.

Allison (2010) considers the construction and operation of a commercial
scale (hundreds of acres) open pond algal production system in either Texas or
New Mexico. His analysis includes harvesting and extraction processes, and he
reports output of algal oil, algal meal and high-value oils. His study employs
vendor quotes to develop original cost estimates, and considers net in�uences
on pro�tability to optimize some aspects of the operation's design (especially
water depth). He also considers the e�ect of stochastic growing conditions, and
costs per unit of output therefore vary with weather conditions. We employ
10-year average costs from his model for algal oil production in New Mexico
to calculate costs per 84,000 BTU of �nal diesel fuel. We assume a standard
transesteri�cation process is applied to the algal oil. We adjust all production
costs to a 2004 basis (corresponding to the base year for the GTAP7 data)
using various producer price indexes from BLS. These adjusted costs, mapped
to WEAM commodities and primary factors, are reported in Table 3. We use a
hypothetical 2004 price for algal meal from Gogichaishvili (2011) in calculating
co-product value.

Davis (2011) evaluates the feasibility of building and operating a facility that
would produce 10 million gallons per year of algal oil, using either open ponds
or photobioreactor technology (hence we acquire two cost estimates from this
source). Lipid content is assumed to be around 35%, and high-value oil output
is not considered. Productivity of 0.11 grams of biomass per liter of water per
day is assumed. They estimate capital costs for open pond and photobioreactor
systems using a combination of vendor quotes, previous estimates, and standard
engineering estimates. We again assume a standard transesteri�cation process
is applied to the algal oil. Total costs, adjusted to a 2004 basis and mapped
to WEAM commodities and primary factors, are reported in Table 3. The
photobioreactor approach is dramatically more expensive at $24.44 (2004 costs)
per 84,000 BTU of fuel, with a comparable cost for the open pond approach of
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Table 3: Cost Structures of Biodiesel-related Production Activities

Veg-oil Algal FAME Algal FAME Algal FAME

FAME Davis (pond) Davis (PBR) Allison (pond)

($/84KBTU) ($/84KBTU) ($/84KBTU) ($/84KBTU)

Capital 0.1249 7.8607 20.6144 14.8446

Labor 0.1068 0.9876 2.2192 1.3350

Vegetable Oil 1.4345

Electricity 0.0001 0.0001 0.2940 0.5970

Natural gas 0.0362 0.0972 0.1033 0.6039

Petroleum and coal prod. 0.0790 0.0790 0.0790 0.0790

Chemicals, rubber & plastic 0.0215 1.3890 1.0486 0.4316

Services 0.0399 0.2085 0.0512 0.0399

Transportation 0.0323 0.0323 0.0323 0.0323

Total Cost 1.8752 10.6543 24.4420 17.9633

Co-product value 0.7989

$10.65.

6 Food Insecurity Analysis

Changes in equilibrium levels of market variables, including �nal consumption of
food commodities, are determined in calculated equilibria, and food insecurity
calculations can follow from a second stage analysis. For this second stage, we
adopt the UN Food and Agriculture Organization (FAO) method for estimat-
ing changes in the numbers of food insecure people. This method of coupling
our CGE to the FAO caloric distributions is very similar to that of Bach and
Matthews (1999).

The FAO method for estimating changes in the numbers of food insecure
people as aggregate consumption of food commodities changes is described in
Naiken (2002). The FAO measure endeavors to capture those whose food con-
sumption level is insu�cient for body weight maintenance and work perfor-
mance, focusing on the phenomenon of hunger rather than poor nutrition. The
FAO measure of food insecurity is based on a probability distribution frame-
work. Given the distribution of dietary energy consumption f(x) within a re-
gion, the percentage of undernourished people is estimated as the proportion
of population below the minimum per capita dietary energy requirement rL.
This arrangement is illustrated in Figure 9. rL is derived by aggregating the
estimated gender and age-speci�c minimum dietary energy requirements, using
the relative proportions of a population in the corresponding sex-age group as
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Figure 9: FAO Method of Calculating the Number of Undernourished People in
a Region.

weights. The estimates are calculated on a country-by-country basis and are
reported periodically by FAO.

The distribution f(x) is estimated based on household surveys, which collect
data on the quantities of food product consumed by individuals in a represen-
tative sample of households in the population. However, the methodology and
concepts applied in the surveys are not su�ciently precise to provide an accurate
and reliable estimate of the distribution, and FAO therefore employs a theoreti-
cal distribution. The frequency distributions suggested by the food survey data
are generally unimodal, and FAO considered a speci�c group of appropriate
distributions.

FAO initially employed the Beta distribution, as it enabled �xing the lower
and upper limits of the range as determined by the physiological lower and upper
limits of intake in individuals. However, researchers found this distribution was
appropriate only when dealing with the true intake of individuals. In most of
the surveys, the data refer to the food available to, or acquired by, the household
and thus include household wastage, food fed to pets, etc. Since 1987, FAO has
instead employed the two-parameter log-normal distribution. The short lower
tail and long upper tail better re�ect the richer and more a�uent households,
who are more likely to have wastage and food fed to pets.

The log-normal distribution can be speci�ed by two parameters, the coe�-
cient of variations CV (x), and the mean (x). Given these two parameters, the
mean and variance of the corresponding normal distribution can be determined
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as
σ2 = ln

(
CV 2(x) + 1

)
and

µ =
ln(x)− σ2

2
.

The CV (x) is estimated as

CV (x) =
√
CV 2(x|v) + CV 2(x|r)

where CV (x|v) is variation owing to household per capita income, v, and CV (x|r)
is variation due to the energy requirement r. A detailed procedure of estimation
is documented in Naiken (2002). Because the inequality of income distribution
for a number of developing countries varied little over the last three decades,
and the inequality in the distribution of household per capita food consumption
is much smaller than the inequality in the distribution of household income,
CV (x) is assumed to be constant year-to-year between surveys.

The mean x represented by the per capita dietary energy supply refers to
the energy available for human consumption, expressed in kilo-calories (kcal) per
person. It is derived from the food balance sheets (FBS) compiled every year
by FAO on the basis of data on the production and trade of food commodities.
The total dietary energy supply is obtained by aggregating the food component
of all commodities after being converted into energy values.

Energy requirements are di�erent for di�erent individuals. The most in�u-
ential factors are age, sex, body weight, and activity level. The rL for a country
is derived by aggregating the minimum sex-age-speci�c energy requirement with
information on the composition of the population.

The sex-age-speci�c energy requirement is derived in two procedures. For
adults and adolescents, the energy requirements are calculated with the basal
metabolic rate (BMR). For children below age ten, the energy requirements are
expressed as �xed amounts of energy per kilogram of body weights. The lower
limits of the requirements for each sex-age group were derived with the lowest
acceptable body weight and lowest acceptable activity allowance. rL is around
2,000 kcal per day for each country, and is updated by FAO periodically as the
composition of populations change over time.

FAO provides caloric intake distributions for a much larger number of coun-
tries/regions than are featured in the CGE model. To estimate the daily calorie
intake distribution for each of nine aggregate regions that correspond to the re-
gions of the CGE model, we adopted a two-step Monte Carlo simulation method.
First we randomly draw a country i within the region with probabilities equal
to the population weights. We then randomly draw a number from the speci�c
country's distribution fi(x). We employ 65,500 trials for each aggregate region
to estimate its empirical aggregate caloric intake distribution f(x). While we
take care to accommodate the possibility of complex aggregate caloric intake
distributions, all nine of the simulated aggregate distributions appear unimodal
with an approximate log-normal shape. Within each region, the per capita di-
etary energy supply for each country is aggregated by the population weights,
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using the 2004 Food Balance Sheets. Per capita dietary energy supply from
each food group in our model is also aggregated in the same way.

Similarly, the lowest energy requirement level rL is aggregated with popula-
tion weights of the countries within the speci�c region. With the daily calorie
intake distribution f(x) and the lowest energy requirement level (rL) for each
region, we can update the mean x corresponding to the results from the CGE
model, and calculate the proportion of undernourished people within each region
for di�erent scenarios.
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