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In this paper we seek to understand the impact of expanded use of soybean oil biodiesel to address biofuel man-
dates on global vegetable oil markets, and in particular on the demand for palm oil. An open-economy equilibri-
ummodel is derived to investigate the market effects of biodiesel expansion on related energy and vegetable oil
markets. The model is calibrated to represent the recent benchmark data in calendar year 2014. The simulation
estimates suggest that the expanded use of soy oil for biodiesel in the USwill have considerable impacts onworld
vegetable oil markets. The majority of the vegetable oil replacement is likely to occur through substitution of
palm oil under a wide range of plausible elasticity values on the demand for vegetable oil and the demand sub-
stitution between soy oils and palm oils.
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1. Introduction

Under the recent Renewable Fuel Standards (RFS) program, the US
Environmental Protection Agency (EPA) isfinalizing the volume require-
ments for biomass-based diesel in calendar years from2014 to 2017. The
US biodieselmandates grow steadily, increasing every year from1 billion
gallons (BG) by 2012 up to 2 BG by 2017. Driven by the risingmandates,
biodiesel production in the US rises substantially from less than 0.5 BG in
2007 to 1.24 BG in the end of 2014. The majority of U.S. biodiesel has
been produced from soybean oil, which is crushed from soybeans. On
the one hand, increases in uses of soy oils for biodiesel could come pri-
marily from reductions in the use of vegetable oils for food and feed pur-
poses, leading to a so called food versus fuel trade-off that raises ethical
concerns about the consequences of expanded soy biodiesel uses. On
the other hand, the expansion of oilseed production is a major driver of
global deforestation, calling for the life cycle re-assessment of GHG emis-
sions saving for biodiesel from different feedstocks and pathway.2
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The purpose of this paper is to provide an economic analysis of the
incremental biodiesel mandate on related world vegetable oil markets,
and its welfare implications on the US economy. Facets of this topic
have been the subject of a few studies. Drabik et al. (2014) setup a par-
tial equilibriummodel, linking oilseed feedstockswith biodieselmarket.
They examine the impacts of exogenous crude oil shocks on world oil-
seed markets (i.e., soybeans and canola) through transmission of the
biodiesel-feedstock linkage. Their analytic results show that the impacts
depend on relative elasticity of world meal demand and canola supply.
Kruse (2011) looks at two possible future scenarios regarding the
opportunity of biodiesel production and the expansion of biodiesel
mandate given current global economic growth and crude oil price
projections. The US biodiesel module used in his work is a partial equi-
librium model with behavioral supply and demand equations and an
endogenous biodiesel price. To meet 3.3 BG of biodiesel mandate,
about 80% of the increase of feedstock comes from soybean oils (31%),
corn oils (22%), and palm fatty acid distillate (26%). Animal fats, yellow
grease and other grease together supply another 16%, while the remain-
ing is refined from canola and palm oil.

Earlier studies that are the basis for the administration of lifecycle
based biofuel policies in the United States and California have predicted
a limited impact of US soy oil consumption on vegetable oil production.
The EPA study finds that expanding production of soy biodiesel by
540 million gallons would primarily lead to reduced use of vegetable
oil and expanded soy oil production, and would have a modest
impact on palm oil production (CARD, 2009). For every additional
1000 metric tons of soy oil used to produce biodiesel in the U.S. relative
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to the baseline, soy oil production expanded by 288 metric tons, palm
oil increased by 79 metric tons, rapeseed oil increased by 51 metric
tons, other sources of oil increased by 55 metric tons, and 526 tons
were not replaced, as non-biodiesel vegetable oil consumption dropped
in response to higher prices. Other projections (Birur et al., 2009; Hertel
et al., 2010b; Taheripour et al., 2010; Beckman et al., 2012), in particular
the GTAP study used by the California Air Resources Board (Tyner et al.,
2010), do not differentiate separate sources of vegetable oil, although
they do have a detailed treatment of oilseed meal markets required to
accurately capture the changes on the meal demand side.

A number of studies about land use changes driven by US biofuel
production have placed less emphasis on oilseeds (Elobeid et al.,
2007; de Gorter and Just, 2009; Hayes et al., 2009; Keeney and Hertel,
2009; Hertel et al., 2010a, 2010b; Fabiosa et al., 2010; Timilsina et al.,
2010; Chen et al., 2011; Villoria and Hertel, 2011; Khanna et al., 2016),
because these have been expected to play a relatively minor role in
U.S. biofuel expansion, which has been expected to come primarily
from either corn, or ultimately from biomass.3 However, events of the
last few years have shown the potential for biodiesel and vegetable oil
based renewable diesel to play a substantially larger role than previous-
ly expected. Recent efforts to evaluate the impact of U.S. biodiesel pro-
duction on land use change and associated carbon emissions have led
to considerable improvements in economic models, taking into careful
consideration of the demand dynamics of animal feed markets (Beach
and McCarl, 2010; Taheripour et al., 2011, 2013). However, an area
which has been examined less carefully is the potential for other con-
sumers of vegetable oil, outside the fuel and animal feed sector, to
switch to other sources of vegetable oil. Biodiesel demand drives a
wedge between demand for oil and demand for protein meal. Given
that the changes in demand for oil can be quite large, there is a potential
for a significant imbalance to arise. In 2013 the use of preliminary data
suggests that biodiesel use grew by approximately 40%, of which more
than half came from soybean oil. The additional 800,000 metric tons
of soy oil being used for biodiesel represent a large and rapidly growing
share of U.S. soybean oil production, and depending upon pending leg-
islative, regulatory and judicial decisions, the potential remains for pol-
icy driven biodiesel demand to surge again in coming years (Irwin and
Good, 2013). Rebalancing demand for oil and protein meal will lead to
either a dramatic reduction in consumption of vegetable oil in other sec-
tors or alternatively substitution of other sources of vegetable oil with
lower meal to oil ratios. To the extent the latter occurs, increasing
demand for soy biodiesel will play out in expanded palm production
rather than expanded soybean production. This will in turn drive land
use changes in different regions of the world, and is thus important to
accurately model land use change associatedwith biodiesel production.

In this paper we consider to what extent additional vegetable oil
demand will alter production of alternative sources of vegetable oil, par-
ticularly palm oil. Our analysis considers the two largest global sources
of vegetable oil, which represent the extreme ends of the spectrum: soy-
beans, for which the primary economic value is the protein meal, and oil
palm, for which the primary economic value is the vegetable oil. Palm oil
is not the only alternative source of vegetable oil to soy oil, but it is partic-
ularly important both because it accounts for 1/3 of world vegetable oil
production and is the fastest growing source of vegetable oil on the global
marketplace (USDA, 2006), and because in contrast to soybeans and to a
lesser oil extent rapeseed or canola, palmoil derivesmost of its value from
the oil, rather than a protein meal byproduct, and as such is likely to be
more responsive to changes in demand for vegetable oil.

This paper constructs a simplemulti-market equilibriummodel that
applies and extends the analytic setup in Cui et al. (2011). The extended
model incorporates the joint product feature of the oilseed crushing
3 Biofuel production in the European Union (EU) has been primarily through expansion
of biodiesel, and analysis of land use changes driven by EU mandates has focused much
more extensively on the fluidity of different vegetable oil sources (Timilsina et al., 2010;
Al-Riffai et al., 2010; Laborde, 2011).
technology.Weuse thismodel to provide both qualitative and quantita-
tive estimates of increasing biodiesel mandates on related energy and
vegetable oil markets, in particular, palm oil. The model specifications
allow endogenous determinations of equilibrium quantities and prices
for crude oil, biodiesel, agricultural feedstock. Moreover, themodel con-
siders a scenario that allows the US biodiesel production to use
imported palm oils as alternative feedstocks, while assuming perfect
substitution between soy oil-based biodiesel and palm oil-based biodie-
sel. We calibrate the model to represent a recent baseline calendar year
2014. By varying the increment of biodiesel mandates proposed in re-
cent RFS requirements, we explore how the increasing mandate affects
equilibrium quantities and prices of world vegetable oils. We then in-
vestigate the robustness of our conclusions by varying with the values
of two sets of parameters: one is the unconditional elasticity of demand
for vegetable oils, and the other is the demand elasticity of substitution
between soy and palm oils. A Monte Carlo simulation on selected key
parameters is conducted as well.

Our results showhow the impacts of increasing biodiesel production
on soy meals and oils are related to the impacts on palm oil, depending
upon the joint production technology of the oilseed crushing industry,
the relative elasticity of world demand and supply of palm oils, and
the demand elasticity of substitution across alternative vegetable oils.
The simulation estimates suggest that the expanded use of soy oil for
biodiesel in the US will have considerable impacts on world vegetable
oil markets. The majority of the vegetable oil replacement is likely to
occur through substitution of palm oil under a wide range of plausible
elasticity values.

The remainder of this paper is organized as follows. The next section
presents the analytic model setup that links the oilseed crushing indus-
try with the biodiesel refining sector. The model calibration is summa-
rized in Section 3. Simulated results about the market impacts of the
increasing biodiesel mandates are shown in Section 4. The last section
concludes the paper.

2. The model

The model is a stylized economy with three basic endowments: a
numeraire good, agricultural feedstock, and crude oil. There are two
main categories of agricultural feedstock: soybean, and palm oil. Soy-
bean oil, which is crushed from soybean, could be used to produce bio-
diesel. The primary product crude oil is refined into diesel and others
that are grouped as petroleum by-products. Transportation fuel is ob-
tained by blending the intermediate products biodiesel and fossil
fuels. Biodiesel from soybean oil together with its close substitute diesel
are two complementary components of the diesel composite purchased
by consumers if biodiesel mandates are binding.

2.1. Production

We construct a simplified multi-market equilibriummodel with two
regions: the US and the Rest of World (ROW). To capture the status quo
that the US does not produce palmoil, we assume away its domestic pro-
duction. Throughout this paper, we maintain the assumption that there
is no international trade of biodiesel. In addition, we postulate that
there is trade in crude oil, but no trade in the refined fossil fuels, which
is a fair approximation of the status quo.4 The assumption of constant
returns to scale and no capacity constraints on the oilseeds crushing
technology introduced shortly makes the interregional distribution of
crushing soybeans undetermined in the equilibrium. Hence, we only
consider the trade of soybean oils and meals instead of beans.5 To sum
4 The net trade of refined petroleumonly accounts for less than 5% of total consumption
over the period 2007–2013.

5 Alternatively, one could allow beans to be tradable, but not for soy oils and meals. In
this scenario, however, the excess supply of meals, as a result of the increasing crushed
of beans, may cause a substantial drop in the domestic price of meals.
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up, the ROW exports both crude oil and palm oil, and it imports soybean
oils and meals from the US.

2.1.1. Agriculture sector
We postulate an upward sloping supply function of US soybean, de-

noted by Ss(ps), where ps is the domestic price of soybeans. Soybeans
can be crushed into meals and oils. The former is delivered into food/
feed uses, while the latter with alternative food purposes can be con-
verted into biodiesel. We assume a fixed coefficient technology defined
as follows:

Qml ¼ min αmlxs; zml½ � ð1Þ

Qso ¼ αsoQml=αml ð2Þ

where αml and αso denote the units of meals and of soybean oils per unit
of crushed beans, respectively. xs is the amount of crushed soybeans,
and zml is the amount of other inputs used in the crushing process. Per-
fect competition gives rise to the zero profit condition of the oilseed
crushing industry:

αsopsoþ αmlpml¼ psþαmlwml ð3Þ

where (pso,pml) denote the prices of soybean oils and of meals, andwml

is the price of other inputs used in the crushing industry.

2.1.2. Biofuel refining sector
The refinements of biodiesel from soybean oils assume a Leontief

technology (fixed coefficient). The output of biodiesel produced from
soybean oils is written as:

xbd;so ¼ min αbdxso; zbd½ � ð4Þ

where xbd ,so is the output of biodiesel from soybean oils; xso denotes the
units of soybean oils used as a primary feedstock. zbd represents the
amounts of other inputs used per unit of biodiesel output. αbd denotes
the production coefficient of biodiesel refining industry. Following the
similar definition in Lapan and Moschini (2012),6 we express biodiesel
output xbd ,so in terms of the diesel-energy-equivalent gallons (DEEGs)
to reflect its lower energy content relative to diesel. The energy content
is accounted for in the production coefficients.

Given perfect competition in the biofuel sector, the zero-profit con-
dition is given as follows:

pbd ¼ pso=αbdþwbd ð5Þ

where wbd is the cost of all inputs other than feedstock per unit of bio-
diesel in energy-equivalent content and pbd denotes the price of biodie-
sel per energy equivalent units.

2.1.3. Oil refining sector
There is an upward sloping domestic supply of crude oil, denoted by

So(po), where po is the domestic price of crude oil. The refinement of oil
yields diesel xd and petroleum by-product xh with a fixed coefficient
technology that is defined as follows:

xd ¼ min βdxo; zd½ � ð6Þ

xh ¼ βhxd=βd ð7Þ

where (xd,xh) represent gallons of diesel, and of petroleum by-products,
respectively. xo denotes barrels of oil input (where domestically pro-
duced oil and imported oil are perfect substitutes). zd is the amount
of a composite input, which aggregates all other inputs used in the oil
6 Lapan and Moschini (2012) express all prices and quantities of biofuel related to the
gasoline fuel market in gasoline energy-equivalent gallons.
refining process. (βd,βh) are production coefficients, measuring gallons
of diesel, and of petroleum by-product per barrel of crude oil,
respectively.

The fixed proportion technology and perfect competition together
imply the following zero-profit condition:

βdpdþβhph¼ poþβdwd ð8Þ

where (pd,ph,po) are prices of diesel, of petroleum byproducts, and of
crude oil, respectively. wd denotes the unit cost of the composite input
zd including the rental price of capacity.

2.2. Consumption

A representative consumer with quasi-linear preferences purchases
the numeraire good, fuel, and food, and suffers from negative external-
ity of carbon emissions from fuel combustion and from land conversion
for palm oil plantation in the ROW. Thus the utility function of the rep-
resentative consumer takes the following form:

U ¼ yþΦ Dfl
� �þ Θ Dfd

� �
−θ xdþυbdxbdþυpoSpo

� �
ð9Þ

where y denotes consumption of the numeraire and (Dfl,Dfd) represent
consumption of fuel composite and of food composite, respectively. The
last term, θ(⋅), represents environmental damages from carbon emis-
sions due to aggregate combustion of biodiesel and diesel. The parame-
ters υbd reflects the relative carbon emissions of biodiesel compared
with diesel. Spo denotes the world total supply of palm oil, and υpo is
the associated carbon emissions from land conversion for the palm oil
purpose. The standard quasi-concavity of the utility function implies
concave functions of Φ(⋅) and of Θ(⋅). Specific structure on these two
functions is imposed as follows.

First, we postulate an additive separability in Φ(⋅) between petro-
leum by-product and the diesel composite, that is,

Φ Ddc;Dhð Þ ¼ Φdc Ddcð Þ þΦh Dhð Þ ð10Þ

This convenient assumption captures the different purposes of con-
suming refined petroleumproducts. Diesel composite is used for fueling
the tank, while the remaining refined petroleum products are burned
for other purposes, e.g., residential heating. Standard utility maximiza-
tion derives inverse demand functions of diesel composite and of petro-
leum byproducts, that is, Ddc(pdc)=Φ′dc−1(pdc) and Dh(ph)=Φ′h−1(ph),
respectively.

To capture different food/feed purposes between soybeanmeals and
vegetable oils, the utility function of food consumption Θ(Dfd) assumes
an additive separability between meals Dml and vegetable oils Dvo. The
latter includes both soybean oils Dso and palm oils Dpo, both of which
are subject to a constant elasticity of substitution σ=1/(1−ρ). The
function Θ(Dfd) is given by Θ(Dfd)=Θml(Dml)+Θvo(Dvo) with a CES
structure on Θvo(Dvo):

Θvo Dvoð Þ ¼ ϕ
a

γso Dsoð Þρþγpo Dpo
� �ρh ia

ρ ð11Þ

where 0≠ρb1, 0≠ab1 denotes the return to scale,ϕN0 is the scalingpa-
rameter, and γi captures the consumption weight of product i,
i∈{so,po}. Note that γso+γpo=1. Furthermore, standard utility maxi-
mization gives rise to the inverse demand function of soybean meals,

that is, DmlðpmlÞ ¼ Θ0−1
ml ðpmlÞ.

Let Dvo be the aggregate quantity demanded for vegetable oils, and
Pvo denote the corresponding aggregate price.

Dvo ≡ γso Dsoð Þρþγpo Dpo
� �ρh i1=ρ

ð12Þ



7 Following Cui et al. (2011), arbitrage relations for the equilibriumwith diesel fuel tax-
es and biodiesel subsidies imply that pd=pdc− tdc, pbd ¼ pdc þ ðbbd−tdcÞ=λ ¼ pd þ ~bbd ,
where~bbd ≡ ½bbd−tdcð1−λÞ�=λ is the effective net subsidy to biodiesel, comparedwith die-
sel per DEEG.
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Pvo ≡ γsoð Þσ psoð Þ1−σ þ γpo

� �σ
ppo

� �1−σ
� �1= 1−σð Þ

ð13Þ

where σ=1/(1−ρ)N0 denotes the elasticity of substitution between
palm oils and soybean oils. Thus, the aggregate quantity demand
could be written as Dvo=ϕ−μPvo

μ , where μ≡ −1/(1−a)b0. Hence, μ
can be interpreted as the elasticity of the aggregate vegetable oil de-
mand with respect to the aggregate oil price.

The demand function of product iwithin the vegetable oil composite
has the following iso-elastic forms:

Di pi; Pvoð Þ ¼ ϕ−μ pi
γi

� 	−σ

Pσþμ
vo ; i ¼ so; po ð14Þ

We define the standard Marshallian own-price elasticity of demand
(εib0) and the cross-price elasticity demand εi ,j as:

εi ≡
∂Di

∂pi

pi
Di

¼ ∂Di pi; Pvoð Þ
∂pi

pi
Di pi; Pvoð Þ þ

∂Di pi; Pvoð Þ
∂Pvo

Pvo

Di pi; Pvoð Þ
∂Pvo

∂pi

pi
Pvo

¼ −σ þ σ þ μð Þφi ð15Þ

εi; j ≡
∂Di

∂pj

pj

Di
¼ ∂Di pi; Pvoð Þ

∂pj

pj

Di pi; Pvoð Þ þ
∂Di pi; Pvoð Þ

∂Pvo

Pvo

Di pi; Pvoð Þ
∂Pvo

∂pj

pj

Pvo

¼ σ þ μð Þφ j ð16Þ

where φi ≡ γi
σ(pi/Pvo)1−σ is the price weight of component i in the ag-

gregate price of the vegetable oil composite, and ∑
i∈fso;pog

φi ¼ 1. Note

that the term ∂Diðpi ;PvoÞ
∂pi

pi
Diðpi ;PvoÞ ¼ −σ could be interpreted as the price

elasticity of demand conditional on the aggregate composite price of
vegetable oils. In addition, εi ,j ≠ εj ,i, ∀ i≠ j∈{so,po}.

2.2.1. Row
Because in the welfare analysis we are only concerned with US do-

mestic welfare, one does not need to be explicit about the cost structure
and preferences of the ROW.Assuming that the ROWeconomic policy is
given, this paper only models the relevant behavior functions. Here, we
follow the convention by which the overbar denotes foreign variables.
Let SoðpoÞ be the ROW export supply of crude oil and SpoðppoÞ be the
ROW supply of palm oil. ðppo; poÞ denote the world prices of palm oil
and of crude oil, respectively.

To examine the effects of US biodiesel policy on the ROW vegetable
oil market, we explicitly model the ROW demand and supply for
soybean meals and oils. In the supply side, let ps denote the world
price of soybeans, and assume an upward sloping supply curve of
soybeans SsðpsÞ. Beans are crushed into oils and meals with a Leontief
technology,

Qml ¼ min αmlxs; zml½ � ð17Þ

Qso ¼ αsoQml=αml ð18Þ

where ðαml;αsoÞ represent units of meals and of soybean oils per unit of
crushed beans, respectively. The zero profit condition of the ROW oil-
seed crushing industry is:

αsopso þ αmlpml ¼ ps þ αmlwml ð19Þ

where ðpso; pmlÞdenote the ROWprices of soybean oils and ofmeals, and
wml is the ROW price of other inputs used in the crushing industry.
In the demand side, meals and oils are directly delivered into food/
feed uses without assuming alternative purposes (e.g., biodiesel
production). The ROW food consumption, which is analogous to the
US demand function in Eq. (11), is given by:

Θ Dfd
� �¼ Θml Dml

� �þ ϕ
a

γso Dso
� �ρþγpo Dpo

� �ρh ia
ρ ð20Þ

Thus, individual demand for meals is given by the inverse demand

functionDmlðpmlÞ ¼ Θ
0
ml

−1ðpmlÞ, which is derived from the standard util-
itymaximization. The individual demands for soy oils and palmoils take
the following iso-elastic forms:

Di pi; Pvo
� � ¼ ϕ

−μ
vo

pi
γi

� 	−σ

P
σþμ
vo; i ¼ so;po ð21Þ

where μ ≡−1=ð1−aÞb0 andσ ¼ 1=ð1−ρÞN0.We denoteσ as the ROW
demand elasticity of substitution between palm oils and soybean oils. μ
has an interpretation of the ROWelasticity of the aggregate vegetable oil
demand for the aggregate oil price Pvo, which is defined analogously to
Pvo in Eq. (13).

2.3. Equilibrium conditions with exogenous binding biodiesel mandates

To close themodel, consider first that there are no border policies on
imports of crude oil and palm oils and exports of soy meals and oils.
Thus, prices of tradeable commodities do not differ across regions,
that is, po ¼ po , ppo ¼ ppo , pso ¼ pso , and pml ¼ pml . Let xbd

M denote the
RFS mandate volume of biodiesel. Let (tdc,bbd) be the consumption tax
on diesel composite per gallon and the volumetric subsidy on biodiesel,

respectively. Thus,~bbd ≡ ½bbd−tdcð1−λÞ�=λdenotes the effective net sub-
sidy to biodiesel relative to diesel per DEEG and λ is the relative energy
content of biodiesel to diesel.7

The zero profit condition of blending biodiesel with diesel, allowing
for the existence of exogenous diesel taxes and biodiesel subsidies, can
be expressed as:

pdc−tdcð ÞDdc pdcð Þ ¼ pdxd þ pbd−~bbd
� �

xMbd ð22Þ

The left hand side of Eq. (22) is the value of diesel fuel composite
demanded. The first term in the right hand side of Eq. (22) denotes
the value of diesel excluding biodiesel, while the second term repre-
sents the value of biodiesel that has been domestically consumed.

The equilibriumwith exogenous biodieselmandates xbdM could bede-
termined by a system of six equations, five market-clearing conditions
plus one zero profit condition of blending biodiesel, with six unknowns
{pml,ppo,pdc,ph,pd,pbd}. Note that xbdM =xbd ,so, implying that all biodiesel
mandates are met by soy oil-based biodiesel only. The remaining en-
dogenous quantities and prices could be expressed as functions of
these six unknowns, using zero profit conditions and arbitrage relations.

αmlSs psð Þ þ αmlSs psð Þ ¼ Dml pmlð Þ þ Dml pmlð Þ;
soy meal world market clear

ð23Þ

αsoSs psð Þ þ αsoSs psð Þ ¼ Dso pso; Pvoð Þ þ Dso pso; Pvo
� �þ xMbd=αbd;

soy oil world market clear
ð24Þ

Spo ppo
� �

¼ Dpo ppo; Pvo

� �
þ Dpo ppo; Pvo

� �
; palm oil world market clear

ð25Þ
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Ddc pdcð Þ ¼ βd So poð Þ þ So poð Þ
h i

þ xMbd;

diesel fuel composite domestic market clear

ð26Þ

Dh phð Þ ¼ βh So poð Þ þ So poð Þ
h i

;

petroleum byproduct domestic market clear

ð27Þ

pdc−τdcð ÞDdc pdcð Þ ¼ pdxd þ pbd−~bbd
� �

xMbd; zero‐profit condition ð28Þ

where po ¼ po, pso ¼ pso, pml ¼ pml, and ppo ¼ ppo, due to the assumption
of no border policies on tradable commodities.

2.4. Extension with alternative feedstocks for biodiesel

In this subsection, we allow (imported) palm oils as an alternative
feedstock for biodiesel production.8 This feedstock could serve as a
proxy for other biodiesel feedstocks (e.g., canola oil) assumed away in
the model. The refinements of biodiesel from (imported) palm oils as-
sume a Leontief technology (fixed coefficient). The output of biodiesel
produced from palm oils is written as:

xbd;po ¼ min αpoxpo; zpo

 � ð29Þ

where xbd ,po is the output of biodiesel refined from palm oils, xpo de-
notes the units of palm oils used as alternative feedstocks. zpo represents
the amounts of other inputs used per unit of biodiesel output. αpo de-
notes the production coefficient of biodiesel. We assume perfect substi-
tution between soy oil biodiesel and palm oil biodiesel.9 Given perfect
competition in the biofuel sector, the zero-profit condition links the
price of (imported) palm oil with the price of biodiesel in the following
way:

pbd ¼ ppo=αpo þwpo ð30Þ

where wpo is the cost of all inputs other than feedstock per unit of bio-
diesel in energy-equivalent content and pbd denotes the price of biodie-
sel per energy equivalent units.

We maintain the assumption about no border policies for traded
commodities (i.e., soy meals, soy oils, palm oils, and crude oils).
Thus, world prices of traded goods equal the corresponding domestic
prices, that is, pml ¼ pml , pso ¼ pso , ppo ¼ ppo , and po ¼ po . With the
zero profit condition of blending biodiesel and binding (exogenous)
biodiesel mandates (xbdM =xbd ,so+xbd ,po), the equilibrium could be
determined by a system of six equations, five market-clearing condi-
tions plus one zero profit condition of blending biodiesel with six un-
knowns {pml,pd,ph,pbd,pdc,xbd ,po}.

αmlSs psð Þ þ αmlSs psð Þ ¼ Dml pmlð Þ þ Dml pmlð Þ;
soy meal world market clear

ð31Þ

αsoSs psð Þ þ αsoSs psð Þ ¼ Dso pso; Pvoð Þ þ Dso pso; Pvo
� �þ xbd;so=αbd;

soy oil world market clear
ð32Þ

Spo ppo
� �

¼ Dpo ppo; Pvo

� �
þ Dpo ppo; Pvo

� �
þ xbd;po=αpo;

palm oil world market clear
ð33Þ

Ddc pdcð Þ ¼ βd So poð Þ þ So poð Þ
h i

þ xMbd;

diesel fuel composite domestic market clear
ð34Þ
8 We thank an anonymous referee for pointing out this extension direction.
9 Drabik et al. (2014) assume perfect substitution between soy oil-based biodiesel and

canola oil-based biodiesel.
Dh phð Þ ¼ βh So poð Þ þ So poð Þ
h i

;

petroleum byproduct domestic market clear
ð35Þ

pdc−tdcð ÞDdc pdcð Þ ¼ pdxd þ pbd−~bbd
� �

xMbd; zero profit condition ð36Þ

where xbd ,so is the amount of biodiesel refined from soy oils. If palmoil is
competitive enough to refine biodiesel, hence, xbd ,poN0, the price of
palm oil is linkedwith price of biodiesel, using the zero-profit condition,
that is, pbd ¼ ppo=αpo þwpo ¼ ppo=αpo þwpo . In the case of no palm
oil used as feedstocks for biodiesel (xbd ,po=0), due to the less com-
petitive price relative to soy oils, the system of equations returns to
Eqs. (23)–(28).

3. Calibration

Themodel is calibrated to fit the baseline data in calendar year 2014.
To calibrate it, we specify the values of exogenous parameters and
values of policy instruments during the baseline period. In addition,
we assume the following linear supply and demand curves: the domes-
tic andworld crude oil supply curves So(po) andSoðpoÞ, the domestic and
world supply for soybeans Ss(ps) and SsðpsÞ, the world palm oil supply
curve SpoðppoÞ, the domestic demand for diesel composite fuel Ddc(pdc)
and for petroleum byproducts Dh(ph), the domestic and world demand
for soybeanmealsDml(pml) andDmlðpmlÞ. For these linear function forms,
each supply and demand curve is calibrated using an estimate of elastic-
ity for that function together with the price and the quantity of the rel-
evant variables in the baseline year.

Prices and quantities of variables in the baseline period are summa-
rized in Tables 1 and 2. Table 3 reports primitive parameters and the
values of calculated parameters, while Table 4 provides elasticity values
used in the calibration. In general, data for the utilization and prices of
soybean, soybeanoils andmeals are gathered from theUSOil Crop Year-
book 2015 of the United States Department of Agriculture (USDA). The
data for the ROW come from the Foreign Agricultural Service (FAS) of
the USDA. Both the US and ROW data for crude oil, diesel, and other pe-
troleumbyproducts are obtained from theUS Energy InformationAgen-
cy (EIA). Biodiesel production output and input data are reported by the
USDA Bioenergy Statistics. The US imports of palm oil are provided by
the Global Agricultural Trade System in the FAS of the USDA, and the
total world supply and demand of palm oil are also taken from the
same source.

3.1. Prices in the baseline

Because biodiesel has a lower energy content than diesel, a gallon of
biodiesel equals only 0.93 DEEG.10 Thus, its quantity, price, fuel tax,
and subsidy are all converted to DEEG units during the simulation,
and then are converted back into gallon units when presenting the re-
sults. Diesel fuel composite is currently subject to a consumption tax
of tdc =$0.484 per gallon, including the federal tax of $0.244 per gallon
and the averaged state tax of $0.240 per gallon. In year 2014 biodiesel
was still subject to tax credits of bbd = $1.0/gal, which is equivalent to

a net subsidy to biodiesel of ~bbd = $1.04/DEEG.11 The US biodiesel FOB
price of $3.46 per gallon corresponds to a price of $3.72 per DEEG. The
price of diesel subtracting taxes is pd = $3.34 per DEEG, obtained from
the US on-highway diesel fuel prices by the EIA. In baseline year 2014,
the United States consumed more biodiesel than domestically pro-
duced, due to the complex interaction between mandates and RINS
(de Gorter and Drabik, 2015).12 Hence, the model is calibrated with
10 According to the Alternative Fuels Data Center in the US Department of Energy,
the energy content of diesel (No. 2) is 128,450 Btu/gal, while that of biodiesel (B100) is
119,550 Btu/gallon.
11 ~bbd ≡ ½bbd−tdcð1−λÞ�=λ.
12 We thank an anonymous referee for pointing this out.



Table 1
Prices in the baseline.

Variable Symbol Value Explanation/Source

Diesel fuel tax ($/gallon) tdc 0.48 Sum of federal tax $0.24/gal and avg. state tax $0.24/gal (EIA)a

Biodiesel tax credit ($/gallon) bbd 1.00 Yacobucci (2012)
Effective biodiesel subsidy ($/DEEG) ~bbd 1.04 ~bbd ¼ ½bbd−tdcð1−λÞ�=λ
Price of soybean ($/MT) ps 371.1 Average received by farmers, (Oil Crop Yearbook, USDA)b

Price of soybean meals ($/MT) pml 406.2 48% protein, Decatur (solvent), (Oil Crop Yearbook, USDA)b

Price of soybean oils ($/MT) pso 696.6 Crude, Decatur (Oil Crop Yearbook, USDA)b

Price of palm oils ($/MT) ppo 803 Malaysia FOB price, (FAS, USDA)c

Price of crude oil ($/barrel) po 92.0 Composite acquisition cost of crude oil (EIA)d

Price of biodiesel ($/DEEG) pbd 3.72 FOB price at IL, IN and OH (USDA)e

Price of unblended diesel ($/DEEG) pd 3.34 On high-way diesel price (EIA) subtracted taxesf

Price of petroleum byproducts ($/DEEG) ph 3.76 Average residential heating oil (EIA)g

Price of diesel fuel ($/DEEG) pdc 3.82 pdc ¼
�
pbd−~bbd þ tdc

�
xM
bd

xdþxM
bd
þ ðpd þ tdcÞ xM

bd
xdþxM

bd

Price of other inputs in soybean crushing industry ($/MT) wml 108.7 wml=(αsopso+αmlpml−ps)/αml

Price of other inputs in soy oil biodiesel refining industry ($/DEEG) wbd 2.3 wbd=pbd−pso/αbd

Price of other inputs in palm oil biodiesel refining industry ($/DEEG) wpo 2.1 wpo=pbd−ppo/αpo

Price of other inputs in crude oil refining industry ($/DEEG) wd 4.7 wd=(βdpd+βhph−po)/βd

Aggregate price of veg oil composite ($/MT) Pvo 1075.5
Pvo ≡

�
γσ
sop

1−σ
so þ γσ

pop
1−σ
po

�1=ð1−σÞ

ROW aggregate price of veg oil ($/MT) Pvo 1482.0
Pvo ≡

�
γσso p

1−σ
so þ γσpop

1−σ
po

�1=ð1−σÞ

a Historical federal and state taxes, EIA: http://www.eia.gov/tools/faqs/faq.cfm?id=10&t=10.
b Tables 3–5, US Oil Crop Yearbook 2015, USDA: http://www.ers.usda.gov/data-products/oil-crops-yearbook.aspx.
c Oilseeds: World Market and Trade, FAS, USDA: http://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf.
d Table of Refiner Acquisition cost of crude oil, EIA: http://www.eia.gov/dnav/pet/pet_pri_rac2_dcu_nus_m.htm.
e Table 17 of Biodiesel and Diesel Prices, U.S. Bioenergy Statistics, USDA: http://www.ers.usda.gov/data-products/us-bioenergy-statistics.aspx#30041.
f US On-Highway Diesel Fuel Prices, EIA: http://www.eia.gov/petroleum/gasdiesel/.
g US Average Residential Heating Oil Price, EIA: http://www.eia.gov/petroleum/heatingoilpropane/#itn-tabs-2.
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the quantity of biodieselmandate set at the observed consumption level
of xbdM = 1.548 BG rather than the production level of 1.24 BG. Thus the
price of diesel composite is computed as the weighted average of
Table 2
Quantities in the baseline.

Variable Symbol

Soybean supply (MMT) Ss
Observed soybean net export (MMT) NXs

Crushed soybeans (MMT) xs
Soybean meal production (MMT) Qml

Observed soybean meal net export (MMT) NXml

Soybean meal demand (MMT) Dml

Soybean oil production (MMT) Qso

Observed soybean oil net export (MMT) NXso

Soy oil used in biodiesel production (MMT) xso
Residual soybean oil demand (MMT) Dso

ROW soybean production (MMT) Ss
ROW soybean oil production (MMT) Qso

ROW Soybean meal production (MMT) Qml

Simulated ROW soy meals demand (MMT) Dml

Simulated ROW soy oil demand (MMT) Dso

ROW palm oil supply (MMT) Spo
US palm oil demand (MMT) Dpo

ROW palm oil demand (MMT) Dpo

Crude oil domestic supply (BB) So
Crude oil foreign supply (BB) So
Total crude oil supply (BB) xo
Diesel production (BG) xd
Biodiesel production (BG) xbd
Biodiesel consumption (BG) xbd

M

Diesel fuel consumption (BG) Ddc

Petroleum byproduct production (BG) xh
Aggregate demand of veg oil composite (MMT) Dvo

ROW aggregate demand of veg oil composite (MMT) Dvo

a Tables 3–5, US Oil Crop Yearbook 2015: http://www.ers.usda.gov/data-products/oil-crops-
b Tables 7 and 11 from USDA, FAS PSDO: http://apps.fas.usda.gov/psdonline/.
c Table of supply and disposition, EIA: http://www.eia.gov/dnav/pet/pet_sum_snd_d_nus_m
d Tables 2–3, USDA bioenergy stats: http://www.ers.usda.gov/data-products/us-bioenergy-s
e Biodiesel consumption, Short-term energy outlook, EIA: http://205.254.135.24/forecasts/st
biodiesel and diesel prices, adjusted for the tax credit, tax, energy con-
tent, and the observed consumption of biodiesel mandate. That is, pdc ¼
ðpbd−~bbd þ tdcÞxMbd=ðxd þ xMbdÞ þ ðpd þ tdcÞxd=ðxd þ xMbdÞ = $3.82/DEEG.
Value Explanation/Source

101.16 Production with stock changes (Oil Crop Yearbook, USDA)a

50.17 Net exports (USDA)a

50.99 xs=Ss−NXs

40.88 Production (USDA)a

11.63 Net export (USDA)a

29.24 Domestic consumption (USDA)a

9.70 Production (USDA)a

0.79 Net export (USDA)a

2.28 Biodiesel feedstock uses (USDA)a

6.63 Dso=Qso−NXso−xso
211.68 Total production (FAS, USDA)b

39.24 Total production (FAS, USDA)b

166.07 Total production (FAS, USDA)b

224.94 Dml ¼ αmlNXs þ NXml þ αmlSs
49.34 Dso ¼ αsoNXs þ NXso þ αsoSs
61.34 Total production (FAS, USDA)b

1.19 Net import (FAS, USDA)b

60.16 Dpo ¼ Spo−Dpo

3.17 Production plus adjustments and stock changes (EIA)c

2.55 Net import (EIA)c

5.73 xo ¼ So þ So
75.36 Distillate fuel oil production (EIA)c

1.24 Bioenergy Statistics (USDA)d

1.55 Short-term Energy Outlook (EIA)e

76.61 Ddc=xd+xbd
180.98 xh=βhxo
5.01 Dvo=[γsoDso

ρ +γpoDpo
ρ ]1/ρ

55.65 Dvo ¼ ½γsoD
ρ
so þ γpoD

ρ
po�

1=ρ

yearbook.aspx#.UkD2uobTxSA.

bbl_a_cur-1.htm.
tatistics.aspx#.UkD2aIbTxSA.
eo/query/.

http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx


Table 3
Parameters in production and consumption.

Variable Symbol Value Explanation/Source

Diesel energy-equivalent gallons (DEEG) λ 0.931 Alternative Fuels Data Center
Production of soybean meals per crushed beans αml 0.802 αml=Qml/xs
Production of soybean oils per crushed beans αso 0.190 αso=Qso/xs
ROW production of soybean oils per crushed beans αso 0.185 αso ¼ Qso=Ss
ROW production of soybean meals per crushed beans αml 0.815 αml ¼ 1−αso

Biodiesel per soybean oils (DEEG/MT) αbd 505.15 αbd=xbd/xso
Biodiesel per palm oils (DEEG/MT) αpo 505.15 Assumed
Diesel per crude oil (gallon/barrel) βd 13.15 βd=xd/xo
Petroleum byproduct per crude oil (gallon/barrel) βh 31.57 βh=42×1.065−βd

Soy oil factor weight in veg oil composite γso 0.882 γso ≡ psoD
1=σ
so

.�
psoD

1=σ
so þppoD

1=σ
po

�
Palm oil factor weight in veg oil composite γpo 0.118 γpo=1−γso

ROW soy oil factor weight in veg oil composite γso 0.346
γso ≡ psoD

1=σ
so

.�
psoD

1=σ
so þppoD

1=σ
po

�
ROW palm oil factor weight in veg oil composite γpo 0.654 γpo ¼ 1−γso

Soy oil price weight in veg oil composite φso 0.829 φso≡γso
σ (pso/Pvo)1−σ

Palm oil price weight in veg oil composite φpo 0.171 φpo=1−φso

ROW soy oil price weight in veg oil composite φso 0.416
φso ≡ γ

σ
so ðpso=PvoÞ1−σ

ROW palm oil price weight in veg oil composite φpo 0.584 φpo ¼ 1−φso

CO2 emission rate of diesel fuel 10.21 kg/DEEG EPA (2015)a

The relative emission efficiency factor of biodiesel υbd 0.50 Yacobucci (2012)
CO2 emissions from land conversion for palm oil supply (MMT per MMT) υpo 1.91 Carlson et al. (2013); FAS of the USDA.b

Marginal carbon social damage θ′(⋅) $37/tCO2 Assumed

a Emission factors for greenhouse gas inventories, EPA: https://www.epa.gov/sites/production/files/2015-12/documents/emission-factors_nov_2015.pdf.
b https://apps.fas.usda.gov/psdonline/app/index.html#/app/advQuery.
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The crude oil price po of $92.02/barrel is the refiner's composite ac-
quisition cost of crude oil as provided in the EIA. The soybean price of
$10.10/bushel, which is converted to ps = $371.1/metric ton, is the av-
erage price received by farmers provided by theUSOil Crop Yearbook of
USDA. The soybean meal price of $368.5/short ton, which is equivalent
to pml = $406.2/metric ton, is the price for meals with 48% protein, De-
catur (solvent), while the soybean oil price of $0.32/lb., which amounts
to pso=$696.6/metric ton, is the price for the crude soybean oils, Deca-
tur. The palm oilworld priceppo of $803.0/metric ton is theMalaysia FOB
price. The petroleum byproduct price is simply taken from the retail
price of heating oil, that is, ph = $3.76/DEEG. The prices of other inputs
used in the oil refining industry wd, soybean crushing industry wml,
and biodiesel refinery (wbd,wpo) are all calculated from zero profit
conditions, that is, wd=(βdpd+βhph−po)/βd = $4.7/DEEG, wml=
Table 4
Elasticity parameters in the baseline.

Parameter

Price elasticity of domestic oil supply
Price elasticity of foreign oil supply
Price elasticity of diesel fuel demand
Price elasticity of petroleum byproduct demand
Price elasticity of ROW palm oil supply
Price elasticity of soybean supply
Price elasticity of ROW soybean supply
Price elasticity of soybean meals demand
Price elasticity of ROW soybean meals demand
Unconditional demand elasticity of veg oil aggregate
ROW unconditional demand elasticity of veg oil
Demand elasticity of substitution between soybean oils and palm oils
ROW demand elasticity of substitution between soybean oils and palm oils
Own-price elasticity demand of soy oil
Own-price elasticity demand of palm oil
ROW own-price elasticity demand of soy oil
ROW own-price elasticity demand of palm oil
Cross-price elasticity demand of soy oil w.r.t. palm oil
Cross-price elasticity demand of palm oil w.r.t. soy oil
ROW cross-price elasticity demand of soy oil w.r.t. palm oil
ROW cross-price elasticity demand of palm oil w.r.t. soy oil

a FAPRI, Elasticity Database: http://www.fapri.iastate.edu/tools/elasticity.aspx.
b Commodity and Food Elasticity Database, USDA: http://www.ers.usda.gov/data-products/c
(αsopso+αmlpml−ps)/αml = $108.7/metric ton, wbd=pbd−pso/αbd =
$2.3/DEEG, and wpo=pbd−ppo/αpo = $2.1/DEEG. The production pa-
rameters of αso, αml, αbd, αpo, βd, and βh would be discussed shortly.

3.2. Quantities in the baseline

For the baseline scenario, domestic supply is measured by domestic
production plus stock changes and other adjustments. In addition, we
use net imports or exports to measure international trade. Hence, in
the status quo, there are 101.16 MMT of soybean supplied (Ss) in the
US. Among them, 50.17 MMT are demanded by the ROW, leaving the
rest of the 50.99 MMT beans to be crushed into meals and oils. The do-
mestic production of soybeans meals is Qml =40.88MMT, while that of
soybean oils Qso is 9.70 MMT. There are 29.24 MMT meals consumed
Symbol Value Explanation/Source

ηo 0.25 EIA (2014)
ηo 0.500 Brown et al. (2014)
εdc −0.500 assumed
εh −0.500 assumed
ηpo 0.640 Talib and Darawi (2002)
ηs 0.120 Piggot et al. (2000)
ηs 0.300 FAPRI Elasticity Databasea

εml −0.15 Piggot et al. (2000)
εml -0.35 FAPRI Elasticity Databasea

μ −0.047 Commodity and Food Elasticity (USDA)b

μ −0.347 Commodity and Food Elasticity (USDA)b

σ 0.800 Assumed
σ 0.400 Assumed
εso −0.173 εso=−σ+(σ+μ)φso

εpo -0.674 εpo=−σ+(σ+μ)φpo

εso -0.377 εso ¼ −σ þ ðσ þ μÞφso

εpo −0.370 εpo ¼ −σ þ ðσ þ μÞφpo

εso ,po 0.126 εso ,po=(σ+μ)φpo

εpo ,so 0.627 εpo ,so=(σ+μ)φso

εso;po 0.030 εso;po ¼ ðσ þ μÞφpo

εpo;so 0.023 εpo;so ¼ ðσ þ μÞφso

ommodity-and-food-elasticities.aspx.

http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx
http://www.ers.usda.gov/data-products/commodity-and-food-elasticities.aspx


14 Noting that total expenditure is∑
n

j¼1
pjDj ¼ ϕ−μP1þμ

vo , the scaling parameter is then cal-

ibrated as ϕ=(psoDso+psoDpo)−1/μ Pvo
(1+μ)/μ.
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domestically, that is Dml = 29.24 MMT, and the remaining 11.63 MMT
meals exported to the ROW. The amount of soybean oils used as inputs
in the biodiesel production is roughly xso = 2.28 MMT, that of oils
exported to meet foreign demand is 0.79 MMT, and the rest of oils left
for domestic food purposes are Dso = 6.63 MMT.

The ROW supply of soybeans Ss reaches 211.68MMT, while its meal
and oil productions are Qml = 166.07 MMT and Qso = 39.24 MMT, re-
spectively. To account for trade of beans, the ROW demand of meals
are simulated as the sum of three parts: observed net imports of
meals, indirect net imports of meals converted from the imported
beans given the ROW crush ratio, and observed ROW domestic supply
of meals. Hence, the simulated ROW demand of meals is Dml =
224.94 MMT. Similarly, the simulated ROW demand of oils Dso is
49.34 MMT, including the indirect net imports of soy oils converted
from the imported beans. When it comes to palm oil, the ROW supplies
Spo = 61.34 MMT in the baseline year of 2014. Whereas only a very
small portion of palm oils in the ROW are exported and consumed in
the US, that is, Dpo = 1.19 MMT, the remaining palm oils are left to
meet its demand for food and other purposes, i.e., Dpo = 60.16 MMT.

The EIA reports a total supply of around 5.73 billion barrels (BB) of
crude oil xo, including a domestic supply So of 3.17 BB plus foreign sup-
ply So of 2.55 BB. The amount of diesel production associated with re-
fined crude oil is xd = 75.36 BG provided by the EIA. The US biodiesel
production exceeds 1 BG in year 2014, that is, xbd = 1.24 BG. Final fuel
consumption of diesel composite is the sum of diesel and biodiesel con-
sumption in the DEEG units, Ddc=xd+xbd = 76.61 billion DEEGs. The
production of petroleum by-product is given as xh=βhxo = 180.98 BG.

3.3. Productivity parameters

The technology coefficient of soybean meals in the US crushing in-
dustry is recovered from the ratio of observed production of soybean
meals to units of crushed beans. One metric ton of crushed beans
could yield around 0.802 metric ton of meals and 0.190 metric ton of
oils, i.e., αml = 0.802, and αso = 0.190. Similarly, the technology coeffi-
cients of the ROW crushing industry for meals and for soy oils areαml =
0.815 and αso = 0.185, respectively. The technology coefficient of the
biodiesel refining industry is calculated from DEEGs of biodiesel per
metric ton of soybean oils, that is, αbd=xso/xbd = 505.15 DEEGs/metric
ton.When it comes to palm oils as potential feedstocks for refining bio-
diesel, we could not obtain any data reporting the amounts of palm oil
used in biodiesel production from the Bioenergy Statistics from the
USDA.We assume the same technology coefficient as the biodiesel pro-
duction refined from soy oils, that is, αpo=αbd = 505.15 DEEGs/metric
ton. The sensitivity analysis regarding this technology coefficient will be
discussed, with the relative production efficiency αpo/αbd ranging from
[0.75, 1.25]. Lastly, the assumed fixed-proportions technology in the
oil refining industry gives rise to the calculated yield of gallons of diesel
per barrel of crude oil, that is,βd=xd/xo=13.15DEEGs/barrel. Givenβd,
the yield of petroleum by-products is βh = 31.57 DEEGs/barrel.

3.4. CES demand parameters

With observed prices and quantities demanded, we could calibrate
parameters in the CES demand function in Eq. (14). As for the uncondi-
tional demand elasticity of vegetable oil composite, we adopt the value
of μ=−0.047 for oil and fat category provided by theUSDA. For the un-
conditional demand elasticity of the ROW vegetable oils, we take this
value for Argentina, that is,μ=−0.347.13 The demand elasticity of sub-
stitution between soybean oils and palm oils assumes an inelastic value
of σ = 0.4 for the ROW. This value is chosen such that the simulated
13 The values of unconditional demand elasticity for vegetable oils in other regions
(e.g., Brazil) are close to−0.3, as provided in the FAPRI Elasticity Database.
price elasticity demand for soy and palm oils are close to εi = −0.37,
which are the corresponding elasticity values for each good in regions
other than the US as provided in the Food and Agricultural Policy Re-
search Institute (FAPRI) Elasticity Database. Similarly, σ=0.8 is chosen
for the elasticity of substitution between soy oils and palm oils in theUS.
To highlight the importance of these two key parameters (i.e., σ and μ)
and isolate the impact of each parameter, we conduct sensitivity analy-
sis allowing these two to vary. For the unconditional demand elasticity
of vegetable oils, we consider lower and higher values to range from
−0.40 to −0.02 for the US and ROW. For the elasticity of substitution
between soy and palm oils in the demand side, a range of [0.40, 2.00]
is taken for σ in the US, while a range of [0.35, 2.00] is adopted by σ
in the ROW.

With the observed quantities demanded and prices of soy oils and
palm oils, the parameters of factor weights in the vegetable oil compos-
ite are calibrated by using the pseudo-shares γso≡psoDso

1/σ/(psoDso
1/σ+

ppoDpo
1/σ) = 0.882, hence γpo=1−γso = 0.118. With the calibrated fac-

tor weights, the aggregate price of vegetable oil is calculated following
Pvo≡(γso

σ pso
1−σ+γpo

σ ppo
1−σ)1/(1−σ) = $1075.5/metric ton. The price

weight of soybean oils in the vegetable oil composite is then given as
φso≡γso

σ (pso/Pvo)1−σ = 0.829, and that of palm oils takes a value of
φpo=1−φso = 0.171. Likewise, we could recover parameters in the
ROWdemand function for the vegetable oil composite.14 Factorweights
are γso =0.346 and γpo = 0.654. The aggregate price of vegetable oil is

Pvo = $1482.0/metric ton. Price weights of soybean oils and palm oils
are φso = 0.416 and φpo = 0.584, respectively.

3.5. Elasticities

The elasticity values are taken from the literature to reflect the con-
sensus on the available econometric evidence. For the US soybean sup-
ply elasticity we take an estimate of ηs = 0.12, and for the US soybean
meals demand elasticity we set εml = −0.15, both of which are drawn
from Piggot et al. (2000) and Knittel and Pindyck (2013). The ROW
supply elasticity of soybeans and demand elasticity of meals are
obtained from the FAPRI Elasticity Database.15 Hence, we set ηs =
0.30 and εml =−0.35 as the benchmark values. In the sensitivity anal-
ysis, we consider a lower and upper bound value of 0.10 and of 0.50 for
the elasticity ηs andηs, and adopt a range of [−0.50,−0.10] for the elas-
ticity εml and εml.

For the elasticity of domestic oil supply, we set the benchmark value
of ηo = 0.25, based upon the value used by the US EIA National Energy
Modeling System (EIA, 2014). A sensitivity analysis of this parameter
ranging from [0.1, 0.8] is conducted in the sensitivity analysis. For the
price elasticity of foreign export oil supply, an inelastic value of ηo =
0.5 in the benchmark is taken from Brown et al. (2014), and a lower
and upper value from 0.10 to 3.00 are accounted for in the sensitivity
analysis. The elasticity value of the fuel composite is assigned a value
of εdc = −0.5. Little explicit evidence exists on the elasticity of petro-
leum by-product demand represented by εh, hence we adopt the same
baseline value as the elasticity of fuel diesel demand. A range of [0.10,
0.50] is considered in the sensitivity analysis regarding both εdc and εh.
As suggested by Talib and Darawi (2002), the ROW supply elasticity
for palm oil takes an estimate of ηpo = 0.64 in the benchmark, and as-
sumes a range of [0.10, 0.90] in the sensitivity analysis. As for the
own-price demand elasticities of soybean oils and palm oils, although
the CES structure of demand for vegetable oils does not need these as
The FAPRI Elasticity Database reports the supply price elasticity and own-price de-
mand elasticity of soybeans and meals. The ROW supply elasticity of soybeans is close to
the elasticity value for beans from South America, e.g., 0.32 for beans from Argentina,
and 0.34 for beans fromBrazil. The demand elasticity of soymeals fromArgentina and that
from Brazil are −0.35.



Table 5
Simulated prices of increasing biodiesel mandate and the Monte Carlo simulation results in 95% confidence interval.

Biodiesel mandate (BG) Baseline Soy oil as biodiesel feedstock Soy and palm oil as biodiesel feedstocks

(1) (2) (3) (4) (5)

1.55 2.0 3.4 2.0 3.4

Soybean price ($/MT) 373.53 376.64 387.21 373.82 376.79
[374.62, 377.79] [379.91, 391.03] [373.30, 374.70] [375.39, 379.27]

ROW soybean price ($/MT) 373.51 376.46 386.47 373.78 376.59
[374.52, 377.59] [379.50, 390.22] [373.26, 374.65] [375.23, 378.99]

Soybean meals price ($/MT) 407.34 404.94 396.76 407.12 404.83
[404.03, 406.69] [393.13, 402.73] [406.43, 407.85] [402.75, 406.21]

Soybean oils price ($/MT) 704.73 731.20 821.13 707.19 732.42
[715.23, 737.10] [762.24, 843.84] [704.36, 712.55] [722.78, 750.81]

Palm oils price ($/MT) 803.31 804.30 807.54 813.53 838.76
[803.42, 811.28] [804.48, 831.61] [811.53, 818.10] [831.90, 854.40]

Crude oil price ($/barrel) 91.84 91.58 90.73 91.59 90.77
[91.23, 91.81] [89.52, 91.42] [91.24, 91.81] [89.57, 91.43]

Biodiesel price ($/gallon) 3.47 3.52 3.69 3.48 3.53
[3.49, 3.53] [3.58, 3.73] [3.47, 3.49] [3.51, 3.56]

Diesel price ($/gallon) 3.32 3.28 3.16 3.28 3.16
[3.26, 3.29] [3.07, 3.20] [3.26, 3.29] [3.08, 3.20]

Heating oil price ($/gallon) 3.76 3.77 3.79 3.77 3.79
[3.76, 3.78] [3.77, 3.82] [3.76, 3.78] [3.77, 3.82]

Notes: the results in brackets are reported in a form of 95% confidence interval for the Monte Carlo simulation on a set of selected 15 key parameters including elasticities, technology
coefficient and marginal carbon social costs.
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primitive parameters, the implied elasticities are easily derived for the
purpose of comparison with other models.16
3.6. Carbon emissions and damage costs

The CO2 emission rate of diesel fuel that we used is 10.21 kg/DEEG
(EPA, 2015).17 The relative emission efficiency factor in the benchmark
case takes a value of υbd=0.5, representing that biomass-based biodie-
sel (either from soy oils or palm oils) reduces the emissions over 50%
relative to conventional fuels (Yacobucci, 2012). There is considerable
concern about carbon emissions from land conversion by oil palm
plantations.Carlson et al. (2013) find that plantation expansion of oil
palm in Kalimantan alone would contribute around 20% of Indonesia's
2020 CO2-equivalent emissions, that is, around 20MMT of carbon emis-
sions per year associated with 31,640 km2 area of palm oil plantation.
Given 321.245 MT palm oil per km2 of harvest area (USDA, FAS),18 the
parameter for carbon emissions from land conversion of palm oil plan-
tation υpo takes a value of 1.91MMT CO2 emissions perMMT of palm oil
supply. Given such uncertainty about carbon emissions of palm oil plan-
tation, the sensitivity analysis carried out later assumes the upper and
lower bound of the parameter υpo by floating 50% up and down based
upon the benchmark value.

The carbon damage function, θ(⋅), assumes a linear form. Hence, the
marginal effect θ′(⋅) represents the normalized constantmarginal emis-
sions damage from diesel fuels. There are many estimates regarding the
social costs of CO2 emissions (Stern, 2007; Tol, 2008).We take a value of
$37/tCO2 for the cost of pollution externality in the baseline, and con-
duct sensitivity analysis on this parameter, ranging from $5/tCO2 to
$80/tCO2.
16 The US own-price elasticities of demand for soybean oils and palm oils are εso=
−σ+(σ+μ)φso = −0.173, and εpo= −σ+(σ+μ)φpo = −0.674, respectively.
The implied cross-price elasticities are given as εso,po=(σ+μ)φpo = 0.126, and εpo,so=
(σ+μ)φso = 0.627. Likewise, the own-price elasticities in the ROW are εso = −0. 377
and εpo = −0.370; and the cross-price elasticities in the ROW are εso;po = 0.030, and
εpo;so = 0.023.
17 Please see the Emission Factors for Greenhouse Gas Inventories, EPA: https://www.
epa.gov/sites/production/files/2015-12/documents/emission-factors_nov_2015.pdf.
18 This value is obtained by using world total palm oil production divided by harvested
area in 2014/2015. Please see the Production, Supply and Distribution Database in the
FAS of the USDA, https://apps.fas.usda.gov/psdonline/app/index.html#/app/advQuery.
4. Simulation results

4.1. Benchmark results

The key question our model attempts to address is howmuch of the
impact of expanded biodiesel uses in the US will show up in soy mar-
kets, and howmuch will be transmitted to other vegetable oil markets,
particularly palm. The RFS requirements for biodiesel standards grow
steadily over the next several years, increasing every year from
1.63 BG to 2 BG by 2017.19 We consider two different biodiesel man-
dates (i.e., 2 BG, and 3.4 BG) to examine their non-linear impacts on
world vegetable oil markets. In addition, two modeling scenarios are
simulated. One is the scenario that soy oils are used as only feedstocks
for biodiesel production, and the other is to incorporate imported
palm oil as alternative feedstocks for refining biodiesel. Tables 5 and 6
present the simulated impacts onprices and quantities of related energy
commodities and agricultural markets. The results for the baseline year
2014 are shown in column (1). Columns (2)–(3) present the results of
increasing biodiesel mandates with soy oils used as only feedstocks for
biodiesel production, while columns (4)–(5) show the corresponding
results by extending the model to consider both soy and palm oils
used as feedstocks for biodiesel production. All columns assume the
binding biodiesel mandate with diesel fuel taxes of $0.48/gal accounted
for. Unlike the baseline column (1), the remaining columns (2)–(5) as-
sume away tax credits of $1.0/gal for biodiesel, given the pending legis-
lation of renewing the tax credits for biodiesel production. Because
border policies on soybean meals, soy oils, palm oils, and crude oil are
assumed away, the ROW prices of these traded commodities equal
their corresponding US domestic prices, hence are not reported in
Tables 5 and 6.

4.1.1. Impacts on energy
The increasing biodiesel mandate leads to a replacement of tradi-

tional fossil fuels by biodiesel. In the scenario of only soy oil-based bio-
diesel, as the biodiesel mandate reaches 2 BG, only less than 0.1 BG of
diesel fuels are replaced by the increasing biodiesel consumption. Due
to a drastic increase of biodiesel mandate up to 3.4 BG presented in col-
umn (3) of Table 6, the diesel consumption falls slightly about 0.44%,
19 Please see the Final Renewable Fuel Standards for 2014, 2015, and 2016, and the
Biomass-Based Diesel Volume for 2017, Docket Number: EPA-HQ-OAR-2015-0111.

https://www.epa.gov/sites/production/files/2015-12/documents/emission-factors_nov_2015.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/emission-factors_nov_2015.pdf
https://apps.fas.usda.gov/psdonline/app/index.html#/app/advQuery


Table 6
Simulated quantities of increasing biodiesel mandate and the Monte Carlo Simulation results in 95% confidence interval.

Biodiesel Mandate (BG) Baseline Soy oil as biodiesel feedstock Soy and palm oil as biodiesel feedstocks

(1) (2) (3) (4) (5)

1.55 2.0 3.4 2.0 3.4

Soybean supply (MMT) 101.25 101.35 101.69 101.26 101.35
[101.27, 101.62] [101.42, 102.42] [101.23, 101.42] [101.29, 101.69]

ROW soybean supply (MMT) 212.10 212.60 214.32 212.15 212.63
[212.20, 212.81] [212.99, 214.98] [211.99, 212.31] [212.29, 213.07]

Soybean meals supply (MMT) 81.17 81.25 81.53 81.17 81.25
[81.18, 81.46] [81.30, 82.11] [81.15, 81.30] [81.20, 81.52]

Soybean meals demand(MMT) 29.23 29.26 29.34 29.23 29.26
[29.24, 29.27] [29.27, 29.45] [29.22, 29.24] [29.24, 29.29]

ROW soybean meals supply (MMT) 172.78 173.19 174.59 172.82 173.21
[172.86, 173.36] [173.51, 175.12] [172.69, 172.95] [172.93, 173.57]

ROW soybean meals demand (MMT) 224.72 225.18 226.77 224.76 225.20
[224.85, 225.34] [225.60, 227.31] [224.64, 224.89] [224.94, 225.59]

Soybean oils supply (MMT) 19.27 19.29 19.36 19.27 19.29
[19.28, 19.34] [19.30, 19.50] [19.27, 19.31] [19.28, 19.36]

Soybean oils demand (MMT) 6.62 6.57 6.45 6.62 6.61
[6.53, 6.61] [6.30, 6.57] [6.60, 6.63] [6.53, 6.62]

Soybean oils in biodiesel production (MMT) 2.85 3.68 6.26 2.90 3.62
[3.68, 3.68] [6.26, 6.26] [2.81, 3.06] [3.31, 4.14]

ROW soybean oils supply (MMT) 39.32 39.41 39.73 39.33 39.42
[39.34, 39.45] [39.49, 39.85] [39.30, 39.36] [39.36, 39.50]

ROW soybean oils demand (MMT) 49.13 48.45 46.38 49.08 48.48
[48.34, 48.50] [46.00, 46.55] [48.94, 49.17] [48.02, 48.78]

ROW palm oils supply (MMT) 61.36 61.41 61.56 61.86 63.09
[61.36, 61.73] [61.41, 62.67] [61.69, 62.04] [62.53, 63.71]

Palm oils demand (MMT) 1.20 1.22 1.31 1.19 1.19
[1.20, 1.24] [1.22, 1.39] [1.18, 1.19] [1.18, 1.20]

ROW palm oils demand (MMT) 60.16 60.18 60.25 59.89 59.26
[60.14, 60.52] [60.11, 61.41] [59.81, 60.02] [59.01, 59.69]

Palm oils in biodiesel production (MMT) 0.00 0.00 0.00 0.78 2.64
[0.00, 0.00] [0.00, 0.00] [0.67, 0.86] [2.27, 2.91]

Crude oil domestic supply (BB) 3.18 3.17 3.17 3.17 3.17
[3.17, 3.18] [3.15, 3.17] [3.16, 3.18] [3.15, 3.18]

Crude oil import demand (BB) 2.55 2.55 2.53 2.55 2.54
[2.54, 2.55] [2.51, 2.55] [2.54, 2.55] [2.52, 2.55]

Biodiesel from soy oils (BG) 1.55 2.00 3.40 1.58 1.97
[2.00, 2.00] [3.40, 3.40] [1.52, 1.66] [1.79, 2.25]

Biodiesel from palm oils (BG) 0.00 0.00 0.00 0.42 1.43
[0.00, 0.00] [0.00, 0.00] [0.34, 0.48] [1.15, 1.61]

Diesel quantity (BG) 75.31 75.24 74.98 75.24 75.00
[75.17, 75.30] [74.76, 75.18] [75.17, 75.30] [74.77, 75.19]

Heating oil quantity (BG) 180.85 180.67 180.06 180.67 180.09
[180.51, 180.82] [179.53, 180.52] [180.51, 180.82] [179.56, 180.55]

Notes: the results in brackets are reported in a form of 95% confidence interval for the Monte Carlo simulation on a set of selected 15 key parameters including elasticities, technology
coefficient and marginal carbon social costs.

157J. Cui, J.I. Martin / Energy Economics 65 (2017) 148–160
resulting in a lower price of diesel fuels from $3.32/gal down to
$3.16/gal. As the demand for traditional diesel fuels decreases, both
domestic and imported crude oil are required less in the oil refining
industry. Given the recent inelastic domestic supply of crude oil
(η0=0.25) and the foreign oil supply (ηo ¼ 0:5), the domestic supply
of crude oil falls only by 0.30%, and the US import demand of oil is
down by about 0.61%. This declining supply of crude oil cuts down
the production of petroleum by-product, leading to a slightly higher
by-product price (i.e., heating oil price). Due to the significant in-
crease of biodiesel production up to 3.4 BG, the biodiesel price rises
by 6.17% from $3.47/gal up to $3.69/gal, but diesel price lowers
down by 4.93% from $3.32/gal to $3.16/gal. As the traditional fossil
fuels (i.e., diesel) are partially replaced by biodiesel, crude oil price
drops slightly by 1.21% from $91.84/barrel to $90.73/barrel.

The expansion of biodieselmandateswould raise the feedstock price
of soy oils and the price of palm oils. The former is through the produc-
tion input–output linkage, while the latter is through the channel of im-
perfect substitution between two alternative vegetable oils in the
demand side. When allowing palm oils used as alternative feedstocks
for refining biodiesel, the increasing price of feedstock would trigger
the production of biodiesel from palm oils. As the biodiesel mandates
grow from 2 BG to 3.4 BG, palm oil-based biodiesel quantity rises from
0.42 BG to 1.43 BG shown in the last two columns of Table 6. With the
palm oil-based biodiesel to meet the increasing mandate, the price
of biodiesel experiences less upward pressure, falling from $3.69/gal
(column [3]) to $3.53/gal (column [5]).

4.1.2. Impacts on agricultural feedstock
To meet the increasing biodiesel mandate, soybean oil, which is as-

sumed as the only biofuel feedstock in columns (1)–(3) of Table 6, is
demanded more in the biodiesel refinery sector. The drastic increase
of biodiesel mandate up to 3.4 BG leaves the significant impacts on
world soy oil markets through international trade. Before the increase,
as shown in column (1) of Tables 6, 2.85 MMT soy oils are used in bio-
diesel production, 6.62 MMT soy oils are consumed domestically, and
the rest 9.80 MMT are exported to the ROW. After the increase, as pre-
sented in column (3) of Tables 6, 6.26 MMT soy oils are diverted into
biodiesel production, while the US domestic supply only reaches
19.36 MMT. This significant increase leaves only 6.65 MMT soy oils to
export and feed the ROW. The (world) price of soy oils rises substantial-
ly from $704.73/MT up to $821.13/MT. By switching from expensive soy
oils to palm oils, the ROW consumption of soy oils falls by 5.59%, while
that of palmoils rises slightly by 0.15%. Theoverall ROWconsumption of
vegetable oils, which is the sumof soy and palmoils, is down by roughly
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2.43% as a result of the 3.4 BG biodiesel mandate. The magnitude of
this vegetable oil replacement depends upon the demand elasticity of
substitution σ assumed in the model. With the postulated ROW value
of σ ¼ 0:6 in the benchmark, one could expect a slight increase in
palm oils to replace soy oils. As this elasticity substitution value rises,
the replacement of palm oils to soy oils becomes appealing.

The rising demand of soy oils for the biodiesel purposes raises the US
domestic price of soybeans over 3.66% from $373.53/MT to $387.21/MT.
As a consequence, the US domestic supply of soybeans increases ap-
proximately 0.44% given the inelastic domestic supply elasticity of
0.12 assumed in the benchmark. To meet the rising ROW demand of
soy oils, the ROW supply of soybeans reaches 214.32 MMT, which is a
1.05% increase from the initial level of 212.10MMT. Both increasing do-
mestic and ROW supply of beans provide excess supply ofmeals, lower-
ing the (world) meal price by 2.60% from $407.34/MT to $396.76/MT.

When allowing the US biodiesel production to refine from imported
palm oils, the rising price of soy oils could trigger the zero-profit thresh-
old of the palm oils-based biodiesel refinery industry, thereby diverting
palm oils into the biodiesel production. As biodiesel mandates grow
steadily to 2 BG, as shown in column (4) of Table 6, palm oil-based bio-
diesel starts to replace soy oil-based biodiesel. Among 2 BG biodiesel
mandates, 1.58 BG biodiesel is refined from soy oils and the rest of the
0.42 BG is diverted from palm oils. Comparing the scenario without
and with palm oils as biodiesel feedstocks, this replacement leads to a
3.40% drop in the price of soy oils from $731.20/MT to $707.19/MT,
and a 1.13% increase in the price of palm oils from $804.30/MT
to $813.53/MT. Although the ROW supply of palm oils rises to
61.86 MMT, the ROW consumption of palm oils falls to 59.89 MMT,
which is the opposite casewhen palm oils could not be used as biodiesel
feedstocks. As the biodiesel mandate keeps reaching 3.4 BG, 2.64 MMT
of imported palm oils are diverted into refining biodiesel and producing
1.43 BG palm oil-based biodiesel. By incorporating palm oil-based bio-
diesel, the price of soy oil experiences less upward pressures, from
$821.13/MT (in column [3]) down to $732.42/MT (in column [5]),
while the price of palm oils rises from $807.54/MT (in column [3])
up to $838.76/MT (in column [5]). Although palm oil is diverted from
consumption purposes to biodiesel production, more soy oils are re-
leased from refinery sector to food/feed uses. Comparingwith the base-
line, the total ROW consumption of vegetable oils, sum of soy oils and
palm oils in column (5), declines by only 1.42%, which is less than a
Table 7
Welfare effects of alternative biodiesel mandates and the Mont Carlo simulation results in 95%

Biodiesel mandate (BG) Soy oil as biodiesel feedstock

(1) (2)

2.0 3.4

Carbon social damage 0.17% 0.66%
[0.11%, 0.23%] [0.44%

Net tax revenue −0.06% −0.27
[−0.13%, −0.01%] [−0.5

PS of domestic oil supply −0.33% −1.39
[−0.64%, −0.15%] [−2.6

PS of domestic soybean supply 0.89% 3.90%
[0.45%, 1.09%] [1.96%

CS of petrol. byproduct demand −0.21% −0.87
[−0.34%, −0.10%] [−1.4

CS of diesel composite demand 0.87% 3.53%
[0.74%, 0.98%] [2.98%

CS of soy meals demand 0.18% 0.78%
[0.07%, 0.37%] [0.28%

CS of soy oils demand −1.33% −5.80
[−2.42%, −0.51%] [−10.

CS of palm oils demand −0.26% −1.87
[−1.38%, −0.07%] [−7.2

Welfare 0.03% 0.10%
[0.00%, 0.08%] [−0.0

Notes: the results in brackets are reported in a form of 95% confidence interval for the Monte
coefficient and marginal carbon social costs.
2.43% drop in the scenario that soy oils are used as only biodiesel
feedstocks.

As a result of the rising mandate, the replacement of soy oil-based
biodiesel by palm oil-based biodiesel puts upward pressures on the
world palm oil price, but less pressures on the world vegetable oil mar-
ket. This result is sensitive to the relative technology efficiency of palm
oil-based biodiesel to soy oil-based biodiesel production in the supply
side. In the baseline we assume the same technology coefficient of bio-
diesel refinery fromeither soy oils or palmoils. As refining frompalm oil
becomes relativelymore efficient in terms of requiring less feedstocks to
produce a unit of biodiesel, out of conventional consumption purposes,
more palm oils would be diverted into the refinery sector. On the one
hand, this replacement raises the price of palm oils, and on the other
hand, more soy oils are released from biodiesel production to meet
world food consumption.

4.1.3. Impacts on US social welfare
The US social welfare is the sum of net tax revenue (tax on fuels

minus subsidy on biodiesel), producer surplus of domestic oil supply,
of domestic soybean supply, consumer surplus of heating oil, of diesel
composite demand, of soy meals, of soy oils, and of palm oils,
subtracting carbon social damage. Table 7 presents the simulated US
welfare implications of the expanded biodiesel mandates. Columns
(1)–(2) are results when soy oils are used as only feedstocks for biodie-
sel refinery, while columns (3)–(4) are results when alternative feed-
stocks of palm oils are allowed to produce biodiesel. All simulated
results are percentage changes relative to the baseline.

Under the scenario of soy oil as only biodiesel feedstocks, the in-
creasing biodiesel mandate up to 2.0 BG, on the one hand, lifts up the
producer's price of soybean, but lowers down the consumer's prices of
soy meals, thereby increasing the producer surplus of soybeans by
0.89% and consumer surplus of soy meals by 0.18% relative to the base-
line. On the other hand, this expansion of biodiesel mandate cuts down
consumer surplus of soy oils and of palm oils by 1.33% and 0.26%, re-
spectively. As a consequence of the rising mandate, the replacement of
diesel fuels by biodiesel results in 0.87% welfare gains in consumer sur-
plus of diesel fuel composite demand, but 0.21% losses in consumer sur-
plus of petroleum byproducts and 0.33% losses in producer surplus of
domestic crude oil supply. In addition, a small reduction in diesel fuel
consumption is replaced by a substantial increase in biodiesel quantity.
confidence interval (percentage changes relative to baseline).

Soy and palm oil as biodiesel feedstocks

(3) (4)

2.0 3.4

0.24% 0.92%
, 0.96%] [0.17%, 0.29%] [0.65%, 1.15%]
% −0.06% −0.25%
5%, −0.03%] [−0.13%, −0.01%] [−0.53%, −0.03%]
% −0.32% −1.33%
8%, −0.65%] [−0.63%, −0.15%] [−2.63%, −0.62%]

0.08% 0.93%
, 4.86%] [0.01%, 0.29%] [0.61%, 1.60%]
% −0.20% −0.84%
3%, −0.41%] [−0.34%, −0.09%] [−1.40%, −0.39%]

0.88% 3.56%
, 4.00%] [0.74%, 0.98%] [3.01%, 4.01%]

0.02% 0.19%
, 1.61%] [0.00%, 0.08%] [0.08%, 0.49%]
% −0.12% −1.40%
41%, −2.19%] [−0.56%, −0.01%] [−3.33%, −0.65%]
% −1.71% −5.94%
8%, −0.55%] [−3.12%, −0.84%] [−11.34%, −3.01%]

0.02% 0.07%
1%, 0.29%] [−0.01%, 0.07%] [−0.03%, 0.26%]

Carlo simulation on a set of selected 15 key parameters including elasticities, technology
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This replacement leads to a slight loss in net tax revenue, which is the
sum of tax collected from fuel consumption minus subsidy. Moreover,
CO2 emissions saving from the small reduction in diesel fuel consump-
tion is offset by CO2 releases from the substantial increase in biodiesel
quantity, leading to an increase in total CO2 pollution from the fuel com-
bustion, and henceforth a rise in carbon social damage by 0.17%. Com-
pared with the baseline, the overall US social welfare rises slightly by
0.03% due to the 2 BG biodiesel mandate. As the biodiesel mandate con-
tinues to expand up to 3.4 BG, the magnitude of the distributional wel-
fare implications expands. The US experiences slightly 0.10% welfare
gains relative to the baseline 2014.

When palmoils are allowed to refine biodiesel, the expansion of bio-
diesel mandates up to 3.4 BG results in less upward pressures for soy oil
price but more for palm oil price. Consumers of soy oils suffer a modest
welfare loss from the rising soy oil price by 1.40%, while consumers of
palm oil experiences 5.94% welfare losses. Comparingwith the scenario
of soy oils as only biodiesel feedstocks, the inclusion of palm oil-based
biodiesel has a modest welfare distributional impact on the fuel mar-
kets, but a substantial influence on the vegetable oil markets. The wel-
fare of both consumers of palm oils and producers of soy oils is
redistributed to consumers of soy oils. The overall US social welfare
gains by only 0.07% relative to the baseline.
4.2. Sensitivity analysis

To further test the robustness of our conclusions, we first carry out a
Monte Carlo simulation to represent our uncertainty about the model's
true parameters. A set of 16 key parameters including elasticities, tech-
nology coefficient, and marginal carbon social costs, is considered in
this exercise. Alternative values of these key parameters are summarized
in Table A1 in the online appendix. In theMonte Caro simulation, a set of
parameters was randomly drawn 100,000 times from a beta distribution
consistentwith the ranges reported in Table A1 in the online appendix.20

For each vector of these random parameters we recalibrate the model to
the baseline 2014, and then explore the impacts of alternative biodiesel
mandates and their welfare implications. The results of the Monte
Carlo simulation in a form of 95% confidence interval are summarized
in the brackets along with the benchmark results in Tables 5–7. One
way to interpret the results of thisMonte Carlo experiment is as a robust-
ness check on themagnitude of the policy tool parameters that we com-
puted in the baseline. Within this perspective, some of our main
conclusions are re-emphasized by the Monte Carlo simulation.

With soy oils as only feedstocks for biodiesel production, the rising
biodiesel mandate up to 2 BG is associated with a modest increase in
the (world) price of vegetable oils (soy and palm oils). Relative to the
baseline 2014, the price of soy oils has been raised by a range of 1.57%
to 6.74%, while the price of palm oils experiences a slight increase up
to 0.88%.21 As biodiesel mandates reach 3.4 BG, more soy oils are
diverted into the biodiesel refinery sector, leading to a substantial incre-
ment of soy oil price from 8.44% to 27.78%, but a slight increase of palm
oil price up to 3.12%.With palmoils as alternative feedstocks for refining
biodiesel, the price responses of palm oil to the risingmandates become
more appealing. To meet the 3.4 BG mandate, relative to the baseline
2014, the price of palm oils rises from 3.56% to 6.36%, while the price
of soy oils increases with a range of 2.56% to 6.58%.

When it comes to the welfare implications, with a 3.4 BG biodiesel
mandate, the social welfare gains by only 0.10% and 0.07%, respectively,
depending upon whether palm oils could be used as biodiesel feed-
stocks or not. These welfare gains have 95% confidence intervals of
20 Each beta distribution has a finite support on [a, b], where the extremes of this interval
are the minimal and maximal parameter values reported in Table A1 in the online appen-
dix. Given [a, b], the shape parameters of the beta distribution are picked so that the stan-
dard deviation satisfies (b − a)/6 and the mean is equal to the baseline value.
21 Percentage changes are calculated from prices between the baseline and the simulat-
ed prices in 97.5% or 2.5% percentile points.
[−0.01%, 0.29%] and of [−0.03%, 0.26%], respectively, both of which
are fairly compact, suggesting that the welfare impacts of alternative
US biodiesel mandates would not be statistically significant from zero.
Although the relative changes in the overall social welfare are not sub-
stantial in response to the expanding biodiesel mandates, the distribu-
tion of the social welfare varies drastically with the proposed mandate
levels. For example, in responding to a level of 3.4 BG biodieselmandate,
if soy oils are used as only biodiesel feedstocks, the consumer surplus
of soy oil demand ranges from [−10.41%, −2.19%], while that of
palm oil demand is shown to range from −7.28% to −0.55%. By
relaxing the restriction of no palm oil used as biodiesel feedstocks, the
consumer surplus of palm oil demand becomes more negative, ranging
from −11.34% to−3.01%.

Moreover, we undertake a series of sensitivity analysis for each of se-
lected key parameters. Specifically, we vary with one parameter at a
time and recalibrate the model at the baseline 2014, and then explore
the impacts of the rising biodiesel mandates on the replacement of veg-
etable oils between soy and palm oils. The simulation results are report-
ed in Tables A2–A7 in the online appendix. We first examine how the
unconditional price elasticity of demand for vegetable oils in the US
(μ) and in the ROW (μ) would alter the impact of expanded biodiesel
production. As the US demand for vegetable oils becomes more inelas-
tic, Table A2 shows that the expansion of biodiesel production slightly
lifts up the (world) prices of soy oils and of palm oils. When the ROW
demand for vegetable is more inelastic, as shown in Table A3, for a
2 BG biodiesel mandate, the (world) price of soy oils rises up to
$754.77/MT,which is around 3.22% higher than the effects in the bench-
mark elasticity value, while for a 3.4 BG biodiesel mandate, the (world)
price of soy oils reaches $913.10/MT,which is approximately 11%higher
than the effects in the benchmark elasticity level. Next, the role of the
demand elasticity of substitution between soy and palm oils in the US
(σ) and in theROW(σ) is explored in Tables A4 andA5. Themore elastic
the demand of substitution, the lower the (world) price of soy oils
would be, but the higher the (world) price of palm oils becomes. This
is because the replacement of soy oils by palm oils becomes more ap-
pealing. The world demand for palm oils rises, while that for soy oils
falls. Furthermore, we are interested in investigating how the relative
technology efficiency of refining biodiesel from palm oils compared
with that from soy oils (αpo/αbd) would affect the replacement of palm
and soy oils in food purposes in response to the expansion of biodiesel
mandates. When palm oil becomes more efficient in refining biodiesel
in terms of requiring less feedstocks to produce one unit of biodiesel
as shown in Table A6, the effects of expanded biodiesel mandates on
both (world) prices of soy oils and of palm oils become less appealing,
because less palm oils are demanded in the biodiesel refinery sector,
leaving much more oils for food consumption purposes. Last, but not
least, as the domestic supply of crude oil becomes more elastic as pre-
sented in Table A7, the same amount of biodiesel production expansion
has a less substantial impact onworld crude oil price cuts, which in turn
leads a smaller US social welfare gain.

5. Conclusion

This paper applies and extends the analytical setup of Cui et al.
(2011) to analyze the economic impacts of the expansion of US biodie-
sel mandates on world vegetable oil markets. Themodel is calibrated to
fit the baseline year of 2014. We simulate the market effects of recent
volume requirements for biodiesel proposed by the RFS program of
the EPA, and then discuss how the potential production of palm oil-
based biodiesel would affect the world vegetable oil markets in re-
sponse to the rising mandates.

Some interesting findings arise. First, the expanded use of soy oil for
biodiesel in the US will have considerable impacts on world vegetable
oil markets. The majority of the vegetable oil replacement is likely to
occur through substitution of palm oil. As for 3.4 BG mandates, the
ROW consumption of soy oils falls by 5.59%, while that of palm oils
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rises slightly by 0.15%. The overall ROW consumption of vegetable oils,
which is the sum of soy and palm oils, is down by roughly 2.43%. As
this elasticity substitution value between palm oil and soy oils in the de-
mand side rises, the replacement of palms oils to soy oils becomes
appealing.

Second, as imported palm oils used in biodiesel production, the ris-
ing price of soy oils could trigger the zero-profit threshold of producing
biodiesel from palm oils, thereby diverting some palm oils into the bio-
diesel production. Out of 3.4 BG biodiesel mandates, there is 1.43 BG of
palm oil-based biodiesel refined from 2.64 MMT of imported palm oils.
Although palm oil is diverted from consumption purposes to biodiesel
production,more soy oils are released from the biodiesel refinery sector
to food/feed uses. Comparing with the baseline, the total ROW con-
sumption of vegetable oils declines by only 1.42%, which is less than a
2.83% drop when soy oils are used as only biodiesel feedstocks.

Third, there is a replacement of a small reduction in diesel fuel con-
sumption by a substantial increase in biodiesel quantity. CO2 emissions
saving from the small reduction in diesel fuel consumption is offset by
CO2 releases from the substantial increase in biodiesel production, leading
to an increase in total CO2 pollution from fuel combustion. Consequently,
carbon social damage rises. Although the expansion of biodiesel mandate
does not achieve carbon reduction, this policy raises the overall US social
welfare through the terms of trade effect benefited from cheap oil im-
ports because of the magnitude of US oil imports. With 3.4 BG biodiesel
mandates, the US experiences slightly 0.10% welfare gains relative to
baseline 2014. The Monte Carlo simulation results suggest that the im-
pacts of alternative US biodiesel mandates are more substantial on the
distribution of the social welfare rather than on the overall welfare.

Finally, a few caveats. Our stylizedmodel involves only two separate
oils (soy and palm) and two markets (US and ROW). More detailed
modeling could consider a greater variety of oils, including oils like
canola or rapeseed that are intermediate in the share of their value aris-
ing from oil versus meal, and other sources of biodiesel feedstock
(e.g., secondary fats and oils and fatty acids) that could arise in response
to price changes in the soy oil market. In addition, it is widely believed
that CO2 is a global pollutant. We only account for carbon emissions of
land conversion for the palm oil purposes in the ROW, but not consider
carbon emissions from other sources in the ROW. Another limitation of
our model is the absence of the impacts foreign emissions (other than
palm plantation) have on the US domestic welfare and potential emis-
sion leakage effects associated with the US biodiesel policies. With
these two effects considered, the incentives for the US domestic policies
to control emissions are further weakened.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.eneco.2017.04.010.
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