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ABSTRACT. Energy policies for greenhouse gas
(GHG) mitigation in the United States have set sector-
specific standards, such as the Renewable Fuel Stan-
dard (RFS) and the Renewable Portfolio Standard
(RPS) for the transportation and the electricity sec-
tors, respectively. This paper examines the welfare
costs and effectiveness of GHG abatement with these
policies and compares them with those under a car-
bon tax normalized to achieve the same level of abate-
ment over the 2007–2030 period. We show that the
global welfare cost per ton of GHG abatement with
the RFS and RPS is $171, while with the carbon tax
it is $7. (JEL Q42, Q58)

I. INTRODUCTION

Growing concern about global climate
change and dependence on fossil fuels has led
to sector-specific energy policies that set tech-
nology standards for the share of renewable
energy to be consumed in the two most car-
bon-intensive sectors in the United States;
these include the federal Renewable Fuel
Standard (RFS) for the transportation sector
and state-specific Renewable Portfolio Stan-
dards (RPSs) for the electricity sector. The
RFS, established by the Energy Independence
and Security Act in 2007 (USEPA 2010a), sets
volumetric mandates for blending specified
quantities of different types of biofuels (from
food crops and cellulosic biomass) with liquid
fossil fuels, while the state-specific RPSs set
targets for the share of electricity to be gen-
erated using renewable sources by the 29 par-
ticipating states (DSIRE 2011).

Sector-specific energy technology stan-
dards are likely to be less efficient in reducing
greenhouse gas (GHG) emissions than a car-
bon tax that imposes the same carbon price on
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all sectors, because they do not allocate abate-
ment in the least-cost manner across sectors
or encourage cost-effective abatement. More-
over, they can distort resource allocation
across sectors when they compete for similar
resources such as bioenergy, which can be
utilized both for electricity generation and
transportation. Implementation of the RFS,
with its large requirement for cellulosic biof-
uels, can divert a constrained supply of bio-
mass from displacing carbon-intensive coal-
based electricity to displacing the relatively
less carbon-intensive gasoline (Fraas and Jo-
hansson 2009). However, concerns about the
extent to which a modest carbon tax can re-
duce GHG emissions, given the inelastic de-
mand for energy, has led to a preference
among policy makers for sector-specific re-
newable energy policies to induce investment
in renewable energy (USDOT 2010).

The purpose of this paper is to analyze the
welfare cost and GHG emissions savings
achieved by the RFS and state RPSs imple-
mented jointly for the United States. In ex-
amining these policies we take into account
not only the direct effect of each of these pol-
icies on the electricity and transportation sec-
tors, but also their cross-sector effects includ-
ing those on the agricultural sector, since
bioenergy demand will affect the allocation of
land for food and feed production and affect
crop prices. We also examine the distribu-
tional effects of these policies across produc-
ers and consumers in the electricity, transpor-
tation, and agricultural sectors. We use
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life-cycle analysis to assess the direct and in-
direct GHG effects of displacing fossil fuels
with renewable energy; the latter arise due to
potential feedback effects caused by changes
in fossil fuel prices as they are displaced by
renewable fuels. We also account for the di-
rect and indirect GHG effects due to changes
in land use as bioenergy affects food crop
prices.

We undertake this analysis by developing
an integrated, dynamic, price-endogenous,
open economy model of the electricity, trans-
portation, and agricultural sectors in the
United States. This model extends the biofuel
and environmental policy analysis model
(BEPAM) used previously to analyze the ef-
fects of biofuel policies on the transportation
sector (Chen et al. 2014; Huang et al. 2013)
by including the U.S. electricity sector and re-
lated fossil fuel sectors (coal and natural gas)
that provide inputs to the electricity sector, as
well as regional forest residue and pulpwood
supplies. The extended BEPAM with the elec-
tricity sector (BEPAM-E) incorporates the ex-
isting fossil and renewable electricity gener-
ating capacity in the United States as well as
the potential for expansion in natural gas,
wind, and bioelectricity generation. The BE-
PAM-E simulates the economic and GHG ef-
fects of the state RPSs and the RFS over the
2007–2030 time period. We measure the dis-
counted welfare costs of these policies by ex-
amining their impact on the consumer and
producer surplus in the electricity, transpor-
tation, and agricultural sectors and govern-
ment revenue in the United States over this
period relative to a counterfactual no-policy
scenario. We also measure the impacts of
these policies on crop and fuel prices in the
world market and their implications for the
economic surplus and GHG emissions in the
rest of the world.

We then compare the cost-effectiveness of
GHG abatement with the joint implementa-
tion of the RFS and state RPSs with that of a
cross-sector carbon tax that achieves the same
level of GHG abatement. Economic theory
shows that a performance-based policy, such
as a carbon tax, is the most cost-effective
strategy for achieving a targeted level of GHG
abatement in a closed economy; this is not
necessarily the case when considering an open

economy, where these policies affect the
terms of trade (Chen et al. 2014; Lapan and
Moschini 2012) or lead to knowledge spill-
overs or learning-by-doing (Fischer and New-
ell 2008), which can offset their domestic ef-
ficiency costs. Since the GHG abatement
achieved domestically by the RFS and RPSs
differs from that achieved globally due to the
indirect effects of these policies on land use
change and fuel markets in the rest of the
world, we consider two alternative carbon tax
rates: one that achieves the same reduction in
cumulative domestic GHG emissions and the
other that achieves the same reduction in cu-
mulative global GHG emissions as the RFS
and RPSs combined over the 2007–2030 pe-
riod. Cumulative emissions are the sum of an-
nual emissions over the 2007–2030 period.

Lastly, we examine differences in the
mechanisms by which the RFS and RPSs
achieve GHG abatement relative to the carbon
tax. These policies can be expected to differ
in the extent to which they achieve abatement
by reducing energy consumption and by in-
creasing the share of renewables and in the
mix of renewables they induce. While a car-
bon tax penalizes fuels based on their GHG
intensity and is expected to induce greater re-
duction in coal-based electricity generation,
the RFS and RPSs will induce the least-cost
renewables to comply with the standards ir-
respective of their GHG intensity. Moreover,
these renewables may not necessarily displace
coal if new natural gas–based generation is
more expensive than existing coal-based gen-
eration.

We find that a relatively low carbon tax of
$19/ton can achieve the same level of cumu-
lative reduction in domestic GHG emissions
as the combined RFS and RPS policies over
2007–2030. All of these policies lead to an
increase in the net economic surplus of the
agricultural sector, which offsets the welfare
costs of these policies on the transportation
and electricity sectors. Overall, the RFS and
state RPSs impose a $109 billion welfare cost
on the United States, while the carbon tax
leads to a marginal gain in domestic economic
surplus; their welfare costs globally are $525
billion and $33.5 billion, respectively. After
accounting for leakage effects due to indirect
land use change and global fuel price effects
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of these policies that affect emissions in the
rest of the world, we find that the global emis-
sions reduction achieved by a carbon tax is
more than 50% higher than by the combined
RFS and RPS policies; as a result, the global
welfare cost of GHG abatement per ton of
CO2 with the latter is $171, while with the
carbon tax is $7.

II. PREVIOUS LITERATURE

Several studies have examined the GHG
savings, cost-effectiveness, and price effects
of a national RPS using electricity/energy sec-
tor models such as the haiku model (Palmer
and Burtraw 2005), the regional energy de-
ployment system (ReEDS) model (Bird et al.
2011), and the national energy modeling sys-
tem (NEMS) (Kydes 2007; Palmer, Sweeney,
and Allaire 2010). These studies show that a
hypothetical national RPS is not as cost-effec-
tive in reducing emissions as a carbon tax/cap-
and-trade policy, and its impact on electricity
price could be positive (Palmer and Burtraw
2005) or negative (Nogee, Deyette, and Clem-
mer 2007). These studies differ widely in their
estimates of the cost of GHG abatement
(Johnson 2014).

Existing studies analyzing the RPSs do not
consider their interactions with other energy
sector policies implemented jointly with
them, such as the RFS or the effects of these
policies on the agricultural sector that will be
affected by the spillover effects of the imple-
mentation of these policies. Changes in de-
mand for biomass have the potential to divert
land from food/feed production and affect
crop prices, consumers, and producers. As-
sessment of the welfare effects of sector-spe-
cific renewable energy policies can therefore
depend on whose welfare is accounted for. In
contrast to existing studies mentioned above
that have focused on the welfare effect of the
RPS on the energy sector only, this paper ex-
pands the boundary of analysis to examine the
welfare effects on the agricultural sector as
well and shows that this can significantly af-
fect the assessment of the net benefits of these
policies for the United States and the rest of
the world (ROW).

Moreover, existing studies have taken the
biomass supply curve as exogenously given.

The supply of biomass and its spatial pattern
of production is likely to be policy/demand
driven since it is costly to transport it. The
RPS-driven demand for biomass for cofiring
will create incentives to produce it in regions
close to the location of existing coal-based
electricity generating plants. On the other
hand, new biofuel refineries to meet the RFS
targets will have an incentive to locate in re-
gions with a low-cost supply of biomass. The
joint implementation of the RFS and the RPS
could modify these incentives and induce
biofuel production in regions where the co-
product electricity can meet the requirements
for the RPS as well. The integrated multisec-
toral modeling approach underlying BEPAM-
E enables us to endogenously determine this
spatially heterogeneous supply based on bio-
mass costs and availability across the United
States.

There is a large literature examining the ef-
fects of the RFS on land use, food and fuel
prices, and GHG emissions (see review in
Chen et al. 2014). Most of these studies have
focused on the effects of the corn ethanol
mandate. Exceptions include studies by Beach
and McCarl (2010) and Beach et al. (2012),
who use the forest and agricultural sector op-
timization model (FASOM), and Chen et al.
(2014) and Chen and Khanna (2013), who use
the BEPAM, which incorporates both corn
ethanol and cellulosic biofuels to examine the
effect of the RFS on land use, food prices,
welfare, and GHG emissions. While the FA-
SOM incorporates the effects of the demand
for bioelectricity on GHG emissions, it as-
sumes that the demand for electricity and the
share of bioelectricity are exogenously given
and does not analyze the implications of the
RFS for the costs of implementing the RPS
(Latta et al. 2013; White et al. 2013). Other
studies examining the effects of the demand
for bioelectricity assume that a fixed share
will be met by forest biomass (Abt, Abt, and
Galik 2012; Ince et al. 2011; Latta et al. 2013;
White et al. 2013).

In contrast to these studies, we determine
the mix of renewable sources of electricity
(such as wind, biomass) endogenously and
examine the feedback effects of the RPS on
electricity price and demand in estimating the
resulting GHG savings. Our findings highlight
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the importance of considering concurrent in-
tersectoral policies when evaluating their eco-
nomic implications and allowing for endoge-
neity in the mix of fossil fuels, bioelectricity,
and other renewables in evaluating the effec-
tiveness of the RPS. Our findings also show
the spillover effects of these policies on other
sectors such as agriculture and the implica-
tions for the cost of bioelectricity and its share
in the renewable sources used to meet the
RPS. We show the contrasting effects of these
policies on domestic versus global welfare
costs and GHG emissions.

III. MODEL

We develop an integrated, dynamic, price-
endogenous, electricity sector model that is
incorporated with the BEPAM to simulate
production and consumption decisions in the
agricultural, electricity, and transportation
sectors in response to various policy con-
straints. The BEPAM-E maximizes the dis-
counted sum of consumer and producer sur-
plus in the three sectors, subject to various
technological, material balance, and policy
constraints. In the agricultural sector, land al-
location and crop production decisions are
made at a crop reporting district (CRD) level.
The model considers the 306 CRDs in the 48
contiguous U.S. states as spatial decision units
and incorporates the heterogeneity in crop,
livestock, and forest residue production across
295 of these CRDs, while the other CRDs in-
clude only forest biomass from residues and
pulpwood.

We consider electricity generated from
three types of fossil fuel–based power plants
using coal, natural gas, or oil, and from six
types of plants using other energy sources.
These include wind, biomass, geothermal, so-
lar, municipal waste, and nuclear. Electricity
can be generated from biomass by cofiring
biomass with coal at an existing coal-based
electricity plant, combusting biomass in a
dedicated bioelectricity plant, and as a co-
product of the cellulosic ethanol refining pro-
cess. The solution to this model endogenously
determines the amount of electricity genera-
tion, fossil fuel use (coal, natural gas, and oil),
and renewable generation capacity expansion
in the electricity sector (wind and biomass),

and coal power plants’ decisions to cofire bio-
mass, in addition to regional crop production,
land use, biofuel production, fossil fuel con-
sumption for transportation, and vehicle ki-
lometers traveled (VKT). Capacity expansion
for nuclear, geothermal, and solar energy is
fixed exogenously based on the Annual En-
ergy Outlook (AEO) 2010 (USEIA 2010) pro-
jections, but utilization is determined endog-
enously based on cost, availability, and policy
targets.

We use a dynamic model to account for
investments that yield returns over multiple
years, such as those in perennial bioenergy
crops and power plant capacity, while incor-
porating technological change due to learning
by doing. Instead of assuming that decision-
makers have perfect foresight about the fu-
ture, we use a rolling horizon approach in
which decision-makers are assumed to make
resource allocation plans for the next 10 years
taking current prices, demand conditions, land
availability in different categories and costs of
technology as given and then to update their
expectations about these variables every year.
This is achieved by solving the model itera-
tively; after solving each 10-year market equi-
librium problem we take the first-year solu-
tion values as “realized,” move the horizon
one year forward, and solve the updated
model again. The full mathematical model is
described in Appendix A.1

Electricity Sector

The electricity sector is represented by 20
electricity marketing regions (EMRs), each
with its own demand for electricity and po-
tential to trade across geographically adjacent
regions, subject to constraints on transmission
capacity (Table 1). The annual demand for
electricity is met by existing infrastructure of
electricity generation capacity as well as ex-
pansion of generation capacity using natural
gas, wind, or biomass sources. Fuel inputs for
electricity generation are provided by fossil
fuel markets for coal, natural gas, and fuel oil
and by the agricultural and forest sectors for
biomass feedstocks.

1 Appendix A is available online at http://le.uwpress.org.
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TABLE 1
Electricity Market Regions and Renewable Portfolio Standard (RPS) Policies

Region State RPSa
Existing Eligible

Renewablesb Regional RPSc

1 Arizona 9% 0% 10.5%
New Mexico 16% 5%

2 California 32% 25% 32.4%
3 Texas 5,880 MW 5,880 MW
4 Florida 0%
5 Wisconsin 10% 5% 9.6%
6 Iowa 105 MW 8.8%+105 MW

Montana 10% 1%
Nebraska 0%
North Dakota 0%
South Dakota 0%

7 Connecticut 25% 5% 25.9%
Maine 39% 2%
Massachusetts 28%
New Hampshire 23% 3%
Rhode Island 16% 1%
Vermont 0%

8 Idaho 0% 12.7%
Nevada 22% 10%
Oregon 20% 0%
Utah 0%
Washington 13% 0%

9 New York 24% 1% 24.4%
10 Delaware 18% 1% 17.7%

Maryland 19% 21%
Pennsylvania 18% 2%

11 Michigan 10% 3% 10.0%
12 Indiana 0% 6.8%

New Jersey 20% 2%
Ohio 11% 0%
West Virginia 0%

13 Colorado 21% 5% 11.5%
Wyoming 0%

14 Kansas 16% 2% 16.3%
15 Oklahoma 0%
16 Arkansas 0%

Louisiana 0%
Mississippi 0%

17 Illinois 22% 1% 18.6%
Missouri 11% 2%

18 Alabama 0%
Georgia 0%

19 Kentucky 0%
Tennessee 0%

20 North Carolina 12% 4% 6.6%
South Carolina 0%
Virginia 0%
Washington, D.C. 18%

a The RPS level is adjusted for the percentage of state electricity load to which it applies, as described in
Appendix B (available at http://le.uwpress.org).

b Estimated using the quantity of generation from renewables in the state in the year prior to the specified
eligibility, as described in Appendix B (available at http://le.uwpress.org).

c Electricity generation–weighted average of the state-level RPSs in a given region.
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We represent end-use annual consumer de-
mand for electricity with a linear demand
curve for each of the EMRs. This demand
curve is an aggregation of the state-level de-
mand curves, which in turn are an aggregation
of demands across each of three different sub-
sectors: residential, commercial, and indus-
trial. We calibrate the state-level, sector-spe-
cific demand functions using observed data on
annual average electricity price for each sec-
tor and the annual amount of generation by
the sector for each region in 2007–2011 (Ap-
pendix Table B12) and assuming a price elas-
ticity of demand of –0.25 (Dubin and Mc-
Fadden 1984; USEIA 2011a) based on studies
reviewed in Appendix Table B2. We examine
the sensitivity of our results to a higher elas-
ticity value. Electricity from all sources and
regions is considered to be functionally sub-
stitutable. Electricity demand is assumed to
increase at an exogenous rate of 0.7% (USEIA
2010) and shift the demand curve for electric-
ity to the right over time.

We assume a deregulated electricity sector
with marginal-cost-based pricing of electricity
to determine the equilibrium wholesale price
and quantity of electricity supplied in each
EMR, similar to the approach taken in other
analyses of the RPS (Bushnell, Chen, and Za-
ragoza-Watkins 2014; Fischer 2010) and in
other large energy-sector models including
the ReEDS (Bird et al. 2011), NEMS (Kydes
et al. 2007; USEIA 2011a), MIT U.S. regional
energy policy (Lanz and Rausch 2011), and
haiku (Palmer and Burtraw 2005) models. The
solution to the model produces an implicit
merit cost ordering of generation from exist-
ing and new power plants, where lower mar-
ginal cost generation is utilized before higher
marginal cost generation.

We allow for interregional electricity trans-
mission between adjacent EMRs, subject to
transmission capacity constraints based on
historically observed levels and a loss during
transmission and distribution (USEIA
2011b).We examine the sensitivity of our re-
sults to the transmission capacity constraints
below. These transmission constraints result
in regionally different retail prices of electric-

2 Appendix B is available online at http://le.uwpress.org.

ity instead of a single national price equalized
across all regions. Each region has either an
excess supply or excess demand relationship
with each adjacent region; these supply and
demand relationships are all solved simulta-
neously, thereby endogenously determining
the spatial equilibrium in regional electricity
prices, interregional transmission, and the
marginal unit of generation. The model deter-
mines the annual level of electricity consump-
tion in each region, the extent of utilization of
existing power plants, and expansion of ca-
pacity by power plant type in each region. The
marginal consumer in the residential, com-
mercial, and industrial subsectors pays the
same price, and the marginal unit of genera-
tion receives zero profit while inframarginal
units with lower operating costs earn a sur-
plus.

We now describe our approach and data for
modeling existing power plants and new
power plant capacity expansion (see Appen-
dix Table B4). We model all existing power
plant capacity by fuel type at the CRD level.
Electricity generated from power plants using
fossil fuels (coal, natural gas, or oil) is a func-
tion of the quantity of fuel input and the plant
conversion efficiency; it is constrained to be
no greater than the nameplate plant capacity
times the capacity factor, which is the maxi-
mum utilization rate for a plant; plants can,
however, be utilized at rates below this max-
imum in response to policy or economic con-
straints. The plant conversion efficiency mea-
sured by the amount of electricity in
megawatt-hours per megajoule of fuel input,
the nameplate capacity (total capacity avail-
able) of the power plant, and the capacity fac-
tor (the maximum percentage of nameplate
capacity utilized annually) are all obtained
from the U.S. Environmental Protection
Agency’s (EPA’s) eGRID database (USEPA
2010b). Our assumption that the efficiency of
existing electricity generating plants is fixed
is reasonable since the RPS is not anticipated
to create incentives to increase efficiency, and
the efficiency gains expected from a modest
carbon tax are anticipated to be small given a
low elasticity of efficiency improvements
with respect to the price of electricity (Linn,
Mastrangelo, and Burtraw 2014). Generation
from plants using other energy sources (exist-
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ing wind, hydroelectric, geothermal, solar,
municipal waste, and nuclear) is also con-
strained to be no greater than the nameplate
capacity. All existing power plants have an
operation and maintenance cost per mega-
watt-hour; fossil fuel–based power plants also
incur an endogenous fuel cost per megawatt-
hour. Existing power plant capacity is retired
at historically observed rates.

We allow for new power plant capacity to
be built during the time horizon of the model.
Power plant capacity expansion is determined
endogenously for natural gas, cofiring, co-
product, dedicated biomass power, and wind
electricity generating plants, assuming a given
capacity factor and heat rate. The costs of
electricity generated from new sources (ex-
cluding cofiring) consist of a levelized cost
and a fuel cost. We define the levelized cost
as the annualized fixed cost (converted to a
cost per kilowatt-hour based on the expected
generation over the life of the plant) and a
variable operating and maintenance cost per
kilowatt-hour. Additional cost of electricity
generation includes the fuel cost per kilowatt-
hour and transmission losses, which are en-
dogenously determined depending on the fuel
price and the extent of transmission across
different regions (Appendix Table B5). An ex-
ception is the cost of electricity generation us-
ing wind energy, explained below. Addition-
ally, availability of existing capacity after
accounting for age-based rate of retirement
during each 10-year horizon and transmission
capacity for the region are given.

We assume that electricity producers in
each region have a 10-year rolling horizon
during which they face a given annual de-
mand curve for electricity, given supply of
fossil fuels, annual policy-driven targets for
renewable electricity generation, and given
levelized costs of producing electricity from
alternative new sources. For each 10-year ho-
rizon, the model simultaneously determines
the price, quantity, and mix of electricity pro-
duced in each region and prices of various fu-
els and biomass; new capacity expansion with
each fuel type occurs by comparing marginal
net returns to expansion across fuel types.
New capacity with a particular source is added
annually if the price of electricity is higher
than the marginal cost of delivered generation

with that source, which includes the levelized
cost, the fuel cost, and the transmission losses
in that year. After solving each 10-year market
equilibrium problem, we take the first year’s
solution values for various prices, quantities,
and capacity expansion as “realized,” we
move the horizon one year forward, update
the available capacity, demand for electricity
and the levelized costs of alternative sources
of electricity production based on learning by
doing (explained below), and we solve the up-
dated model again. The assumption of con-
stant returns to scale in capacity expansion
implicitly assumed here implies that capacity
is divisible in small units and that long-run
equilibrium is achieved instantaneously. We
assume that coal power plant capacity will not
expand due to the EPA’s new sources perfor-
mance standard, which effectively prevents
future coal capacity expansion (Kotchen and
Mansur 2012).

The levelized cost of wind generation is as-
sumed the same for all new wind generation
in a region irrespective of location. This cost
is assumed as given during a 10-year planning
horizon for all periods t through t+ 9. How-
ever, wind resources vary considerably within
a region and across regions. Thus the amount
of wind electricity that can be generated with
the same turbines and equipment will vary
across locations and within the region. We as-
sume that capacity expansion will move from
the most favorable locations to the least fa-
vorable locations within an EMR, and there-
fore, the marginal cost of wind generation
within an EMR will be increasing. We model
the marginal cost of generation from new
wind turbines using upward-sloping functions
for each EMR (following Paul, Burtraw, and
Palmer 2009). This upward-sloping wind sup-
ply curve is assumed as given during a 10-
year time horizon. Wind generation capacity
expands until the price of electricity is greater
than the marginal cost of wind electricity gen-
eration. A constraint is placed on electricity
generated from new wind turbines by requir-
ing that new capacity always be fully utilized
in future periods. Data for generating these
supply curves and projections for wind capac-
ity in the future were obtained from the U.S.
Energy Information Administration (EIA) and
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are based on the results of the NEMS model
used by the AEO (Appendix Table B5).

We consider electricity generated from bio-
mass feedstock from three distinct pathways:
(1) cofiring with coal, (2) in a dedicated bio-
mass power plant, and (3) as a coproduct of
the cellulosic ethanol refining process. Bio-
mass feedstock is cofired with coal at an ex-
isting coal power plant, where a mixture of
coal and biomass is converted to electricity
according to the plant conversion efficiency
(USEPA 2010b). The amount of electricity
generated using cofiring is endogenously de-
termined. Biomass can be blended with coal
in rates ranging from 10% to 20% without ad-
versely affecting the thermal efficiency of the
coal-based plant (Qin et al. 2006; Dumortier
2013). We conservatively constrain this blend
to be no greater than 10% of the fuel mixture
in energy equivalent terms and examine the
sensitivity to this assumption.

The costs and conversion efficiency of gen-
erating electricity from a biomass feedstock at
a new dedicated bioelectricity plant are de-
scribed in Appendix Table B4. Assumptions
about electricity generated as a coproduct of
the cellulosic refining process are based on
work by Humbird et al. (2011). The location
of new bioelectricity plants at the CRD level
is determined by taking into account the costs
of transporting biomass from each CRD pro-
ducing biomass to other CRDs. Biomass
transportation costs are also considered in
making cofiring decisions at existing coal-
based power plants. The cost of transporting
biomass between CRDs is described in Ap-
pendix B.

The model allows for learning-by-doing in
the electricity sector for new wind and dedi-
cated biomass capacity using an experience
curve approach. The experience curve ap-
proach assumes that the industrial per unit
cost of electricity generation will decrease
over time as cumulative production increases.
It is modeled using the equation Yi = ai

biXi
where Yi is the current levelized cost of pro-
duction of electricity per unit using source i,
Xi is the historical cumulative production of
electricity using fuel source i, ai is the initial
levelized per unit cost of production, and b is

the learning rate for fuel source i (de Wit et
al. 2010).

In the case of wind generation, producers
are assumed to take the marginal cost of sup-
ply as given during a rolling horizon and
move along the supply curve as production
expands. As cumulative production expands
and we iterate forward one period to time t+ 1,
the levelized cost of production decreases fol-
lowing the learning-by-doing assumption, and
this shifts the upward-sloping supply curve
down and to the right of the previous curve.
In the next iteration of the rolling horizon as
it moves forward to the period t+ 1 to t + 10,
producers are assumed to update their beliefs
about the anticipated costs of production and
to expand generation along the updated re-
maining portion of the upward-sloping mar-
ginal cost curve. The parameters for defining
these experience curves are provided in Ap-
pendix Table B6. Thus, the marginal cost of
wind generation for time t + 1 through t+ 10
depends on two countervailing forces, the de-
cline in the levelized cost of production and
the movement along the upward-sloping por-
tion of the marginal cost curve beyond the
level achieved in period t.

The natural gas supply function is a linear
upward-sloping function representing the na-
tional supply of natural gas for all sectors. It
represents the national wellhead price of sup-
plying an annual quantity of natural gas to the
market. The supply function is calibrated an-
nually with the observed national average
wellhead price and quantities for the period
2007–2011. The increased availability of nat-
ural gas due to shale gas production and de-
clining price of natural gas over this period is
captured by shifting the natural gas supply
curve to the right over this period (Appendix
Table B8). The supply curve is given during
a rolling horizon but shifts inward in each sub-
sequent rolling horizon according to projec-
tions by the AEO (Appendix Table B3). The
natural gas supply elasticity is based on a
number of studies described in Appendix Ta-
ble B2 and assumed to be 0.48. We examine
the sensitivity to this assumption below. Nat-
ural gas used for power generation incurs a
regional transportation and distribution cost.
Therefore the regional delivered natural gas
price for the electricity sector is a function of
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the endogenously determined national well-
head price plus the regional transportation and
distribution cost. The demand for natural gas
across sectors other than electricity is as-
sumed to be exogenous. The supply of coal
and fuel oil for electricity generation is as-
sumed to be perfectly elastic at state-specific
fixed prices; these prices are exogenously set
annually from observed data for 2007–2011
and from EIA growth rate projections for the
following years (USEIA 2012).

Transportation Sector

The BEPAM-E includes linear demand
curves for VKT, with four types of vehicles
including conventional gasoline, flex fuel,
gasoline-hybrid, and diesel, that shift outward
over time as projected by AEO (USEIA 2010)
(their calibration is explained by Chen et al.
[2014]). The VKT production function con-
siders the energy content of alternative fuels,
fuel economy of each type of vehicle, the
forthcoming corporate average fuel economy
standards, and technological limits on blend-
ing gasoline and ethanol for each of these four
types of vehicles, as specified by the EIA
(USEIA 2010). We impose a minimum etha-
nol blending rate for gasoline vehicles in order
to meet the oxygenate requirement, and also
impose an upper limit for blending ethanol
with gasoline for each type of vehicle based
on the technological characteristics of each
vehicle type. Conventional vehicles are re-
stricted to consuming a maximum of a 10%
blend of ethanol with gasoline, while flex fuel
vehicles can consume a maximum of an 85%
blend of ethanol with gasoline. The number
of kilometers generated by each type of gas-
oline-based vehicle by the use of gasoline and
ethanol is determined by equating the mar-
ginal cost per kilometer with that type of car
to the marginal benefit (demand) of VKT with
that type of car. The blend mandate results in
the different blends of ethanol being priced on
an energy equivalent basis, and consumption
of each is determined by the demand curve
for VKT with each type of vehicle, quantity
of ethanol blended, and price of VKT. We in-
clude supply curves for domestic gasoline and
diesel as well as for gasoline supply and de-
mand in the ROW. Exports of gasoline from

the ROW to the United States are determined
by the difference between gasoline demand
and supply in the ROW. For simplicity, we
assume that diesel is domestically produced
in the United States; the United States has
been both a net importer and net exporter of
diesel, but on average, net imports constituted
less than 2% of the diesel consumed in the
United States (USEIA 2014a, 2014b).

The biofuel sector includes several first-
and second-generation biofuels. First-genera-
tion biofuels include domestically produced
corn ethanol and imported sugarcane ethanol,
soybean biodiesel, DDGS-derived corn oil,
and waste grease. Second-generation biofuels
included here are cellulosic ethanol and bio-
mass-to-liquid diesel produced using the
Fischer-Tropsch process. The potential for
learning-by-doing to lower technology cost
for cellulosic ethanol refining is allowed here
as well. A detailed discussion of the modeling
assumptions and data used to parameterize the
transportation sector is presented by Chen et
al. (2014).

Agricultural Sector

The agricultural sector consists of markets
for primary and processed commodities and
livestock products. It includes 15 conven-
tional crops, 8 livestock products, 2 bioenergy
crops, crop residues from the production of
corn and wheat, forest residues, various pro-
cessed commodities, and coproducts from the
production of corn ethanol and soybean oil. In
the crop and livestock markets, primary crop
and livestock commodities are consumed ei-
ther domestically or traded with the ROW (ex-
ported or imported). Primary crop commodi-
ties can also be processed or directly fed to
various animal categories. Demand for pri-
mary commodities such as corn and soybeans
are determined in part by the demands for pro-
cessed commodities obtained from them and
by other uses (such as seed). Given the struc-
ture of the model, for tractability, we assume
that the cross-price elasticity of demand for
commodities is zero. Domestic and export de-
mands and import supplies are incorporated
by assuming linear price-responsive demand/
supply functions for secondary commodities
and biofuels; these demand functions are
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shifted upward over time at exogenously
specified rates.

The simulation model incorporates CRD-
specific data on costs of producing crops, live-
stock, and biofuel feedstocks, as well as yields
of conventional and bioenergy crops, and land
availability.

Crops can be produced using alternative
tillage, rotation, and irrigation practices.
Yields and costs of production of crop resi-
dues and dedicated energy crops also differ
across regions. We estimate the rotation-, till-
age-, and irrigation-specific costs of produc-
tion in 2007 prices for each of the row crops
and energy crops at a county level, which are
then aggregated to the CRD level for com-
putational ease. Row crop yields increase over
time, as described by Chen et al. (2014).

Biomass can be obtained from four differ-
ent types of feedstocks: crop residues, energy
crops, forest residues, and pulpwood. The en-
ergy crops considered here are miscanthus
and switchgrass, which can be produced on
available cropland or cropland pasture. Pro-
duction of dedicated energy crops is limited
to the rainfed regions, which include the
Plains, Midwest, South, and Atlantic regions,
while conventional crops can be grown in the
Western region as well. The supply of forest
residues and pulpwood is modeled at the CRD
level using available quantities and prices es-
timated by Perlack and Stokes (2011).

Five land types are included in the agri-
cultural sector for each CRD: cropland, idle
cropland, cropland pasture, pastureland, and
forestland pasture. As the demand for agri-
cultural land increases, marginal lands (not
currently utilized) can be converted to crop-
land, with the extent of conversion determined
by variations in crop prices over time; agri-
cultural land supply is, therefore, determined
endogenously. We assume fixed cropland
availability within the 10-year production
planning period ahead. From the resulting
multiyear equilibrium solution, we take the
first-year values of the endogenous commod-
ity prices and use them to construct a com-
posite commodity price index that is used to
adjust the assumption about cropland avail-
ability for the next 10-year planning period
(see Chen et al. 2014). To prevent unrealistic
changes and extreme specialization in land

use, we restrict CRD-specific planting deci-
sions to a convex combination (weighted av-
erage) of crop mixes in each CRD, using
methods described by Chen and Önal (2012).
We also restrict the land allocated to perennial
grasses (miscanthus and switchgrass) to less
than 25% of total available land in a CRD.

Policy Constraints

We model the state RPSs as a constraint
that requires eligible renewable generation
consumed in each EMR to be no less than the
RPS proportion times the total consumed gen-
eration in each EMR. The state-level RPSs are
averaged at the EMR level using annual gen-
eration-weighted averages to obtain a regional
RPS (Table 1). The RPS proportions param-
eters are calculated from the Database of State
Incentives for Renewables and Efficiency
(DSIRE 2011). In general these parameters
represent the RPS for an EMR and are pro-
portions that increase over time until the target
percentage is achieved in a target year. As
some state’s RPS applies only to renewable
capacity built after a specific date, we calcu-
late the amount of generation from renewa-
bles built before that specified date and ex-
clude it from meeting the RPS (see Appendix
B for details). The regional RPSs are assumed
to be binding.

We implement the RFS in the model by
imposing the annual volumetric targets for
biofuels projected by the AEO as a binding
mandate (USEIA 2010). Since the RFS is im-
plemented as a blend mandate, we estimate
the blend rates that will achieve the volumet-
ric targets each year in the period 2007–2030,
as described by Chen et al. (2014), and impose
those as binding annual constraints. We find
these blend rates to range from 6% in 2007 to
24.5% in 2030.

Welfare Effects

We calculate the domestic welfare cost of
a policy from the discounted sum of the
changes in consumer surplus, producer sur-
plus in the electricity, transportation, and ag-
ricultural sectors, and government revenue in
the United States at the equilibrium prices and
quantities relative to the no-policy baseline
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over the 2007–2030 period. We refer to this
as the change in the domestic economic sur-
plus in these sectors since it does not account
for changes in the monetized value of the
GHG emissions between the policy scenario
and the no-policy baseline. A 3% discount
rate is used to obtain the net present value of
welfare costs for each of the policy scenarios.
Based on the changes in prices and quantities
of tradable commodities, we also compute the
change in economic surplus in the ROW’s ag-
ricultural and fuel sectors relative to the no-
policy baseline (as described by Chen et al.
2014). Equilibrium prices at the national level
are simulated for the agricultural and trans-
portation fuels markets, while regional prices
are simulated for natural gas and electricity
markets, and CRD-specific prices are simu-
lated for biomass. Consumer surplus is esti-
mated for the three sectors as the area under
national demand curves for each of the agri-
cultural products and VKT and under the re-
gional demand curves for electricity.

Producer surplus is estimated from national
supply curves for gasoline, diesel, and natural
gas. Producer surplus from electricity gener-
ation is calculated for each fuel types as the
difference between marginal cost and the elec-
tricity price times the quantity sold using that
fuel type. Since we have the aggregate supply
curve of natural gas, a change in the price of
natural gas affects the surplus of all natural
gas producers, including those supplying nat-
ural gas for heating or other uses. To stay
within the boundary of our partial equilibrium
model, we restrict the accounting of welfare
effects to those of producers and consumers
of electricity, agricultural, and transportation
sectors by assuming that the change in surplus
of suppliers of natural gas for electricity is
proportional to the share of natural gas used
for electricity. We do not include the change
in surplus of producers of natural gas that are
supplying natural gas for nonelectricity con-
sumers or of consumers using natural gas for
heating and other purposes. In the case of
coal, there is no producer surplus since the
price of coal is assumed to be fixed.

Since the RFS is a federal policy, we as-
sume there is a national price for ethanol.
However, the cost of producing cellulosic
biofuels differs across CRDs due to differ-

ences in CRD-specific biomass production
costs. As a result, the cellulosic ethanol refin-
eries earn a producer surplus due to differ-
ences in their feedstock costs across CRDs
even though they are all assumed to have the
same industrial cost of converting feedstock
to fuel. The revenue from coproduct electric-
ity generation with biofuel production is in-
cluded in the producer surplus of the electric-
ity sector. Government revenue is calculated
from existing fuel taxes on gasoline and from
the carbon tax.

GHG Emissions

Life-cycle analysis is used to estimate the
GHG emissions resulting from the produc-
tion, processing, and transportation of crops,
from changes in soil carbon sequestration
with conventional crops under conventional
tillage and no-till and with energy crops, dur-
ing the production of biofuels, and from con-
sumption of fossil fuels for transportation and
electricity generation. The methods for esti-
mating the life-cycle emissions from biofuel
production applied here are described by
Dwivedi et al. (2015) and by Chen et al.
(2014). The rate of soil carbon sequestration
varies by CRD and is obtained using the
DayCent model (Dwivedi et al. 2015). The
high rate of soil carbon sequestration for mis-
canthus and switchgrass results in a negative
GHG intensity per unit of energy for these
crops. We assume that the crop residue col-
lection rates are low enough to not lead to a
soil carbon loss (Chen et al. 2014). The na-
tional average life-cycle GHG intensity of
bioelectricity generation by feedstock type,
with and without the indirect land use change
effect, is provided in Appendix Table B7,
while corresponding values for the national
average life-cycle GHG intensity of biofuels,
with and without the indirect land use change
effect, are in Appendix Table B9. We also es-
timate the effect of the change in world gas-
oline price under the RFS and RPS policies
and its implications for changes in gasoline
consumption in the ROW. For a detailed dis-
cussion of the fuel rebound effect see Chen et
al. (2014) and Chen and Khanna (2012).
Emissions intensity of fossil fuel–based elec-
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TABLE 2
Model Validation

Variable 2007 Observed 2007 Simulated % Difference

Agricultural sector
Total land (millions of hectares) 123.0 122.2 1
Land under corn (millions of hectares) 34.3 33.9 1
Land under soybeans (millions of hectares) 28.1 28.8 −2
Corn (dollars/metric ton) 142.5 167.9 −18
Soybeans (dollars/metric ton) 303.7 373.8 −23

Electricity sector
Coal generation share (percentage points) 0.5 0.5 1
Hydroelectric generation share (percentage points) 0.1 0.1 0
Natural gas generation share (percentage points) 0.2 0.2 −2
Nuclear generation share (percentage points) 0.2 0.2 1
National wellhead price of natural gas (dollars/gigajoule) 5.8 5.4 7
Natural gas for electricity sector (millions of gigajoules) 7,224 6,618 8
Natural gas for all sectors (millions of gigajoules) 24,776 24,170 2
Coal for electricity sector (millions of gigajoules) 22,592 22,296 1
Electricity generation (millions of megawatt-hours) 3,748 3,597 4
National average electricity price (dollars/million megawatt-

hours)
86.7 98.7 −14

Transportation sector
Gasoline (dollars/liter) 0.7 0.7 0
Corn ethanol (dollars/liter) 0.6 0.8 −30
Gasoline consumption (billions of liters) 494.8 497.1 0
Ethanol consumption (billions of liters) 26.7 25.2 6
Gasoline vehicle kilometers traveled (billions of kilometers) 4,715 4,714 0

tricity generation is from GREET (2013) (Ap-
pendix Table B7).

IV. RESULTS

We first validate the BEPAM-E by com-
paring the simulated outcomes for 2007 under
the current policy landscape including the
corn ethanol mandate, the corn ethanol tax
credit and tariff, and state-level RPSs for that
year and comparing them with the observed
prices and quantities in the relevant markets
in 2007 (Table 2). We find that the total elec-
tricity generated and the amount of electricity
generated using natural gas and coal deviates
by less than 4% from observed data. Average
national electricity price deviates by 14%, and
national wellhead natural gas price deviates
by 7%. As shown in Figure 1, simulated elec-
tricity generation closely matches the ob-
served level of generation across all regions,
with the majority of regions deviating by less
than 6%. The model results for the transpor-
tation and agricultural sectors with the BE-
PAM-E continue to match those observed by
Chen et al. (2014). We find that land alloca-

tion to the major U.S. crops (corn, soybean,
wheat, and sorghum) deviates by less than
10%, while in fuel markets gasoline price and
consumption deviates by less than 1% from
observed levels in 2007.

The model is solved for four different sce-
narios that include a baseline scenario, two
primary policy scenarios, and an alternative
carbon tax scenario for comparison of global
welfare cost and emissions. Scenario 1 is the
No Policy baseline scenario, in which there is
no renewable energy policy; we do however
assume the presence of the corporate average
fuel economy standards, the excise tax on
fuel, and a low (3%) blend of ethanol for ox-
ygenation. In Scenario 2, the RPS & RFS sce-
nario, the RFS and state RPSs are imple-
mented jointly as described above. In
Scenario 3, the Carbon Tax scenario, a tax of
$19.40 per metric ton of CO2 is imposed; this
tax rate is found by iteratively solving the
model such that it achieves equivalent cu-
mulative domestic GHG emissions savings
similar to those in the RFS & RPS scenario,
over the 2007–2030 period. Scenario 4 is an
Alternative Carbon Tax (G) scenario in which
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FIGURE 1
Validation of Simulated Regional Electricity Generation in 2007; Numbers Indicate the Region Shown in Table 1

TABLE 3
Effects of Alternative Policies on the Energy and Agricultural Sectors in 2030

No Policy RFS & RPS Carbon Tax

Quantity
% Change from

No Policy
% Change from

No Policy

Electricity generation (millions of megawatt-hours)
Coal 1,899 −2.4 −7.5
Natural gas 1,099 −14.3 −3.6
Fuel oil 19.8 0.0 0.0
Renewable electricity generation (millions of megawatt-hours) 417.7 68 24
Total electricity generation 4,372 1.9 −1.9

Transportation
U.S. gasoline consumption total (billions of liters) 504.7 −15.6 −0.9
U.S. petro diesel consumption (billions of liters) 180.7 −2.0 −1.1
Gasoline kilometers consumption total (billions) 6,621 0.9 −0.9
Diesel kilometers consumption (billions) 725.3 −0.9 −1.0

a tax rate of $15 per metric ton of CO2 is
determined to achieve the same level of global
GHG reductions as in the RFS & RPS sce-
nario. For brevity, since the results of Scenario
4 are qualitatively very similar to those of
Scenario 3, we describe only its welfare and
GHG outcomes below.

Effect of Energy Policies on the Electricity
Sector

Generation

The RFS & RPS policy scenario differs
substantially from a Carbon Tax policy in its

effects on the magnitude and direction of
change in coal-based electricity generation,
which has the largest share in total electricity
produced. We find that relative to the No Pol-
icy baseline, annual coal generation decreases
by 3% under the RFS & RPS policy and by
8% under the Carbon Tax policy in 2030 (Ta-
ble 3). On the other hand, natural gas–based
generation decreases by 14% under the RFS
& RPS scenario and 4% under the Carbon Tax
relative to the No Policy scenario. In contrast
to the Carbon Tax policy, which penalizes
coal-based generation more than natural gas–
based generation due to its high carbon inten-
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sity, the RFS & RPS policy decreases natural
gas–based generation more than coal-based
generation since new natural gas capacity is
more costly than existing coal-based plants.
This is consistent with findings by previous
studies (Palmer and Burtraw 2005). In con-
trast to the RFS & RPS, which lead to a 1.9%
increase in annual total electricity consump-
tion, the Carbon Tax policy reduces annual
generation by 1.9% compared to the No Pol-
icy baseline in 2030. The RFS & RPS sce-
nario leads to an increase in electricity gen-
eration of 1.8% in 2030 relative to the No
Policy baseline. Table 4 shows the mix of re-
newable energy sources induced by the two
policies. The RFS & RPS policy increases re-
newable-based generation by 68%, relative to
the No Policy baseline; this is primarily in the
form of wind generation. The Carbon Tax pol-
icy increases renewable generation by a rela-
tively smaller amount (24%), and it is domi-
nated by cofiring of biomass.

Prices

The RFS & RPS scenario leads to a de-
crease in the national average consumer elec-
tricity price by 5% in 2030 relative to the No
Policy baseline (Table 5). The price of elec-
tricity under the RFS & RPS scenario is a
function of the implicit tax placed on fossil
fuel–based generation and the implicit sub-
sidy placed on renewable generation by the
state RPSs (Fischer 2010). It also depends on
the effect of the RPS on the price of natural
gas, which is displaced by renewable fuels
(since the price of coal is assumed to be fixed)
(Wiser and Bolinger 2007). We find the av-
erage marginal implicit tax on fossil fuel–
based generation to be $29.7/MWh and the
average marginal implicit subsidy for renew-
ables to be $49.3/MWh under the RFS & RPS
scenario.

Additionally, the average price of electric-
ity decreases due to a decrease in the wellhead
price of natural gas (Table 4), which is similar
to the directional price changes in the case of
a federal RPS found using the NEMS model
(Nogee, Deyette, and Clemmer 2007). The
largest decrease in natural gas price occurs in
the RFS & RPS policy scenario (10%) be-

cause of the displacement of natural gas–
based electricity by the increased bioelectric-
ity, coproduct electricity, and wind electricity.
In contrast, the Carbon Tax policy increases
average electricity prices by 6%, even though
it decreases the price of natural gas by 3%
relative to the baseline due to decreased de-
mand for electricity.

Effect of Energy Policies on the
Transportation Fuel Sector

Biofuel and Fossil Fuel Consumption

The RFS & RPS policy scenario differs
from the Carbon Tax in its effect on the quan-
tity and mix of biofuels (Table 4). The RFS
& RPS induces 81 billion liters (L) of cellu-
losic ethanol, while the tax in the Carbon Tax
scenario is too low to induce production of the
less carbon intensive cellulosic biofuels; it
marginally decreases corn ethanol consump-
tion. The RFS & RPS scenario induces a de-
crease in gasoline and diesel consumption by
16% and 2%, respectively, as they are re-
placed by the large increases in corn and cel-
lulosic ethanol, but increases gasoline VKT
by 1% (Table 3). A Carbon Tax policy
achieves reduction by leading to a 1% decline
in fuel consumption and in VKT.

Transportation Fuel Prices

Like the RPS, the RFS imposes an implicit
tax on fossil fuels for transportation and an
implicit subsidy on biofuels, but it also lowers
the world market price of gasoline (Chen et
al. 2014). Implementation of the RFS & RPS
policy induces an implicit tax of $0.08 per li-
ter on gasoline, but it lowers the producer
price of gasoline, and thus the consumer price
of gasoline decreases by 5% (Table 5). The
implicit subsidy on cellulosic ethanol under
the RFS & RPS policy is $0.36 per liter. The
Carbon Tax policy penalizes fuels according
to their carbon intensity; the $19.40/metric ton
(MT) of CO2 equates to a $0.06/L tax on gas-
oline and leads to an increase in the price of
gasoline and diesel by 5% and 3%, respec-
tively.
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TABLE 4
Effects of Alternative Policies on Renewable Energy in 2030

No Policy RFS & RPS Carbon Tax

Quantity
Absolute Change
from No Policy

Absolute Change
from No Policy

Electricity generation (millions of megawatt-hours)
Cofiring 37.0 26.6 95.1

Coproduct 0.00 39.1 0.0
Dedicated biomass 0.00 19.9 0.0
Wind 37.2 199.2 5.4

Share of renewables (percentage points) 9.1% 6.6 2.4
Biofuels (billions of liters)

Total ethanol consumption 18.3 125.1 −0.2
Corn ethanol 14.6 42.2 −0.2
Cellulosic ethanol 0.0 81.0 0.0

Share of biofuels (percent) 3 24 3
Biomass (millions of metric tons)

Agricultural 0.1 232.9 42.6
Forest 32.8 11.5 8.4

Effect of Energy Policies on the Agricultural
Sector

Biomass Production

The production of biomass from both the
agricultural and forest sectors increases under
both the RFS & RPS and the Carbon Tax pol-
icies, although the increase is significantly
larger in the former case. As shown in Table
4, the bulk of the biomass produced is from
the agricultural sector, with the supply from
the forestry sector being very similar across
alternative policy scenarios. Under the RFS &
RPS policy the increase in bioelectricity leads
to increased production of agricultural and
forest biomass by 233 MT and 12 MT, re-
spectively, in 2030 (Table 4). The Carbon Tax
policy induces a much lower amount of bio-
mass feedstock production, as no cellulosic
biofuel production is induced.

Effect of the Energy Policies on Economic
Surplus and GHG Emissions

GHG Emissions

The RPS and RFS policy and the Carbon
Tax policy differ in the extent and mecha-
nisms by which they achieve GHG emission
reductions (Table 6). We calculate the sum of
emissions over the 2007–2030 period and re-

fer to them as cumulative emissions. The cu-
mulative emissions with the RFS & RPS sce-
nario are 4.4% (5.1 billion MT) relative to the
No Policy baseline. The Carbon Tax scenario
is set to achieve equivalent reduction in emis-
sions and does so primarily by decreasing
electricity consumption, particularly coal-
based generation, as well as gasoline and die-
sel consumption.

The share of renewable energy under the
RFS & RPS policy increases over time, and
thus the largest amount of annual GHG emis-
sion reduction is achieved in 2030. We esti-
mate that the RPS & RFS policy reduces GHG
emissions by 7.5% in 2030, while the time-
constant carbon tax rate simulated here in the
Carbon Tax policy reduces emissions by 4.7%
in 2030. This shows that if the combined RFS
and RPSs were to remain at their most strin-
gent 2030 levels indefinitely, then we would
need a higher carbon tax to generate the same
level of abatement as the RFS and RPSs in
2030.

Table 7 shows the impact of the RFS &
RPS and the Carbon Tax scenarios on GHG
emissions after including the leakage effects
in the ROW due to the indirect land use
change and the results of rebound effect
caused by changes in gasoline price in the
world market on global fuel demand (see
Chen and Khanna 2012). These leakage ef-
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TABLE 5
Effects of Alternative Policies on Market Prices in 2030

No Policy RFS & RPS Carbon Tax

Price
% Change from

No Policy
% Change from

No Policy

Fossil fuels
U.S. gasoline consumer

price(dollars/liter)
0.96 −4.8 4.3

U.S. diesel consumer price (dollars/liter) 0.98 4.5 5.0
Natural gas wellhead price

(dollars/gigajoule)
4.17 −10.2 −2.9

Electricity
Average electricity price

(dollars/megawatt-hour)
117.63 −5.2 5.8

Crops
Corn (dollars/metric ton) 125.89 38.5 1.5
Soybeans (dollars/metric ton) 335.66 33.7 0.4
Wheat (dollars/metric ton) 229.92 8.4 0.7
Average land rent (dollars/hectare) 502.27 43.2 −0.7

Bioenergy
Ethanol consumer price (dollars/liter) 0.63 11.8 5.5
Biomass producer price (dollars/metric

ton)
35.33 150 27.1

Tax or Subsidy Rate

Tax or subsidy
Implicit tax on gasoline (dollars/liter) 0.07 0.06
Implicit tax on diesel (dollars/liter) 0.08
Implicit subsidy on corn ethanol

(dollars/liter)
0.20

Implicit subsidy on cellulosic ethanol
(dollars/liter)

0.36

Average implicit tax on fossil fuel
generation (dollars/megawatt-hour)a

29.7 20.6–9.7

Average implicit subsidy on renewable
generation (dollars/megawatt-hour)b

49.3

a Differs across fossil fuels based on their greenhouse gas intensity.
b Calculated from results as an average across regions on the marginal unit of generation by type.

fects offset a considerable amount of the re-
duction in GHG emissions achieved domes-
tically by the RFS. We estimate that these
leakage effects (defined as the increase in
global emissions due to indirect land use
change and the increase in global fuel emis-
sions and reported as a percentage of the do-
mestic abatement achieved by each of these
policy scenarios) offset 43% of the abatement
achieved domestically in the United States by
the RFS & RPS policy and 10% to 12% of
the abatement achieved by the Carbon Tax
policy. As a result of leakage, the cumulative
reduction in global GHG emissions relative to
the No Policy GHG emissions in the United
States by the RFS & RPS policy is 2.7%. The
Carbon Tax scenario has a relatively smaller

leakage effect and thus achieves the highest
level of cumulative global GHG reduction
(4.1%) relative to the other policies.

Welfare Cost

The domestic welfare costs of the RFS &
RPS and the Carbon Tax policy scenarios and
their distribution across the three sectors are
presented in Table 6, while the global welfare
costs are presented in Table 7. The domestic
welfare costs of the RFS & RPS scenario are
$109 billion. Analyzing the effects of these
policies on each of the three sectors, we see
that the RFS & RPS policy imposes a welfare
cost on the electricity sector of $182 billion,
increases agricultural sector surplus by $252
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TABLE 6
Welfare Effects and GHG Emissions in the United States under Alternative Policy

Scenarios

Change from No Policy

RFS and RPS Carbon Tax

Economic Surplus (billions of dollars)a

Agricultural sector
Agricultural consumers −166.1 −2.9
Biomass producers 33.4 −0.2
Agricultural producers 385.1 5.6
Total for agricultural sector 252.4 2.4

Electricity sector
Electricity consumers 117.3 −408.4
Electricity producers −233.4 −359.3
Natural gas producer −65.8 −15.7
Total for the electricity sector −181.8 −783.4

Transportation fuel sector
Cellulosic ethanol refineries 66.5 0.0
Gas and diesel producers −206.0 −61.0
VKT consumers −72.9 −532.6
Total for the transportation sector −212.4 −593.6

Government
Government revenue 32.7 1,392.6

Total across sectors
Economic surplus −109.1 18.0
Economic surplus (percent) −0.3% 0.0%

Emissions (billions of metric tons)

Cumulative emissions
Agricultural and forest GHG emissions 0.8 −0.8
Transportation sector GHG emissions −3.1 −0.4
Electricity sector GHG emissions −2.8 −3.8
U.S. GHG abatement −5.0 −5.0
U.S. GHG abatement (percent of U.S. emissions under no

policy)
−4.4% −4.4%

Emissions in 2030
GHG emissions in 2030 (billions of metric tons) −0.4 −0.2
GHG emissions in 2030 (percent) −7.5% −4.7%

Note: GHG, greenhouse gas; RFS, Renewable Fuel Standard; RPS, Renewable Portfolio Standard; VKT,
vehicle kilometers traveled.

a The economic surplus is simply the change in consumer, producer, and government surplus in the policy
case relative to the no-policy baseline and does not include the value of any environmental benefits resulting
from the policy.

billion, and imposes a welfare cost on the
transportation sector of $212 billion.

The implications of including the welfare
impacts on the agricultural sector are evident
from Table 6. Both policy scenarios lead to a
reduction in consumer surplus for agricultural
consumers but an increase in the surplus for
agricultural producers with the net increase in
economic surplus for the sector. This offsets
some or all of the costs imposed by the poli-
cies considered here on the electricity and
transportation sectors.

Compared to the RFS & RPS policy sce-
nario, the Carbon Tax scenario imposes the
largest welfare costs on the transportation and
electricity sectors. However, it also leads to a
large increase in tax revenues and to a gain
for the agricultural sector. As a result, overall
economic surplus increases by $18 billion
relative to the No Policy baseline; this can be
compared to the $109 billion welfare cost of
the jointly implemented RFS & RPS policy
which achieves equivalent cumulative domes-
tic GHG reductions as the Carbon Tax policy.
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TABLE 7
Welfare Costs and GHG Emissions Effects of Alternative Policies in the United States and the Rest of the

World (2007–2030)

Change from No Policy RFS and RPS Carbon Tax Carbon Tax ($15)

Domestic economic surplus (billions of dollars) −109.1 18.0 17.0
Economic surplus in the ROW agricultural sector (billions of dollars) −129.4 −2.5 −2.2
Economic surplus in the ROW fuel sector (billions of dollars) −286.6 −49.0 −41.9
Total ROW economic surplus (billions of dollars) −416.1 −51.5 −44.1
Global economic surplus (billions of dollars) −525.1 −33.5 −27.1
Domestic GHG abatement (billions of metric tons) 5.0 5.0 3.2
Global GHG abatement (billions of metric tons) 3.1 4.7 3.1
Global GHG abatement (percent of U.S. emissions under no policy) −2.7 −4.1 −2.7
Global leakage of emissions (percent of U.S. abatement) 44 10 12
Domestic cost of domestic abatement (dollars/metric ton) 25 −4 −5
Domestic cost of global abatement (dollars/metric ton) 35 −4 −6
Global cost of global abatement (dollars/metric ton) 171 7 9

Note: GHG, greenhouse gas; ROW, rest of the world; RFS, Renewable Fuel Standard; RPS, Renewable Portfolio Standard.

While the terms-of-trade effect results in
the Carbon Tax policy increasing domestic
economic surplus, it also affects the surplus of
consumers and producers in the agricultural
and fuel sectors in the ROW. Table 7 shows
that loss in economic surplus in the United
States from the RFS & RPS policy is exac-
erbated by the decrease in economic surplus
in the ROW’s agricultural and fuel sectors by
a total $416 billion; adding the changes in do-
mestic and ROW surplus gives a global re-
duction in economic surplus of $525 billion
for the RFS & RPS scenario. The Carbon Tax
scenario leads to the smallest negative impact
on the global economic surplus ($34 billion).
Table 7 also shows the welfare costs of the
Alternative Carbon Tax (G) of $15/MT of
CO2 that achieves the same level of global
GHG abatement as the RFS & RPS policy
scenario. The lower carbon tax results in a
smaller global cost of $27 billion and reduces
global GHG emissions by 2.7%.

Cost-effectiveness

Combining the results on welfare cost and
GHG emission changes across scenarios, we
assess the cost-effectiveness of each policy
scenario at the domestic and global level by
comparing their average per ton cost of GHG
abatement (Table 7). The domestic cost of the
RFS & RPS and Carbon Tax policies, which
achieve equivalent domestic GHG reductions,
is $25/MT and –$4/MT, respectively. These
costs change substantially when global wel-

fare cost and global GHG reductions are taken
into consideration. The RFS & RPS policy be-
comes much more costly when viewed from
a global perspective ($171/MT). The most
cost-effective policy at the global level is the
Carbon Tax, at $7/MT. The cost of the Alter-
native Carbon Tax (G) is $9/MT.

Sensitivity Analysis

To examine the robustness of our key re-
sults on GHG emissions and social welfare to
variations in some of the important behavioral
and technical parameters in the electricity sec-
tor, we consider six scenarios each of which
varies a key parameter. For comparability
with the benchmark case, we assume the same
policy parameters (RFS & RPS policy and
Carbon Tax rate) as in the benchmark case. In
Scenario 1 the elasticity of demand for elec-
tricity is increased from the benchmark value
of –0.25 to –0.7. In Scenarios 2 and 3 we con-
sider a higher and lower value for the natural
gas supply elasticity of 0.81 and 0.09 than in
the benchmark case, respectively. In Scenario
4 we consider the case where the amount of
coproduct electricity generation with cellulo-
sic biofuel production is 25% lower than in
the benchmark case. In Scenario 5 we increase
the limit to cofiring without adversely affect-
ing the thermal efficiency of coal-based power
plants to 20%. Lastly, in Scenario 6 we cost-
lessly double the transmission capacity among
regions to examine its impact on the costs of
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FIGURE 2
Sensitivity Analysis: U.S. Economic Surplus (upper panel); U.S. Greenhouse Gas Emissions (lower panel)

meeting the RPSs by allowing transmission of
renewable generation across regions.

The sensitivity of domestic economic sur-
plus to these parameter changes is presented
in the upper panel of Figure 2. The loss in
economic surplus under the RFS & RPS sce-
nario ranges from 0.15% to 0.4%; this loss is
higher when the demand for electricity is rela-
tively elastic. The gain in economic surplus
with the carbon tax ranges from 0.05% to
0.1% relative to the no-policy case. The lower
panel of Figure 2 shows that the GHG emis-
sions reduction achieved by the RFS & RPS
policy ranges between 4% and 4.5% across
the scenarios. The emissions reduction
achieved by the carbon tax of $19.4/MT of

GHG is the most sensitive to the parametric
assumptions considered here and ranges from
3.5% to 6%; it is significantly affected by the
elasticity of demand for electricity, the elas-
ticity of supply of natural gas, and cofiring
limits on biomass. Overall, we find that the
effects of these policies on GHG emissions
and domestic economic surplus exhibit a sen-
sitivity of only a few tenths of a percentage
point to changes in these behavioral and tech-
nical parameters.

V. CONCLUSIONS

Renewable energy is being promoted to re-
duce dependence on fossil fuels and to reduce



August 2017Land Economics456

GHG emissions, using policies that are sector
specific and impose targets for the quantity or
share of renewables to be consumed in the
transportation and electricity sectors. This pa-
per develops an integrated model of the elec-
tricity, transportation, and agricultural sectors
(BEPAM-E) to examine the domestic and
global welfare costs of GHG abatement of two
sector-specific policies, the RFS and the
RPSs, implemented jointly, and compares
these to those under two alternative carbon tax
scenarios that achieve the same level of cu-
mulative reduction in GHG emissions (do-
mestically/globally) over the 2007–2030 pe-
riod.

Our analysis leads to several key findings.
The RFS & RPS policies achieve reductions
primarily by inducing a shift toward renew-
able fuels while allowing electricity genera-
tion and VKT to increase marginally. In con-
trast, the carbon tax achieves the same
reduction primarily by reducing electricity
generation and VKT. Despite being normal-
ized to achieve the same level of domestic
GHG abatement, these policies differ consid-
erably in their effects on global GHG emis-
sions. Since the RFS has a large impact on
crop prices and gasoline prices, it results in a
negative leakage through indirect land use
changes and fuel use changes in the ROW,
which substantially offsets the savings in
GHG emissions achieved domestically. The
Carbon Tax policy achieves a much larger cu-
mulative global GHG reduction than the RFS
& RPS policies.

Our analysis shows the importance of in-
cluding the welfare effects on the agricultural
sector in determining welfare costs of abate-
ment associated with these energy sector pol-
icies because they create a demand for bio-
energy that affects land use and crop prices.
All policies lead to a net gain in economic
surplus for the agricultural sector. On the
other hand, the RPS and RFS policies impose
significant welfare costs on the electricity and
transportation sectors, respectively. The do-
mestic welfare costs of a jointly implemented
RFS and RPS are significantly higher than
those of the carbon tax; in fact, the carbon tax
leads to a net gain in domestic economic sur-
plus since a large part of the cost is imposed
on the ROW’s fuel producers. The RFS im-
poses significant costs on the ROW, primarily

on agricultural consumers and fuel producers.
As a result, global welfare costs of the RFS &
RPS scenario are much higher than those with
the Carbon Tax scenario and make it much
less cost-effective than a carbon tax policy at
abating GHG emissions.

We find that the increasingly stringent tar-
gets for renewable fuels under the RFS & RPS
policy results in it achieving annual savings
in domestic GHG emissions that are twice as
high as those with a constant carbon tax ex-
amined here by 2030. To achieve the same
level of reduction in GHG emissions in 2030
as the RFS & RPS scenario, the carbon tax
rate would need to increase substantially by
2030 relative to the rate considered here.

The modeling framework developed here
can be applied to analyze the effects of other
renewable energy and climate policies that af-
fect the electricity and transportation sectors.
In particular, the implementation of the Clean
Power Plan (CPP) that seeks to set quantity
limits on GHG emissions or set rate-based
limits (emissions per megawatt-hour) on the
GHG intensity of electricity generation at the
state level can be expected to interact with the
state-level RPSs. The RPS creates incentives
to use the least-cost sources of renewable
electricity to comply with the RPS, irrespec-
tive of their GHG intensity. The RPS also cre-
ates no incentives to reduce electricity gen-
eration. To the contrary, our findings show
that the state RPSs have a small positive im-
pact on electricity generation. The joint im-
plementation of the CPP with the RPS can be
expected to increase incentives to switch to-
ward lower-carbon renewable fuels for elec-
tricity generation. The CPP can also affect the
amount of electricity generated; a quantity re-
striction on GHG emissions can create incen-
tives to reduce electricity generation, while a
standard on GHG intensity per kilowatt-hour
can create incentives to increase electricity
generation. We leave further analysis and
quantification of these effects of the CPP on
the electricity sector to future research.
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