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Carbon Abatement in the Fuel Market with Biofuels:
Implications for Second-Best Policies

Abstract

A carbon tax would penalize carbon intensive fuels like gasoline and shift
fuel consumption to less carbon intensive alternatives like biofuels. Since bio-
fuel production competes for land with agriculture, a carbon tax could raise
land rents, divert land towards fuel production, and raise agricultural prices.
This paper analyzes the welfare effect of a carbon tax on fuel with gasoline
and biofuel as available fuel choices, in the presence of a labor tax and biofuel
subsidy. The second-best optimal carbon tax is also quantified. Findings show
that when biofuels is part of the fuel mix, the carbon tax has a commodity
price effect which arises from tax-induced changes in land rent. The commod-
ity price effect could exacerbate or attenuate the tax interaction effect caused
by higher fuel prices, depending on the elasticity of substitution between gaso-
line and biofuel, the price elasticity of miles demand, and the relative emissions
intensity of gasoline and biofuel. Numerical results show that the commodity
price effect affects the value of the second-best optimal carbon tax, and that
the effect is greater if the elasticity of substitution between gasoline and biofuel
is high, miles is more price inelastic, and the GHG intensity of biofuel is lower
compared to gasoline. In addition the existence of a fixed biofuel subsidy leads
to a greater divergence between the value of the second-best optimal carbon
tax with or without biofuels. A carbon tax policy decreases GHG emissions
and increases welfare, in contrast to a biofuel subsidy, which also decreases
GHG emissions but at a net welfare loss.
Keywords: carbon tax, optimal fuel tax, biofuel
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Carbon Abatement in the Fuel Market with Biofuels:
Implications for Second-Best Policies

Reducing greenhouse gas (GHG) emissions is critical to mitigating climate change

and achieving greater energy security. The transport sector accounts for about 30%

of total emissions in the United States, with 97% coming from fossil fuel combustion.

Thus, reducing emissions from the transport sector is crucial to reducing overall emis-

sions. Studies have shown that a tax on fuel is an effective and efficient instrument

for reducing environmental externalities, and several studies have proposed second-

best optimal fuel tax rates for gasoline in the presence of a labor market distortion

(West and Williams 2007; Parry and Small 2005).

However, the availability of biofuel as a fuel source is likely to affect the design

and magnitude of the optimal fuel tax. Since gasoline and biofuel have different

emission intensities, a carbon-based tax would be more appropriate compared to a

volumetric tax. A carbon-based tax on fuels will tax both fuels in proportion to their

GHG intensity and lead to the the least-cost combination of fuel substitution and

fuel reduction to reduce carbon emissions 1. Biofuel production is also land intensive

and competes with other land-using production activities like agriculture for limited

land inputs. Thus, a tax-induced change in biofuel production could affect the price

of land or land rent. A change in land rent would in turn affect income and the prices

of commodities using land as an input. In the presence of a labor market distortion

such as a labor tax, changing commodity prices add to the adverse effects of higher

fuel prices on real wages and on labor supply. Thus, with biofuels included in the fuel

1GHG intensity is measured in carbon equivalent emissions per unit of fuel. The carbon tax is
levied on carbon emissions (not carbon dioxide emissions).
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mix, the effect of the tax on fuel and labor markets, as well as agricultural markets

are important considerations for setting an optimal fuel tax.

One of the main drawbacks of a carbon tax is that it may be politically infea-

sible to implement. Compared to other developed countries, the US has one of the

lowest gasoline tax rates (Hoo and Ebel 2005). The lower carbon intensity of biofuel

compared to gasoline expands the options for reducing carbon emissions from the

transportation sector from simply reducing gasoline consumption and vehicle miles

traveled to also displacing gasoline by biofuels. Unlike a tax, policies that encourage

greater domestic biofuel production and consumption through the use of subsidies

and mandates appear to garner more political support. Thus it is important to de-

termine the welfare effects of these policies compared to a carbon tax, and examine

to what extent these policies could achieve the objectives of a carbon tax.

The use of taxes to internalize externalities dates back to Pigou (1932) and was

later applied more specifically to environmental externalities in the works of Baumol

and Oates (1971) and Baumol (1972). In a first best setting with perfect markets and

no other distortions other than a single externality, the optimal tax is the Pigouvian

tax, which is equal to the marginal external damage (MED) of the externality. When

other distortions persist, the best policy is a “second-best” policy because the true

optimum cannot be attained.

More recent literature focuses on finding the second-best optimal tax, recogniz-

ing the interaction of an environmental tax with other market distortions (Goulder

1995a; Bovenberg and Goulder 1996; Bovenberg and de Mooij 1994). The double

dividend literature, which explores the possibility of using revenues from environ-
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mental taxation to decrease an existing labor tax is closely related to the literature

on optimal environmental taxes. If environmental taxes can lower the labor tax

rate (i.e. generate a double dividend) the second-best optimal tax may exceed the

Pigouvian tax rate. The current theoretical and empirical evidence suggests that in

general, the optimal environmental tax is lower than marginal external damages (i.e

no double dividend exists) because the welfare gains from using an environmental

tax to reduce the labor tax is not sufficient to compensate for its negative impact of

exacerbating the distortion in the labor market and reducing the allocative efficiency

of consumption (see Goulder (1995b) and Bovenberg (1999) for a comprehensive dis-

cussion). However, Parry (1995) argues that it is possible to gain a double-dividend

if the taxed commodity is a relatively weak substitute for leisure implying that the

optimal environmental tax is above the MED. West and Williams (2007) and Parry

and Small (2005) derive the second-best optimal tax rate for gasoline and conclude

that due to gasoline being a weak substitute for leisure (in Parry and Small (2005))

or a complement to leisure (in West and Williams (2007)), the second-best optimal

gas tax is above the Pigouvian tax rate.

Bento and Jacobsen (2007) and Bovenberg and Van der Ploeg (1998) also show

that the use of a fixed input either in the production of a dirty good or together

with a dirty input increases the likelihood of a double-dividend and contributes to

raising the optimal tax above the Pigouvian rate by shifting the burden of the tax

from labor to the fixed input 2. In a model where a dirty input is used together with

labor and a fixed input, Bovenberg and Van der Ploeg (1998) show that if labor is

2Both Bento and Jacobsen (2007) and Bovenberg and Van der Ploeg (1998) make the assumption
that profits or rents from the fixed input cannot be fully taxed by the government.
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a better substitute for the dirty input compared to the fixed input, and the fixed

input has a large share in total input use, a tax on the dirty input increases labor

supply. In a framework with a dirty output that uses labor and a fixed factor (land),

Bento and Jacobsen (2007) show that a tax on the dirty good leads to an increase in

labor supply because part of the tax burden falls on the fixed input as demand for

the fixed input falls when the dirty good is taxed. The price of the dirty good falls

with the lower fixed input price, mitigating the tax-induced rise in prices that cause

labor supply to decrease.

The purpose of this paper is to derive the second-best optimal carbon tax for

gasoline and biofuel and determine the welfare effect of a revenue-neutral change in

the carbon tax. The policy experiment considered is a revenue neutral increase in

the carbon tax rate, with revenues from the carbon tax used to reduce the labor tax.

I also consider a model in which a fixed biofuel subsidy also exists in addition to the

carbon tax and labor tax.

This paper extends the literature on fuel taxation by examining the welfare effects

and tax policy implications of including biofuels in the fuel mix. I extend the model

developed by Parry and Small (2005) to consider the inclusion of biofuels while

recognizing the competition they pose for land use, and their implication for the

price of other consumption goods using land as an input.

In addition, I also examine the effect of a marginal increase in a subsidy rate,

holding revenue and the carbon tax rate fixed but allowing the labor tax to vary.

Although previous studies show that deadweight losses result from the current biofuel

subsidy, none of these studies have examined the interaction of these policies with the
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broader tax system, as I do in this paper (Elobeid and Tokgoz 2008; de Gorter and

Just 2008). However, in the presence of a labor tax, an output subsidy could increase

labor demand and lower the disortion in the labor market. Thus, it is important to

determine whether this benefit exists and whether it is sufficient to yield an overall

welfare gain, given that a subsidy would also affect land rent.

This paper also contributes to the literature on optimal environmental taxation

and double-dividend, in particular, those that focus on the effect of using a fixed

factor (land) on labor supply. The model presented here is comparable to that of

Bento and Jacobsen (2007), although the model has two dirty goods with different

pollution intensities. In addition, land use is fixed to the production of the less dirty

good (biofuel) and the clean good (agricultural goods), but is mobile within the two

production activities. I show that unlike the result obtained by Bento and Jacobsen

(2007), a tax on dirty consumption could either raise or the lower the tax burden on

land, so the effect of the tax on labor supply is ambiguous.

Applying the analytical model to the US fuel market, I find that the second-best

optimal carbon tax is higher than the Pigouvian tax rate, due to the positive revenue

recycling effect on labor supply which more than compensates for the negative tax

interaction effect and commodity price effect on labor supply. The presence of biofuel

in the fuel mix affects the value of the second-best optimal tax due to a commodity

price effect which arises from tax-induced changes in land rent. The commodity

price effect could exacerbate or attenuate the tax interaction effect caused by higher

fuel prices, depending on the elasticity of substitution between gasoline and biofuel,

the price elasticity of miles demand, and the relative emissions intensity of gasoline
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and biofuel. In addition, the existence of a fixed biofuel subsidy leads to a greater

divergence between the value of the second-best optimal carbon tax with or without

biofuels. Increasing the biofuel subsidy has a positive GHG reduction effect, but its

negative impact on labor supply through changes in the labor tax rate more than

offsets this positive effect.

The results of this paper highlight the importance of considering the impact of

biofuel in designing policies in the fuel sector. Particularly, in setting a carbon tax

rate, it is important to determine whether the carbon tax will lead to an increase or

decrease in biofuel demand. The results of this study also strenghten the case for

carbon taxes, since I find that even in the presence of other policy alternatives such

as a biofuel subsidy, a tax on carbon is still the better policy option for reducing

GHG emissions in the fuel sector.

The paper proceeds as follows : Section 4.1 presents the analytical model used to

derive the second-best optimal carbon tax. In Section 4.2, I examine the effect of a

biofuel subsidy on GHG emissions, labor supply, and welfare. Section 4.3 discusses

data and parameters used in the numerical simulations. Section 4.4 presents esti-

mates of the second-best optimal carbon tax and corresponding fuel taxes, as well

as welfare effects of a carbon tax and biofuel subsidy. Section 4.5 concludes.

0.1 The Analytical Model

The representative consumer derives income from labor (L) provided to firms. Labor

is equal to a fixed time endowment (L) minus leisure (Ĺ), L = L − Ĺ. Additionally,

the consumer owns a fixed amount of land (K) and derives income from land rent
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(R). The tax rate on labor is denoted by TL and the wage rate is W , which is set to

unity and held constant. Thus the total income, I is:

I = (1 − TL)WL + RK (1)

The representative consumer derives utility from leisure (Ĺ), and consumption of

agricultural goods (A) which is a clean good, and gasoline (G) and biofuel (B) which

are dirty goods used to produce miles (M). Additionally, consumers derive utility

from public goods (Y ) and disutilty from greenhouse gas (GHG) emissions which

are an externality of gasoline and biofuel consumption. Let δG and δB denote the

GHG intensity of gasoline and biofuel respectively, measured in carbon equivalents,

where δG > δB so that total emissions (E) is E = δGG + δBB.

The consumer’s utility function is:

U = u(Ĺ,M(G,B), A) − φE + Y (2)

where u is strictly concave. The utility function exhibits weak separability be-

tween leisure and the consumption of miles and the agricultural good, and strong

separability between those goods and externalities and public goods. The price per

mile is PM = G
M

(PG +TG)+ B
M

(PB +TB) where P i and T i, i = G,B are gasoline and

biofuel prices and per unit tax rates, respectively. The expression for PM is derived

using the homogeneity property of miles production and Euler’s theorem. A fuel tax

is levied on gasoline and biofuel such that the tax on each fuel is proportional to

their GHG emissions, i.e., T i = TCδi, i = G,B and TC is the carbon tax. The price
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of agricultural goods is denoted PA.

Firms are owned by the representative consumer. Firms minimize cost and pro-

duce agricultural goods, gasoline and biofuel at zero profit. Gasoline is produced

using only labor, while agricultural goods and biofuel are produced using labor and

land. The production function for gasoline follows a one input production technol-

ogy given by G = G(LG), while the production function for biofuel and agricultural

goods are given by B = B(LB, KB) and A = A(LA, KA). The government taxes

labor to provide public goods, and it engages in pollution abatement by taxing fuel

accoring to their GHG intensity.

The consumer’s maximization problem is:

max
Ĺ,G,B,A

U = u(Ĺ,M(G,B), A) − φE + Y s.t. (3)

λ[I − (PG + δGTC)G − (PB + δBTC)B − PAA]

The first-order conditions (FOCs) of the utility maximization problem are:

L : uL − λ(1 − TL) = 0 (4)

G : uMMG − λ(PG + δGTC) = 0 (5)

B : uMMB − λ(PB + δBTC) = 0 (6)

A : uA − λPA = 0 (7)
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where subscripts denote partial derivatives. The FOCs above imply that the

marginal utility from leisure and other goods is equated to their respective prices

multiplied by λ, which can be interpreted as the marginal utility of income. For

gasoline and biofuel, (5) and (6) show that their respective prices are equated to the

contribution of each fuel to total utility, which is denoted by product of the marginal

utility of miles and the marginal product of each fuel.

Substituting the solution of (3) in the utility function, the indirect utility function

(V ) is derived, with the carbon tax, TC as its argument:

V (TC) = u(Ĺ∗,M(G∗, B∗), A∗) − φ(E) + Y + (8)

λ[I − (PG + δGTC)G∗ − (PB + δBTC)B∗ − PAA∗]

As shown in Appendix A, the effect of a marginal increase in TC on V is given

by the following equation:

dV (TC)

dTC
= −

φ

λ

dE

dTC
+ TC dE

dTC
+ TL dL

dTC
(9)

The first term on the right hand side (RHS) is the marginal benefit of reducing

the level of environmental externality. Using the definition of E provided above,

dE
dT C = δG dG

dT C + δB dB
dT C . The tax will decrease the level of gasoline consumption,

since gasoline has a higher emissions intensity compared to biofuel. On the other

hand, the tax could either increase or decrease the consumption of biofuel. Biofuel

consumption increases as it is substituted for gasoline. However because of the tax

on biofuel’s emissions, demand could also decrease. Although the net effect of the tax
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on biofuel demand is ambigious, the overall effect of the tax on emissions is negative.

The second and third terms reflect the change in the economy’s tax base. The second

term shows the decrease in the tax base for emissions, as fuel use decreases because

of the carbon tax. The third term shows the change in labor tax revenues that

results from a tax-induced change in labor supply. Labor supply is a function of the

exogenous variables in the indirect utility function (TL, TC , PB(R), PA(R), R). By

taking the total differential of labor supply, the change in labor supply for a marginal

change in TC can be expressed as:

dL

dTC
=

∂L

∂TL

dTL

dTC
+

∂L

∂TC
+ (

∂L

∂R
+

∂L

∂PA

dPA

dR
+

∂L

∂PB

dPB

dR
)

dR

dTC
(10)

The first term on the RHS is the revenue recycling effect that shows the effect

of the carbon tax on labor supply due to a change in the labor tax rate. The use of

the revenue from carbon taxes to reduce the tax rate on labor has a positive effect

on labor supply. The second term is the tax interaction effect which is the partial

differential of the labor supply with respect to the carbon tax. A tax on carbon

increases the price of taxed goods, increasing leisure demand and decreasing labor

supply. These two effects are what normally constitutes the labor market impact of

an environmental tax, similar to the expression in Parry and Small (2004) 3. However,

because one of the taxed commodities uses land as an input, the environmental tax

also affects land rent as shown by the third term 4. A change in land rent will affect

the price of commodities that use land as an input, and also affect land rent income.

3see Appendix section.
4Here I abstract from the government’s ability to tax land rent income. If the government is to

tax all of rent income, then a price distortion will not occur.
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The change in prices and income would then affect labor supply. If leisure is a normal

good, additional income and higher prices reduce labor supply (as else equal). The

change in the price of land input as a result of levying an output tax is central to

the study by Bento and Jacobsen (2007). However, in their model, the tax only

works in one direction, that is, to decrease the price of land, since the tax decreases

demand for the land-using dirty good. However, in the model presented here with

two taxed commodities of differing pollution intensities, the tax could either increase

or decrease the price of land. I discuss the determinants of the effect of the tax on

land rent in the next section.

0.1.1 Effect of TC∗ on Demand for Biofuel and Land Rent

From the discussion above, the effect of the tax on biofuel demand and land rent is

important in determining the net labor market and welfare effect of a carbon tax.

Without loss of generality, I assume that for the purpose of deriving the effect of TC

on land rent, labor supply and the labor tax rate are fixed 5.

By total differentiation of the first order conditions of (3) and the additional

constraint that land use is fixed to the production of biofuel and agricultural goods,

the comparative static effects of a change in TC on G, B, and A, as well as land rent

(R) is derived.

Appendix C shows that the change in land rent for a marginal change in the

carbon tax is given by:

dR

dTC
= −UAA

dB

dTC
(11)

5This assumption does not affect the derived results due to the separability of leisure from
consumption. Appendix C provides additional discussion.
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where:

dB

dTC
= −

PM

|D|
[

σ

ηMM

{

δGMGB − δB MGMGB

MB

}

+ (δGMBG − δBMGG)] (12)

The slope of the demand curve for the agricultural good is UAA and the change in

biofuel demand due to the carbon tax is dB
dT C . The sign of UAA is negative, implying

that the sign of (11) depends entirely on the whether the change in biofuel production

due to the carbon tax is positive or negative. If dB
dT C > 0, then (11) is positive, and

vice-versa.

Equation (12) shows that the magnitude and sign of dB
dT C , and thus dR

dT C depends

on several parameters, including the the elasticity of substitution between gasoline

and biofuel in the production of miles, given by σ = MGMB

MGBM
, the relative emissions

intensity of gasoline (δG) and biofuel (δB), the price elasticity of miles demand (ηMM),

and technological parameters6.

The elasticity of substitution affects the extent to which B can replace G in the

consumer’s production of miles. Because gasoline has a higher emissions intensity

than biofuel, a carbon tax will cause a greater decrease in gasoline consumption,

compared to biofuel. The extent to which biofuel can be substituted for gasoline will

influence the post-tax level of biofuel demand. As shown in the first term in (12) a

higher value of σ will lead to a greater change in dB
dT C as long as the ratio of emission

intensities of gasoline and biofuel is greater than the ratio of their marginal products

6The definition of σ is given by Floyd (1965). The technological parameters
(MGB ,MG,MB ,MBG,MGG) and the determinant |D| are defined in Appendix C.
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in miles production (i.e. δG

δB > MG

MB
). Conversely, if σ = 0 (or gasoline and biofuel are

perfect complements), a carbon tax will unambiguously decrease both gasoline and

biofuel consumption.

Equation (12) also shows that the effect of σ is magnified the more price inelastic

miles demand is. Taxing inputs needed to produce miles raises the overall cost of

consuming miles. If miles demand is price inelastic, demand for miles and fuel inputs

will not decrease as much as when miles demand is elastic. Since the per unit tax

on gasoline is higher than the tax on biofuel, consumption will be biased towards

biofuel due to its price advantage.

Assuming that σ has a positive value, a greater reduction in emissions from

biofuel relative to gasoline also increases the positive impact of the tax on biofuel

demand, because the post-tax price of biofuel relative to gasoline will be lower the

more biofuel reduces emissions compared to gasoline.

Numerical simulations show that depending on the combination of parameter

values, biofuel demand could increase or decrease. In general, what I find is that the

tax increases biofuel demand given a combination of high emissions reduction from

biofuel, high elasticity of substitution, and inelastic miles demand.

Equations (10) and (11) show that the uncertainty in the welfare effect of a

carbon tax is due to the ambiguous effect of the tax on labor supply and land rent.

Whether the impact of the tax on welfare is positive or negative is summarized by

(9). Alternatively, a positive sign of the second-best optimal carbon tax, TC∗ would

imply that introducing a carbon tax would increase welfare. The equation for TC∗

is derived by setting dV
dT C = 0, yielding the following expression:
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TC∗ =
φ

λ
− TL

dL
dT C

dE
dT C

(13)

Equation (13) shows the components of the second best optimal carbon tax 7.

The first term is the marginal external damage (MED) of a unit of GHG emission,

which is positive. The second term is the change in labor tax revenues. If the change

in labor tax revenues is positive, then TC∗ will be higher than the MED. If it is

negative, TC∗ will be lower than the MED. Finally, in the case where the change in

labor tax revenues is negative and exceeds the MED, TC∗ is negative.

In order to sign TC∗ or (TC∗ −MED), it is necessary to express (13) in terms of

empirically measureable components. Appendix B shows that (13) can be expressed

as:

TC∗ =

Pigouvian
︷ ︸︸ ︷

1

(MEBL + 1)

φ

λ
+

TaxInteration+RevenueRecycling
︷ ︸︸ ︷

−TL

1 − TL
[TC ǫLCL(ηMI − 1)

ǫET
] (14)

−TL

1 − TL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

γRE

E/R
︸ ︷︷ ︸

LaborMarketCommodityPriceEffect

7This tax is necessarily second-best because other distortions exist in the economy. The first
best tax rate is equal to the MED, with no other distortions present. Note also that this carbon
tax rate corresponds to a second-best optimal labor tax rate, since both are jointly determined.
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where:

MEBL = −
TL ∂L

∂T L

L + TL ∂L
∂T L

; (1 + MEBL) =
L

L + TL ∂L
∂T L

ǫLCL =
∂LC

∂TL

(1 − TL)

L
; ǫLL =

∂L

∂TL

(1 − TL)

L
ηMI =

∂M

∂I

(1 − TL)L

L

ǫET =
∂E

∂TC

TC

E
; ǫRT =

∂R

∂TC

TC

R
; γRE =

ǫRT

ǫET

The compensated labor supply elasticity with respect to the labor tax is given

by ǫLCL, while ǫET is the emissions elasticity at the optimum. The “TC” term that

appears on the right hand side of (14) is the MED of carbon, which is the closest

approximation of the second-best optimal carbon tax. The first term in (14) is the

Pigouvian component, which is the MED divided by the marginal cost of public funds

(1 + MEBL). The MED is divided by (1 + MEBL) to reflect the cost of providing

public goods such as environmental quality. If MEBL > 0 or (1 + MEBL) > 1,

public funds are scarcer than private funds. Bovenberg (1999) notes that “If public

revenues become scarcer, as indicated by a higher marginal cost of public funds,

the optimal tax system focuses more on generating revenues and less on internal-

izing pollution externalities.” Thus, the Pigouvian tax decreases as (1 + MEBL)

increases. The second term is the sum of the tax interaction and revenue recycling

effects. Parry and Small (2005) show that if ηMI < 1 (or miles and leisure are weak

substitutes ), then the revenue recycling effect exceeds the tax interaction effect.

Consistent with West and Williams (2007); Parry and Small (2005), I assume that
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miles and leisure are weak substitutes so the second term is also positive. The only

term left to be signed is the third term, which shows the effect of the tax on labor

tax revenues due to changes in the land rent. As discussed previously, an increase in

land rent has a negative impact on the labor supply due to a positive income effect.

The sign of the third term could be positive or negative depending on whether the

change in land rent that could be attributed to the decrease in emissions due to the

tax (γRE) is positive or negative.

0.1.2 Second-Best Optimal Tax with a Subsidy

With a fixed biofuel subsidy (S) the government budget constraint changes to:

Y = TLL + TCE − SB (15)

With the subsidy rate and government budget fixed, the corresponding change

in the labor tax due to a marginal change in the carbon tax is:

dTL

dTC
= −

1

L
(E + TC dE

dTC
+ TL dL

dTC
− S

dB

dTC
) (16)

Following the derivation presented in Appendix B, the change in welfare with

respect to a marginal change in the carbon tax is:
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dV (TC)

dTC
= −

φ

λ

dE

dTC
+ TC dE

dTC
+

MEBL

ǫLL
[EǫLCL

(
ηMI − 1

)
] + MEBLTC dE

dTC

+
MEBL

ǫLL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

dR

dTC
− (1 + MEBL)S

dB

dTC
(17)

Setting the above equation to zero gives the second-best optimal carbon tax with

a fixed subsidy:

TC∗ =

Pigouvian
︷ ︸︸ ︷

1

(MEBL + 1)

φ

λ
+

TaxInteration+RevenueRecycling
︷ ︸︸ ︷

−TL

1 − TL
[TC ǫLCL(ηMI − 1)

ǫET
]

−TL

1 − TL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

γRE

E/R
︸ ︷︷ ︸

LaborMarketCommodityPriceEffect

+(1 + MEBL)S
T C

B

R/E

ǫBT

ǫET

︸ ︷︷ ︸

SubsidyEffect

(18)

where:

ǫBT =
dB

dTC

TC

B
; ǫET = ǫBT (

δBB

E
) + ǫGT (

δGG

E
); ǫGT =

dG

dTC

TC

G

To the extent that the carbon tax changes biofuel demand, the expenditures that

need to be allocated for the provision of the subsidy also changes. The presence of

the subsidy as an additional distortion causes the last term to appear in (17). The

multiplication of the marginal cost of providing the subsidy for an additional unit

of biofuel with (1 + MEBL) implies that the social cost of a marginal increase in

biofuel demand is the actual expenditure plus the deadweight loss associated with
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raising the revenue needed to finance the subsidy.

If the carbon tax increases biofuel demand, then the carbon tax will also increase

the burden of subsidy provision. In this case, the presence of the subsidy will decrease

the second-best optimal tax by the last term in (18).

0.2 Welfare Effect of an Increase in the Biofuel Subsidy

The welfare effects of a marginal increase in the biofuel subsidy rate is discussed in

this section. Government revenue is derived only from labor taxes, and part of the

government revenue is used to finance the biofuel subsidy. The government revenue

is assumed to be fixed, but the labor tax rate varies with the subsidy rate.

With a biofuel subsidy, the consumer maximization problem changes to:

max
Ĺ,G,B,A

U = u(Ĺ,M(G,B), A) − φ(E) + Y + λ[I − PGG − (PB − S)B − PAA] (19)

and the first-order conditions (FOCs) are:

L : uL − λ(1 − TL) = 0 (20)

G : uMMG − λPG = 0 (21)

B : uMMB − λ(PB − S) = 0 (22)

A : uA − λPA = 0 (23)
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The indirect utility function is:

V (S) = u(Ĺ∗,M(G∗, B∗), A∗)−φ(E)+Y +λ[I−PGG∗− (PB −S)B∗−PAA∗] (24)

Public goods are financed by labor taxes net of subsidy expenditures so Y =

TLL − SB. Given that the level of public goods provision is fixed, the effect of the

subsidy on the labor tax is given by:

dTL

dS
= −

1

L
(TL dL

dS
− B − S

dB

dS
) (25)

The effect of a marginal increase in S on V , given below is obtained by dividing

the total derivative of V with the total change in S and substituting (25) in the

resulting expression.

dV (TC)

dS
= −

φ

λ

dE

dS
− S

dB

dS
+ TL dL

dS
(26)

The first term in (26) shows the effect of the subsidy on the level of externalities.

Using the definition of E = δGG + δBB, the change in GHG emissions due to a

change in the subsidy is given by dE
dS

= δG dG
dS

+ δB dB
dS

. The subsidy will increase

the consumption of biofuel and decrease the consumption of gasoline. However, it is

unclear whether the increase in the consumption of biofuel will be fully offset by the

decrease in gasoline consumption. Khanna, Ando and Taheripour (2008) argue that

by lowering the overall price of fuel, the subsidy could cause an increase in overall

fuel consumption, and thus greater GHG emissions. The result will depend on the
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relative changes in the use of gasoline and biofuel and their emission intensities.

Thus, the effect of the subsidy on externalities is ambigious.

The second and third terms reflect the effect of the subsidy on the economy’s tax

base. A marginal increase in the subsidy rate will increase consumption of biofuel

thus increasing the government expenditures and lowering utility (second term). The

last term is the effect of the subsidy on labor supply. Taking the total derivative of

labor supply and substituting (25) gives:

dL

dS
=

− 1

L
∂L

∂T L (−B − S dB
dS

) + [ ∂L
∂R

+ ∂L
∂P A

∂P B

∂R
+ ∂L

∂P A

∂P A

∂R
]dR
dS

+ ∂L
∂S

1 + T L

L
∂L

∂T L

(27)

which can also be expressed as:

TL dL

dTC
= −

MEBL

∂L
∂T L

[L
∂L

∂S
+ B

∂L

∂TL
] − MEBLS

dB

dS
+ (28)

(1 + MEBL)TL[
∂L

∂R
+

∂L

∂PA

∂PB

∂R
+

∂L

∂PA

∂PA

∂R
]
dR

dS

where:

L
∂L

∂S
+ B

∂L

∂TL
= −B

∂LC

∂TL
(ηMI − 1) (29)

The first term in (28) is the sum of the marginal excess burden (deadweight loss)

of labor taxation that is caused by the change in the subsidy rate and labor tax.

This term is negative provided that ηMI < 1. The second term is the additional
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deadweight loss from the change in the quantity of biofuel, which is negative. The

last term is the change in labor supply that results from the increase in the price of

goods that use land as an input. The sign of this term is also negative. Thus, it is

clear that an increase in biofuel subsidy leads to a decrease labor supply, which in

turn decreases the indirect utility function. The result that labor supply decreases

with the subsidy is different from the result suggested by Parry (1995) because bio-

fuel is a weak substitute for leisure.

From the dicussion above the effect of the subsidy on utility is negative if dE
dS

> 0.

If dE
dS

< 0, the effect of the subsidy on utility is positive if the first term in (28)

is greater than the last two terms, and negative otherwise. That is, a subsidy will

lead to an increase in utility if the welfare gain from reduced externality exceeds the

welfare loss from increased expenditure for subsidy provision and reduction in labor

supply.

The magnitude of the three terms above will depend on prevailing market condi-

tions. To evaluate plausible cases, I also express (26) in empirically estimable terms

as described below.

Substituting (29) in (28) and using results from Appendix B:

TL dL

dS
=

MEBL

ǫLL
[BǫLCL

(
ηMI − 1

)
] − MEBLS

dB

dS
(30)

+
MEBL

ǫLL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

dR

dS
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Substituting (30) in Equation (26) gives:

dV (S)

dS
= −

φ

λ

dE

dS
+

MEBL

ǫLL
[EǫLCL

(
ηMI − 1

)
] (31)

+
MEBL

ǫLL
S

dB

dS
+

MEBL

ǫLL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

dR

dS

where:

dE

dS
= δG ǫGP B

PB/G
+

δBǫBP B

PB/B
(32)

dB

dS
=

−ǫBP

PB/B
(33)

dR

dS
=

ǫBP

ǫAP

B

A

PA

PB
(34)

The next section discusses the data and parameters used to quantify (14) and

(18), and calculate welfare effects of deviating from the second-best optimal tax rate.

0.3 Data and Parameters

I use market data and elasticities from the literature. Parry and Small (2005) present

a thorough review of some of the parameters needed to quantify the second-best

optimal gas tax. Whenever possible, I use values similar to theirs. Because biofuel

is now part of the fuel mix, some of the parameters used by Parry and Small (2005)

have to be modified, and new parameters need to be introduced.
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0.3.1 Carbon Price and GHG Intensity of Fuels

Parry and Small (2005) review the existing literature on the cost of carbon emissions

and conclude that a wide variety of estimates ranging from $0.7 per ton more than

$100 per ton exists. I use the central value used by Parry and Small (2005) of $25

per ton of carbon, as the marginal external cost of carbon emissions.

The externality impact of a gallon of fuel is measured using its GHG intensity,

which is defined as the amount of GHG in carbon equivalents (C-eq) emitted per

unit consumption of fuel. Unlike Parry and Small (2005) who used tailpipe emissions

of gasoline, which amount to 0.0024 tons C-eq per gallon, I use emissions from Life

Cycle Assessment (LCA) studies that measure emissions from “well-to-wheel” or

from the production of inputs that go into fuel production, up to emissions from the

combustion of the fuel. For gasoline, emissions include those from crude oil recovery,

transport and refining, distribution to the pump , and end of pipe emissions. For

biofuel, emissions include those from feedstock farming, biofuel production in the

refinery, distribution, up through end of pipe emissions. Since the GHG reduction

capacity of biofuel relative to gasoline is an important consideration, LCA provides

a better meausure of the two fuels’ relative GHG intensities. GHG emissions from

gasoline are fairly well established. I use “well-to-wheel” emission from CARB (2009)

of 12.05 kgCO2-eq (0.0032 tons C-eq) per gallon of gasoline. In the case of biofuel,

LCA emissions are less certain. Emissions depend on the type of feedstock used,

farming practices and the technology used for refining. In addition, because biofuel

production uses land as input, some studies suggest that emissions from indirect land

use change may be significant (Searchinger et al. 2008; Fargione et al. 2008). Early
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studies showed that corn ethanol has 12-20% less emissions than gasoline (Farrell

et al. 2006; Wang, Wu, and Huo 2007). More recent studies with more technologically

advanced refineries suggest a reduction of over 40% (Liska et al. 2009). Cellulosic

ethanol from grasses and woody biomass offers even higher mitigation potential, with

reductions up to 90% compared to gasoline (Wu, Wang, and Hou 2007).

To address the broad range of possibilities in GHG emissions from biofuel, I

use a range suggested by current studies. In the low emission case, emissions from

cellulosic biofuel with no land use change whose emissions have been measured at 1.5

kg CO2-eq (0.0004 tons C-eq) per gallon are used. In the central case, emissions from

corn ethanol production in the Unites States with LCA emissions of 4.7 kgCO2-eq

(0.0012 tons C-eq) per gallon are used. I abstract from indirect land use change

emissions for now because consensus has not been reached on how much emissions

should be attributed to biofuel because of this indirect impact. The low emission

case suggests that on an energy equivalent basis, biofuel reduces emissions by 80%,

whereas in the central case, the reduction is 40% compared to gasoline.

0.3.2 Fuel and Miles Market Parameters

Using the definition of total emissions, E = δBB + δGG, I define the elasticity of

emissions as: ǫET = ( δBB
E

)ǫBT + ( δGG
E

)ǫGT where ǫBT = dB
dT C

T C

B
and ǫGT = dG

dT C

T C

G
.

The elasticity of gasoline and biofuel demand to the carbon tax takes into account the

change in demand due to the tax-induced price increase, the substitution of biofuel

for gasoline, as well as the effect of changing miles demand. As shown in Appendix

C, the change in gasoline and biofuel demand depend on a few key parameters, such
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as the elasticity of substitution between biofuel and gasoline (σ), price elasticity of

miles (ηMM), and the emissions intensity of biofuel (δB) relative to gasoline. I use

the results of the comparative static analysis in Appendix C to determine the values

of ǫGT and ǫBT , given different values of the elasticity of substitution between biofuel

and gasoline , price elasticity of miles, and the emissions intensity of biofuel. Table 1

shows the range of values for ǫET . Results are presented for the range of parameters

used shown in Table 1.

Little empirical information exists for the cross price elasticity of gasoline demand

with respect to biofuel price. If gasoline and biofuel are perfect substitutes, the

cross price elasticity of gasoline to biofuel price will be equal to the negative of

biofuel’s own-price elasticity (i.e. ǫGP B

= 0.1). On the other hand, if the elasticity

of substitution between the two fuels is low, ǫGP B

will be close to zero. Thus I use a

central value of ǫGP B

= 0.05 but also evaluate results for the plausible range of 0 to

0.1.

For the expenditure elasticity of miles, which is functionally equivalent to an

income elasticity, I use a value of ηMI = 0.35 based on Pickrell and Schimek (1997)

who analyze trends in personal motor vehicle use based on the 1995 Nationwide

Personal Transportation Survey (NPTS).

Market data for gasoline and biofuel consumption for 2008 is used. The Energy

Infomation Agency reported that total gasoline use in 2008 was 125 B gallons, while

the Renewable Fuels Association reported total ethanol demand to be 9 B gallons in

the same year (Department of Energy 2009; RFA 2009). The per gallon wholesale

price of gasoline and ethanol are $2.57 and $2.47, respectively, according to the
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Nebraska Ethanol Board (NEB 2009). In the numerical simulation, quantities are

scaled so that initial prices are equal to unity.

0.3.3 Land and Agricultural Markets

Using the definition of price elasticities, the change in land rent with respect to a

change in the carbon tax is given by: dR
dT C = − ǫBT

ǫAP

B
A

P A

P B , where the price elasticity of

the agricultural good is ǫAP = dA
dP A

P A

A
. Emipirical studies estimate that ǫAP = -0.2

(ERS 2003). The results are presented using a range of values for ǫBT , as discussed

in the previous section.

From the US Census Bureau, the total spending for farm foods 8 in 2006 is $880

Billion, with an increase of approximately $40 Billion per year. Thus, I set the total

expenditures on agricultural goods to $960 Billion for 2008 (USCB 2009). Since

prices are set to unity in the initial equilibrium, the quantity of agricultural goods is

also 960 units.

0.3.4 Labor Market Parameters

For labor market parameters, I use values similar to Parry and Small (2005). They

use a central value of 0.2 for uncompensated elasticity and 0.35 for compensated

elasticity based on Blundell, Duncan, and Meghir (1998) and Fuchs, Krueger, and

Poterba (1998). Also, based on Parry (2001), the tax rate on labor, TL is set to 0.39.

8Farm foods are defined as products purchased by civilian consumers that are produced by US
farms.
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0.4 Results

0.4.1 Second-Best Carbon Tax

Values of the second-best optimal carbon tax (TC∗) are presented in Table 2 under

various assumptions about the elasticity of substitution between biofuel and gasoline

(σ), price elasticity of miles demand (ηMM) and the emissions intensity of biofuel

(δB). These three parameters determine whether biofuel demand (and land rent)

increases or decreases with the carbon tax. For a wide range of these parameters,

the carbon tax increases biofuel demand. The carbon tax leads to a positive but

small change in biofuel demand if the elasticity of substitution between biofuel and

gasoline is very small (σ < 0.1), miles demand is very price inelastic (ηMM > |−1|),

or biofuel has an emissions intensity close to that of gasoline. However, the change is

small, with ǫBT < 0.001. Thus, I only present results wherein the tax has a positive

effect on biofuel demand.

The first column of Table 2 shows the per ton carbon tax, without considering the

presence of biofuel in the fuel mix. The components of the carbon tax, namely the

Pigouvian tax and the tax that accounts for the Labor Market Effect are shown below

the second-best carbon tax rate (TC∗). The Labor Market Effect is also decomposed

into its various components.

The Pigouvian tax is $21.8 per ton carbon, which is the MED of a ton of carbon

emissions divided by the marginal cost of public funds. The tax interaction effect

lowers TC∗ by $5.6 per ton but it is more than offset by the revenue recyling effect,

which is $16.1 per ton, bringing the net labor market effect to $10.5 per ton and the

carbon tax to $32.3 per ton.
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The second to fourth columns show the components of the carbon tax when bio-

fuel is included in the fuel mix, and the elasticity of substitution between gasoline

and biofuel is 10. In the second column, where the price elasticity of miles and

biofuel emissions intensity are -0.4 and 0.0012 respectively, the effect of increasing

commodity prices on the labor market reduces the labor market effect by $0.3. How-

ever, the addition of biofuel in the fuel mix decreases the emissions elasticity with

respect to the carbon tax, increasing both the positive revenue-recyling effect and

the negative tax interaction effect, so that the net results on the labor market is

similar to the gas only case. If miles demand is more price inelastic, the negative

commodity price effect is increased. The inelasticity of miles demand keep fuel use

higher relative to the case where it is less inelastic; however, since biofuel is taxed

less than gasoline, demand shifts toward biofuel and away from gasoline. The labor

market effect is larger in this case because much more revenue is generated due to

higher fuel demand and lower emissions elasticity. The result is a carbon tax that is

17% higher than the gas only case. With a lower biofuel emission intensity (Table 2,

last column), the commodity price effect is relatively larger because biofuel demand

increases due to the lower per gallon tax rate. However, since the tax base for car-

bon is decreased due to biofuel’s low emission intensity, the labor market effect is

attenuated as well. This scenario leads to the carbon tax rate that is 7% lower than

the gas only tax.

The bottom half of Table 2 shows that with a positive effect of the tax on biofuel

demand, a fixed biofuel subsidy decreases the carbon tax due to increased burden on

the government to generate revenues from labor taxation.
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Table 3 shows the values of the carbon tax with σ = 100. Compared to the

case with σ = 10, carbon tax rates are generally lower because the greater elasticity

of substitution results in a more tax elastic emissions, which lowers the tax base

on emissions leading to lower tax interaction and revenue-recycling effects. The

commodity price effect however, is relatively larger because a greater increase in

biofuel demand is made possible by a higher elasticity of substitution.

On the other hand, with σ = 2 (Table 4), the tax interation and revenue recycling

effects are relatively larger due to the small emissions elasticity (implying that the

tax base remains large). However, because of the limited substitution possibility

between biofuel and gasoline, the commodity price effect is fairly modest and the

difference between the carbon tax rates with and without a fixed biofuel subsidy is

small.

Table 5 shows fuel taxes corresponding to a range of values for the elasticity

of substitution between gasoline and biofuel. Per gallon fuel taxes are computed

by multipying TC∗ with the respective GHG intensity of each fuel. Biofuel has a

lower fuel tax compared to gasoline because its GHG intensity per gallon is lower.

Consistent with the carbon tax results, the fuel taxes are larger the smaller the value

of the elasticity of substitution. Gasoline taxes range from $7.6 to $11.7 per gallon,

while biofuel taxes range from $3.1 to $4.8 per gallon. These values are much lower

than the $1.01 per gallon gas tax proposed by Parry and Small (2005). It is important

to remember that the fuel taxes reported in Table 5 only account for externalities

from GHG emissions, which are less than 10% of total fuel and miles externalities

accounted for in the gas tax derived by Parry and Small (2005). If miles externalities
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could be internalized by a carbon tax, the value of the second-best optimal carbon

tax would be significantly larger, and the implied fuel taxes would be closer to those

reported by Parry and Small (2005).

These results show that the presence of biofuel in the blended fuel mix has a

significant impact on the second-best optimal tax rate for carbon. Under different

parameter assumptions, the effect of the tax on income, commodity prices and sub-

sidy expenditures could either be positive or negative, thus increasing or lowering the

value of the second-best optimal tax rate with gasoline and biofuel, relative to the

case where only gasoline is used as fuel. The question then is: what set of parameters

represent the current market condition? Very high levels of substitutability between

gasoline and ethanol implies that biofuel is widely available and that the vehicle fleet

is mostly flex fuel such that consumers can freely use one fuel or the other. This does

not appear to be the case at present where biofuel comprises less than 5% of total

fuel use and less than 1% of the vehicle fleet is flex fuel. However, current legislation

will likely change the market conditions in the future. The EISA mandate of 36 B

gallons of biofuel by 2022 will increase the share of biofuel by 20%. In order for

this mandate to be met, the vehicle fleet would also need to change so that a larger

percentage of cars would be flex fuel. Thus, it seems likely that in the short run, a

carbon tax will have a small positive or negative effect on biofuel demand while in

the long run a carbon tax will have a larger positive effect on biofuel demand, thus

increasing the magnitude of the (negative) commodity price effect, and lowering the

second-best carbon tax.
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0.4.2 Welfare Effects of an Increase in the Biofuel Subsidy

The welfare effect of marginal increase in the biofuel subsidy is obtained by substi-

tuting market data and parameters in (31). Table 6 shows the welfare effect of a unit

increase in the subsidy rate when the cross price of gasoline demand with respect to

biofuel price (ǫGP B

) is equal to 0.05. The benefit from decreased GHG emissions are

valued at $1.21 Billion. However negative effect of increased distortion in the labor

market and increased government expenditures result in an overall welfare reduction

of $3.87 Billion which is 1.13% of 2008 fuel expenditures.

Figure 4.1 shows the welfare change, given different values of −ǫGP B

(The negative

of ǫGP B

is the elasticity of gasoline demand with respect to the biofuel subsidy.). The

line labeled “EXT” refers to the welfare change due to changing levels of externalities,

while “GOV” and “LAB” refer to welfare changes from government expenditures

and labor market distortions, respectively. The results show that the subsidy does

decrease externalities, for values of −ǫGP B

< −0.001. The line labeled “EXT” on

the graph below shows that as gasoline demand becomes more responsive to biofuel

price (i.e. −ǫGP B

approaches -0.1), the welfare gain from the pigouvian portion of

the tax increases. The welfare change for a unit increase in the subsidy ranges from

−$5.1 to −$2.6 Billion or 0.7% to 1.5% of 2008 fuel expenditures.

0.5 Conclusions

This study shows that the advent of biofuel has significant implications for the

second-best optimal tax rate for fuels. In particular, with a labor market distor-

tion, the effect of a carbon tax on land rents could attenuate or exacerbate the
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impact of a revenue neutral carbon tax on labor supply. In addition, the presence of

a fixed biofuel subsidy further differentiates the magnitude of the second-best carbon

tax with biofuels, relative to the case with no biofuels in the fuel mix.

Applying the analytical framework to the US fuel market and using land as the

common input for the production of biofuel and agricultural goods, I show that the

effect of a carbon tax on biofuel demand and land rent depends on the elasticity

of substitution between gasoline and biofuel, the demand elasticity of miles and

the GHG intensity of biofuel relative to gasoline. If the elasticity of substitution is

high, miles demand is very inelastic, and biofuel provides significant GHG reduction,

biofuel demand increases and land rent increases as well. The increase in land rent

leads to a positive income effect and a reduction in the real wage due to an increase

in commodity prices, that in turn decreases labor supply. Thus, the second-best

optimal carbon tax rate is reduced when the negative effect of increase in land rent

on labor supply is taken into account. In addition, if a fixed subsidy exists, the

tax-induced increase in biofuel demand increases the burden on the government to

increase labor taxes to finance the subsidy, which further decreases labor supply, and

the carbon tax.

On the other hand, if substitution between biofuel and gasoline is low, the added

carbon tax decreases biofuel consumption and decreases land rent, thus decreasing

income and lowering the price of goods that use land as an input. The latter result is

similar to the finding of Bento and Jacobsen (2007) using a model with one polluting

good that solely uses land as a fixed input, in which the pollution tax acts as a

“surrogate tax” on land rent. The decrease in land rent has a positive effect on
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labor supply and increases the carbon tax rate. With a fixed biofuel subsidy, the

tax-induced decrease in biofuel consumption eases the burden on the government to

generate revenues. Hence, the presence of the subsidy leads to an increase in the

carbon tax rate if the tax decrease biofuel demand.

The welfare analysis presented here strenghtens the case for carbon taxation

because although both a carbon tax and a biofuel subsidy lowers GHG emissions, a

carbon tax provides welfare gains while a subsidy results in welfare losses. However,

the general equilibrium impact of a carbon tax on the labor market, as well as

agricultual markets need to be carefully considered in setting a carbon-based tax for

fuels.
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0.6 Figures and Tables
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Figure 1: Welfare Effect of a Subsidy
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Table 1: Range of Values for Emissions Elasticity (ǫET )

ǫET

σ = 100 ηMM = −0.4 δB = 0.0012 -1.36
σ = 100 ηMM = −0.2 δB = 0.0012 -1.21
σ = 100 ηMM = −0.4 δB = 0.0004 -2.29
σ = 10 ηMM = −0.4 δB = 0.0012 -0.33
σ = 10 ηMM = −0.2 δB = 0.0012 -0.22
σ = 10 ηMM = −0.4 δB = 0.0004 -0.42
σ = 2 ηMM = −0.4 δB = 0.0012 -0.24
σ = 2 ηMM = −0.2 δB = 0.0012 -0.13
σ = 2 ηMM = −0.4 δB = 0.0004 -0.26

σ - elasticity of substitution between gasoline and biofuel
ηMM - price elasticity of miles
δB - emissions elasticity of biofuel
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Table 2: Second-Best Carbon Tax Under Different Parameter Assumptions, σ = 10 ($/ton)

Gas Only With Biofuel With Biofuel With Biofuel
ηMM = −0.4 ηMM = −0.2 ηMM = −0.4
δBT = 0.0012 δBT = 0.0012 δBT = 0.0004

No fixed subsidy
Second-best carbon
tax rate (TC∗) 32.3 32.3 37.8 29.9

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 10.5 10.5 16. 8.1
Tax Interaction -5.6 -5.8 -8.8 -4.6
Revenue Recycling 16.1 16.6 25.2 13.1
Commodity Price - -0.3 -0.4 -0.4

With fixed subsidy
Second-best carbon
tax rate (TC∗) 32.3 32.3 37.6 29.7

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 10.5 10.4 15.8. 7.9
Tax Interaction -3.7 -3.7 -3.7 -3.7
Revenue Recycling 10.6 10.6 10.6 10.6
Commodity Price - -4.8 -1.6 1.6
Subsidy Effect - -0.1 -0.2 -0.2

38



Table 3: Second-Best Carbon Tax Under Different Parameter Assumptions, σ = 100 ($/ton)

Gas Only With Biofuel With Biofuel With Biofuel
ηMM = −0.4 ηMM = −0.2 ηMM = −0.4
δBT = 0.0012 δBT = 0.0012 δBT = 0.0004

No fixed subsidy
Second-best carbon
tax rate (TC∗) 24.4 23.8 24. 22.6

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 2.6 2. 2.2 0.8
Tax Interaction -1.4 -1.4 -1.6 -0.9
Revenue Recycling 4. 4.1 4.6 2.4
Commodity Price - -0.7 -0.8 -0.8

With fixed subsidy
Second-best carbon
tax rate (TC∗) 24.4 23.6 23.6 22.2

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 2.6 1.8 1.8 0.4
Tax Interaction -1.4 -1.4 -1.6 -0.9
Revenue Recycling 4. 4.1 4.6 2.4
Commodity Price - -0.7 -0.8 -0.8
Subsidy Effect - -0.2 -0.4 -0.4
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Table 4: Second-Best Carbon Tax Under Different Parameter Assumptions, σ = 2 ($/ton)

Gas Only With Biofuel With Biofuel With Biofuel
ηMM = −0.4 ηMM = −0.2 ηMM = −0.4
δBT = 0.0012 δBT = 0.0012 δBT = 0.0004

No fixed subsidy
Second-best carbon
tax rate (TC∗) 36.2 36.5 48.9 35.6

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 14.4 14.7 27.1 13.8
Tax Interaction -7.7 -8. -14.7 -7.5
Revenue Recycling 22.1 22.7 41.9 21.4
Commodity Price - 0 -0.1 -0.1

With fixed subsidy
Second-best carbon
tax rate (TC∗) 36.2 36.5 48.8 35.5

Pigouvian 21.8 21.8 21.8 21.8
Labor Market Effect 14.4 14.7 27 13.7
Tax Interaction -7.7 -8. -14.7 -7.5
Revenue Recycling 22.1 22.7 41.9 21.4
Commodity Price - 0 -0.1 -0.1
Subsidy Effect - 0 -0.1 -0.1
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Table 5: Fuel Taxes, ηMM = −0.4, δB = 0.0012 (cents/gallon)

σ = 2 σ = 10 σ = 100
Gasoline Biofuel Gasoline Biofuel Gasoline Biofuel

Fuel Tax 11.7 4.8 10.3 4.2 7.6 3.1
Pigouvian 7. 2.8 7. 2.8 7. 2.8
Labor Market Effect 4.7 1.9 3.4 1.4 0.6 0.3
Tax Interaction -2.5 -1 -1.9 -0.8 -0.5 -0.2
Revenue Recycling 7.3 3 5.3 2.2 1.3 0.5
Commodity Price 0 0 -0.1 0 -0.2 -0.1

Table 6: Welfare Effect of a Biofuel Subsidy

Externality Effect (B $) 1.21
Labor Market Effect (B $) -3.94
Government Expenditures (B $) -1.14
Welfare Change (B $) -3.87
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Appendix A. Deriving the effect of the carbon tax

on indirect utility (V )

The change in V for a marginal change in TC is:

dV

λdTC
= E +

φ

λ

dE

dTC
− L

dTL

dTC
+ (K −

∂PB

∂R
−

∂PB

∂R
)

dR

dTC
(A.1)

Total differentiation of the government budget constraint given by:

Y = TLL + TCE (A.2)

gives the expression for the change in labor tax for a marginal change in the carbon

tax:

dTL

dTC
= −

1

L
(E + TC dE

dTC
+ TL dL

dTC
) (A.3)

Substituting this in A.1 yields (9).
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Appendix B. Deriving an empirical formula for the

optimal carbon tax

Substituting (A.3) in (10) gives:

dL

dTC
=

− 1

L
∂L

∂T L (E + TC dE
dT C ) + [ ∂L

∂R
+ ∂L

∂P A

∂P B

∂R
+ ∂L

∂P A

∂P A

∂R
] dR
dT C + ∂L

∂T C

1 + T L

L
∂L

∂T L

(B.1)

Noting the definitions for MEBL and 1 + MEBL given in reference to (14), B.1

can be written as:

TL dL

dTC
= (1 + MEBL)TL ∂L

∂TC
+ MEBL[E + TC ∂E

∂TC
] +

(1 + MEBL)TL[
∂L

∂R
+

∂L

∂PA

∂PB

∂R
+

∂L

∂PA

∂PA

∂R
]
dR

dTC

Or alternatively:

TL dL

dTC
= −

MEBL

∂L
∂T L

[L
∂L

∂TC
− E

∂L

∂TL
] + MEBLTC dE

dTC
+ (B.2)

(1 + MEBL)TL[
∂L

∂R
+

∂L

∂PA

∂PB

∂R
+

∂L

∂PA

∂PA

∂R
]
dR

dTC

The following shows steps to express the terms inside the square brackets, in the

first term of B.2 in the empirically measurable components:

Recall that a change in T F affects labor through change in the tax-inclusive price
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of miles so that:

∂L

∂TC
=

∂L

∂PM

∂PM

∂TC
=

∂L

∂PM

E

M
(B.3)

From the Slutsky equation:

∂L

∂PM
=

∂LC

∂PM
−

∂L

∂I
M (B.4)

From the symmetry property of the substitution matrix, the effect of a change

in the price of miles on compensated labor supply (LC) is equal to the change in

compensated miles demand (MC) due to a change in the labor tax:

∂LC

∂PM
=

∂MC

∂TL
(B.5)

Parry and Small (2004) citing Deaton (1981, p. 1249) argue that since leisure is

weakly separable in the utility function, the change in miles due to a change in the

labor tax occurs only through a change in disposable income, (1 − TL)L 9. Thus:

∂MC

∂TL
=

∂M

∂I
(1 − TL)

∂LC

∂TL
(B.6)

The Slutsky equation (B.4), can thus be re-written as:

∂L

∂PM
=

∂M

∂I
(1 − TL)

∂LC

∂TL
−

∂L

∂I
M (B.7)

9Since the labor tax affects land rents only through changes in demand for biofuel and agricultural
goods, the expected change in land rent income in response to a change in the labor tax is very
small and can be ignored.
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Substituting B.7 to B.3:

∂L

∂TC
=

(
∂M

∂I
(1 − TL)

∂LC

∂TL
−

∂L

∂I
M

)
E

M

=

(
∂M

∂I
(1 − TL)

∂LC

∂TL

E

M
−

∂L

∂I
E

)

(B.8)

Note also that:

∂L

∂TL
=

∂LC

∂TL
−

∂L

∂I
L (B.9)

Using B.8 and B.9,

L
∂L

∂TC
− E

∂L

∂TL
= L

(
∂M

∂I
(1 − TL)

∂LC

∂TL

E

M
−

∂L

∂I
E

)

− E

(
∂LC

∂TL
−

∂L

∂I
L

)

=

(
∂M

∂I
(1 − TL)

∂LC

∂TL

E

M
L −

∂L

∂I
EL

)

− E

(
∂LC

∂TL
−

∂L

∂I
L

)

=
∂M

∂I
(1 − TL)

L

M

∂LC

∂TL
E −

∂LC

∂TL
E

= E
∂LC

∂TL

(
ηMI − 1

)
(B.10)

where:

ηMI =
∂M

∂I

(1 − TL)L

M
(B.11)

Substitute B.10 to B.2 to get:
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TL dL

dTC
= −

MEBL

∂L
∂T L

[E
∂LC

∂TL

(
ηMI − 1

)
] + MEBLTC dE

dTC
−

MEBL

∂L
∂T L

L(−
∂L

∂R
−

∂L

∂PB

∂PB

∂R
−

∂L

∂PA

∂PA

∂R
)

dR

dTC
(B.12)

Now, to express the last term in B.2 in empirical terms, note that

∂L

∂PB
=

∂L

∂PM

∂PM

∂PB
=

∂L

∂PM

B

M
(B.13)

Recall the following identities:

∂L

∂PM
≡

∂LC

∂PM
−

∂L

∂I
M (B.14)

∂LC

∂PM
≡

∂MC

∂TL
≡

∂M

∂I
(1 − TL)

∂LC

∂TL
(B.15)

ǫLL ≡ ǫLCL − ηLI (B.16)

where:

ηLI =
∂L

∂I

(1 − TL)L

L
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B.13 can be expressed as

∂L

∂PB
= [

∂LC

∂PM
−

∂L

∂I
M ]

B

M
(B.17)

= [
∂M

∂I
(1 − TL)

∂LC

∂TL

B

M
−

∂L

∂I
B] (B.18)

= [ηMI ∂LC

∂TL

B

L
−

∂L

∂I
B] (B.19)

=
B

1 − TL
[ηMIǫLCL − ηLI ] (B.20)

=
B

1 − TL
[ǫLCL(ηMI − 1) + ǫLL] (B.21)

Similarly:

∂L

∂PA
= [

∂LC

∂PM
−

∂L

∂I
M ]

A

M
(B.22)

=
A

1 − TL
[ǫLCL(ηMI − 1) + ǫLL] (B.23)

Thus, TL dL
dT L can be written as:

TL dL

dTC
= −

MEBL

ǫLL
[EǫLCL

(
ηMI − 1

)
] +

MEBLTC dE

dTC
−

MEBL

ǫLL

(−
∂L

∂R
− B[ǫLCL(ηMI − 1) + ǫLL]

∂PB

∂R

−A[ǫLCL(ηMI − 1) + ǫLL]
∂PA

∂R
)

dR

dTC
(B.24)

Noting that empirical measures of labor response to non-wage income is quite

small and oftentimes zero, I set ∂L
∂R

= 0 (Triest 1990; Blundell, Duncan, and Meghir
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1998). Since wage rate is constant, the marginal cost of biofuel and agricultural

goods increase only with the land rent, so that ∂P B

∂R
= ∂P A

∂R
= 1. Thus, the previous

equation can be written as:

TL dL

dTC
= −

MEBL

ǫLL
[EǫLCL

(
ηMI − 1

)
] + MEBLTC dE

dTC

+
MEBL

ǫLL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

dR

dTC
(B.25)

Substituting B.25 to Equation (9) gives:

dV (TC)

dTC
= −

φ

λ

dE

dTC
+ TC dE

dTC

MEBL

ǫLL
[EǫLCL

(
ηMI − 1

)
] (B.26)

+MEBLTC dE

dTC
+

MEBL

ǫLL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

dR

dTC

Setting the above equation to zero gives the second-best optimal carbon tax, TC∗:

TC∗ =
1

(MEBL + 1)

φ

λ
+

−TL

1 − TL
[TC ǫLCL(ηMI − 1)

ǫET
(B.27)

−TL

1 − TL
((A + B)[ǫLCL(ηMI − 1) + ǫLL])

γRE

E/R
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Appendix C. Comparative static effects of a carbon

tax on consumption goods and land rent

The total amount of land is equal to the demand for land for biofuel and agricultural

production, i.e. K = LB + LA. I define a unit of land as the input necessary to

produce one unit of B or A so that LB = B and LA = A and K = B +A. The rental

rate of land (R) can be interpreted as the marginal cost of the land constraint. Thus,

a higher demand for land from either biofuel or agricultural production will raise the

value of R. In order to obtain an expression for dR
dT C , the change in the equilibrium

values of B and A given a marginal change in TC and its resulting impact on R have

to be determined.

For the purpose of deriving the change in land rate with respect to the carbon

tax, I assume that labor and the labor tax rate are fixed 10.

Taking the total differential of the first order conditions of G,B, and A and the

additional constraint that K = B +A, the following system of equations is obtained:

10Recall that in the utility function, leisure is weakly separable from consumption goods. This
implies that the marginal rate of substitution between biofuel and agricultural goods (or any pair
of consumption goods) is independent of the quantity of leisure or labor. (see Goldman and Uzawa
(1964) page 388). Thus, given a change in relative prices of biofuel and agricultural goods due to the
carbon tax, the resulting change in demand for biofuel and agricultural goods will be independent
of the level of labor. In the case of the labor tax, a change in the labor tax rate due to a change
in the carbon tax rate will affect the level of labor and consumption only through an “income
effect”, or a change in the overall expenditure for consumption goods (Deaton and Muellbauer
(1980) page 128). Therefore, assuming that the consumption sub-utility function is homothetic, a
change in TL is unlikely to have an effect on the relative demand for B and A. If B and A have
identical production functions, then a proportional change in both demands will not change their
input demands for land and labor relative to each other. This can be shown by comparing the
input demands of two goods with idential production functions in which the ratio of input demands
depends only on the ratio of output levels.
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










(UMMG)G (UMMG)B 0 0

(UMMB)G (UMMB)B 0 −1

0 0 UAA −1

0 1 1 0












•












dG
dT C

dB
dT C

dA
dT C

dR
dT C












≡












δG

δB

0

0












The determinant of the first matrix, above, is denoted by “|D|” and is positive

due to the assumptions that utility is concave and the cost functions are convex.

Using Cramer’s rule, the unknowns in the system can be solved for. The reader can

confirm that the following expressions hold:

|D| = (UMMB)G(UMMG)B − UAA(UMMG)G − (UMMB)B(UMMG)G (C.1)

dG

dTC
=

1

|D|
UAAδG + δG(UMMB)B − δB(UMMG)B (C.2)

dB

dTC
= −

1

|D|
δG(UMMB)G − δB(UMMG)G (C.3)

dA

dTC
=

1

|D|
δG(UMMB)G − δB(UMMG)G (C.4)

dR

dTC
= −

UAA

|D|
δG(UMMB)G − δB(UMMG)G (C.5)

Substituting (C.3) to (C.5) gives:

dR

dTC
= −UAA

dB

dTC
(C.6)

Substituting σ = MGMB

MGBM
to C.3 and C.2 yields:

dB

dTC
= −

PM

|D|
[

σ

ηMM

{

δGMGB − δB MGMGB

MB

}

+ (δGMBG − δBMGG)] (C.7)
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and

dG

dTC
= −

1

|D|
[

1

ǫAP A
δG+

PMσ

ηMM
δG MGBMB

MG

− δBMGB+PM(δGMBB−δBMGB)] (C.8)

I derive an empirical formula for (C.7) to see how differences in parameter as-

sumptions change the value of ǫBT = dB
dTC

TC0

B
.

An expansion of C.3 gives:

dB

dTC
= −

1

|D|

[
δG(UMMMGMB + UMMBG) − δB(UMMMGMGUMMGG)

]
(C.9)

= −
1

|D|

[
UMMMG(δGMB − δBMG) + UM(δGMBG − δBMGG)

]
(C.10)

where:

|D| = (UMMMGMB + UMMBG)(UMMMBMG + UMMGB)

−UAA(UMMMGMG + UMMGG)

−(UMMMBMB + UMMBB)(UMMMGMG + UMMGG) (C.11)
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Floyd (1965) gives the following definitions:

MGG = −(B/G)
MBMG

σM
(C.12)

MBB = −(G/B)
MBMG

σM
(C.13)

MGB =
MBMG

σM
(C.14)

UM = PM =
B

F
PB +

G

F
PG (C.15)

UMM =
dPM

dM
= ηMM/(M/PM) (C.16)

UAA =
dPA

dA
= ηAA/(A/PA) (C.17)

Where B, G, M , PG, PB and PA are market parameters and ηMM and ηAA are

elasticity estimates. Furthermore, MB and MG are miles per gallon estimates from

biofuel and gasoline respectively and σ is the elasticity of substitution between the

two fuels. Using market and empirical data described in the Data and Parameters

section, the determinant can be numerically estimated.

Numerical simulations show that depending on the combination of parameter

values, the sign of (C.7) could be positive or negative, as shown in the figures below.

Figures (C-1) show ǫBT as a function of the elasticity of substitution between

biofuel and gasoline (σ) under different assumptions about the GHG reduction from

biofuel and the price elasticity of miles demand. Figure (C-1a) shows that the higher

the elasticity of substitution, the greater the value of ǫBT , and that the magnitude is

greater the more inelastic miles demand is (see (C-1c) and (C-1d)), and the greater
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the GHG reduction of biofuel compared to gasoline (see (C-1b) and (C-1c)).

The next set of figures show the sensitivity of ǫBT to the GHG intensity of biofuel.

Figure (C-2) shows that ǫBT decreases as δB increases, holding δG constant. The sign

of ǫBT is more likely to be positive if the elasticity of substitution is high and miles is

very inelastic. In Figure (C-2c) where miles is moderately inelastic and the elasticity

of substitution is very low, ǫBT is negative regardless of the value of δB.

The change in ǫBT as miles demand elasticity changes is illustrated in Figure

(C-3). For a very high elasticities of substitution (C-3a), ǫBT is positive regardless

of miles elasticity. If σ = 2, as in Figure (C-3b), ǫBT could be positive or negative,

depending on the miles elasticity. As miles demand becomes more inelastic, ǫBT is

more likely to be positive. For low levels of substitution elasticity, Figures (C-3c)

and (C-3d) show that ǫBT is likely to be negative, unless miles demand is close to

being perfectly inelastic.
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Figure C.1: Sensitivity of ǫBT to the Elasticity of Substitution
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Figure C.2: Sensitivity of ǫBT to the Emission Intensity of Biofuel
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Figure C.3: Sensitivity of ǫBT to the Price Elasticity of Miles Demand
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