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Abstract
Policy-makers targeting reduction in greenhouse gas (GHG) emissions have a variety of instruments at their disposal (emission taxes
excluded). Policies implemented thus far such as the Kyoto protocol, EU’s Emission Trading Scheme, and the Regional Greenhouse
Gas Initiative in the US north-east, suggest that the preferred instrument is an emission quota per polluter. The prinicipal activity
targeted for mitigation has been electric power generation. In contrast, one of the first legislations to exclusively target GHG emissions
from transportation, California’s Low Carbon Fuel Standard, will rely
on a direct-control approach, an upper-bound standard on emissions
per unit of fuel. This paper is a comparison of the incentives that fuelproducing firms will face under each these two types of regulations,
namely, an upper-bound standard per unit of output versus a quota
on aggregate emissions (or equivalently, an emission reduction quota)
per firm and infer why policy-makers may prefer one over the other.
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Introduction

Several policies to limit GHG emissions have been launched thus far. One of
the first was the Kyoto protocol adopted in 1992, which mandated a GHG
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emission reduction target for each nation that ratified it. There was however no sector-specific target for any given nation. The EU emission trading
scheme (ETS) launched in 2003, is a multi-sector scheme which caps emissions from 11 major sectors within the EU.1 More recently, in september 2008,
ten states in the US north-east jointly implemented the Regional Greenhouse
Gas Initiative (RGGI), which is an emission trading scheme for the electric
power sector within that region. One common feature of these policies is
the mechanism for regulation is an emission (or emission reduction) quota
per polluter, which may be a firm or a region such as country or group of
countries.
In contrast, one of the first regulations on GHG emissions from transportation, the state of California’s Low Carbon Fuel Standard (LCFS), will
establish an upper-bound on GHG emissions per unit of fuel.2 This is in contrast to regulations of the same from power generation, where the preferred
policy appears to be tradeable quotas. This paper compares the incentives
faced by fuel-producers within a small region, under an upper-bound standard on emission per unit of fuel and an aggregate quota per firm. We find
that upper-bound standards on fuels will impose higher cost on fuel producers and lead to less aggregate emission reduction compared to tradable
emission quotas. If quotas are non-tradable, an upper-bound policy may
1

These 11 sectors include combustion plants, oil refineries, coke ovens, iron and
steel plants, and factories making cement, glass, lime, brick, ceramics, pulp and paper. It is supposed to cover over 11, 500 energy-intensive installations across the
EU, representing close to half of Europe’s emissions of CO2 . More details at http :
//ec.europa.eu/environment/climate/emission/index en.htm.
2
The term upper-bound is more appropriate than the term standard because technicallyspeaking, firms can be below the standard and hence it is not a standard in the strictest
sense. It also helps distinguish from existing standards which are lower-bounds such as
corporate average fuel economy standards.
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at best match the performance of quotas. We however do not draw conclusions about the cost-effectiveness of a fuel-based policy relative to other
policies such as standards on automobiles or subsidies for alternative vehicle
technologies.
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Literature

Economists have long pointed out that an emission fee per unit of GHG emissions equal to the marginal social damage from a unit of emissions achieves
the optimal level of emission reduction in a least-cost manner [2, 7]. But if
marginal social damage is uncertain (as is the case with global warming), it is
hard to determine the first-best optimal tax [16]. In second-best situations,
policy-makers face two fundamental questions, namely, what should be the
target-level for reduction, and what policy instrument to use to achieve a
given level of reduction. Our focus in this paper is the latter. Economic theory again suggests that, an emission fee is the least-cost instrument to achieve
an arbitrary level of reduction [1, 3, 10]. However, policy-makers have often
employed direct-controls, such as specifation of upper-limit on concentrations of pollutants in emissions/effluents to protect people and ecosystems
from harmful levels of pollution.3 This involved bureaucratic selection of desirable control technologies, using those technologies as the basis to specify
permissible emission limits and ensuring compliance with those limits [15].
Limits on vehicle tail-pipe emissions of criteria air pollutants, fuel standards
for volatility, sulphur-content, fuel-additives, and oxygenates are example of
3

Direct-control policies are sometimes also referred to as command-and-control policies
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such environmental regulations [5]. There are also other types of regulations which can reduce aggregate emissions by reducing the demand for fuel.
Corporate Fuel Economy Standards (CAFE) which sets sales-weighted fuel
efficiency lower-bound to be met all vehicle manufacturers is an example.
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Empirical analyses reveal that cost-effectiveness of a direct-control policy, both in electricity and transportation, is substantially lower than the
least-cost policy [4, 6, 11, 12, 14]. This is because of a mismatch between
capabilities and responsibilities. People with authority to allocate control
responsibility, in other words the regulator who sets standard or allocates
quotas, has little information about the capabilities of polluters to abate
cost-effectively when there is heterogeneity [15]. Economists showed that,
when only the aggregate-level and not the location of emission matters, it
is possible to improve upon this system by allowing firms to trade responsibilities i.e., quotas amongst themselves by means of emission trading. Such
programs have been shown to be more cost-effective in abatement of N OX
and SOX emissions compared to a counterfactual direct-control policy [4].
The ETS and RGGI programs for GHG are also based on this principle.
Given this context, it is interesting that a direct-control approach is being
preferred for controlling GHG emissions from fuel-producing industries.
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Model of a firm

We model the behavior of fuel-producing firms facing an environmental regulation. We focus on a small region. Within this region, there exist a num4

There is ofcourse also the fuel tax, which is used for the multiple purposes of revenue
generation, road-user fee, income redistribution and reducing environmental pollution [9]
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ber of competitive price-taking producers who produce a homogeneous final
product, in our case, a transportation fuel. The market price of the fuel is
p. Firms convert inputs to output in fixed-proportion. Firms are heterogenous, differing in capacity qi0 , marginal cost c0i (constant for a given firm),
pollution intensity of output γi0 . We also assume that

∂ci
∂γi

2

< 0, ∂∂γc2i > 0, i.e.,
i

cleaner fuels are costlier to produce.Using this notation, profitability πi0 and
pollution Zi0 can be expressed as,
πi0 = (p − c0i )qi0
Zi0 = γi0 qi0

Under these conditions, policy-makers in this region implement a policy
to reduce pollution from transportation. We compare two different policies,
an upper-bound on emissions per unit of output(henceforth just referred to
as upper-bound), and an emission quota for each firm (or equivalently, a
quota for emission reduction). For simplicity, we assume quotas are not
tradeable. This however does not affect our results in any way. We will
discuss qualitatively the implications for a policy that permits trading of
quotas later. We however do not concern ourselves with how the upperbound is set or how the quotas for each firm are decided. A firm can reduce
emissions in any of the following ways.
1. Reduce emissions accompanying production: This can be achieved in
multiple ways.
(a) Adopt technology that reduces emission intensity: Firms can switch
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to newer vintage that are more input-efficient, install technologies
that re-use waste heat, install carbon capture technology (if economical) etc.
(b) Switch to cleaner inputs : Fuel switching to less polluting sources
such as coal to natural gas. If firms are required to reduce LCE,
then firms can switch to inputs that are produced more cleanly,
say, energy crops produced with less agricultural GHG emissions.
We assume that marginal cost of clean technology is higher.
2. Blend with cleaner fuels: Unlike with electricity, fuels from different
sources and different locations can be blended together to produce a
homogeneous product. While there a number of different types of fuels such as gasoline, diesel, ethanol or gasohol (gasoline blended with
ethanol such as E20 and E85), fuel-content regulations ensure that a
given type of fuel is homogeneous across producers. In other words,
gasoline produced by two different refineries that use two different
grades of petroleum is almost identical. However, the GHG intensity
of gasoline depends whether the raw material is conventional crude oil,
oil sands or coal. Likewise for ethanol irrespective of whether the feedstock is corn, sugarcane and switch grass. An implication of this is
that dirty gasoline can be blended with clean ethanol and viceversa, to
produce a homogeneous final fuel.
3. Lower output: A firm can reduce its total emissions by simply reducing
its output. However, if firms have to reduce the pollution intensity of
output then it is not sufficient to merely reduce output.The firm has
6

to consider this in conjunction with one of the options above.
Henceforth we refer to these choices simply as option A, option B and
option C respectively.5 The two policies impose different constraints on firms.
An upper-bound while limiting the maximum allowable emissions per unit of
output, does not restrict the aggregate emissions per facility. The converse
is true for an aggregate quota.
The objective of profit-maximizing firm i is,

max

∆γi ,∆qi∗ ,∆qi

πi = {p(qi0 + ∆qi + ∆qi∗ ) − (c0i + ∆ci (∆γi ))(qi0 + ∆qi ) − (p + cti )∆qi∗ }
{z
} |
{z
} |
{z
}
|
Revenue

Production cost

Blending cost

such that, the average emission intensity is less than the upper-bound, zi
γi0 qi0 + ∆γi qi + γi∗ ∆qi∗
≤ zi
qi0 + ∆qi + ∆qi∗
or such that, total emissions are below the quota, Zi
γi0 qi0 + ∆γi qi + γi∗ ∆qi∗ ≤ Zi

The decision variables for the firm are, ∆γi , the amount by which it
lowers emission intensity of its own processes by adopting new technology or
by switching fuels (option A), ∆qi∗ , the quantity of output it procures from
other sites for blending (option B), and ∆qi , the amount by which the firm
lowers its own production (option C). We describe the economics of each
option below.
5

These options are named such that, option A implies adoption, option B implies
blending and option C implies cutting production.
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Option A: Let us assume that the firm i has K discrete choices to reduce
emission intensity, with each choice having constant marginal cost. If
choice k, k ∈ 1..Ki involves a cost ∆cik and reduces emissions intensity
by ∆γik , the average cost (AC) of pollution reduction for the k th choice
is,
ACA = min{

∆cik
} k ∈ 1..Ki
∆γik

Option B: A firm can blend dirty-fuel it produces with a cleaner fuel produced either by itself at a different location (Option Bown ) or by another
firm (Option Bmarket ).
Option Bown : Let c∗i represent the cost of producing the cleaner fuel
with p−c∗i > 0 (the firm earns positive profits on the clean fuel), cti
the the cost of transporting it to the site producing the dirty-fuel
and γi∗ the pollution intensity of clean fuel. Let the firm blend
the dirty and clean fuels in the ratio (1 − α) and α respectively.
The average cost of pollution reduction by blending with clean
fuel purchased in the market is,

ACBown =

cti
γi0 − γi∗

Option Bmarket : Here we assume the firm purchases the clean fuel at
the market price p and transports it at a cost ct∗
i to its facility
for blending with its fuel. The pollution intensity of clean fuel is
γi∗ (γi∗ < γi0 ). Let the firm blend the dirty and clean fuels in the
ratio (1 − α) and α respectively. The average cost of pollution
8

reduction by blending with clean fuel purchased in the market is,

ACBmarket =

0
p + ct∗
i − ci
γi0 − γi∗

If to begin with a firm is producing both the dirty and clean fuel, then
a firm will
ACBown < ACBmarket
so long as producing the dirty-fuel is profitable, i.e., p − ci > 0. It
is worth noting that average cost of pollution reduction by blending
is independent of the blend ratio. The detailed derivation of these
expressions is shown in the appendix.
Option C: Lowering output by one unit lowers pollution by a quantity γi0
and lowers profit by an amount p − c0i . This implies that average cost
of pollution reduction by decreasing output is,

ACC =

p − c0i
γi0

Proposition 1: With no uncertainty and constant marginal cost of pollution
reduction for each option the firm has, a profit-maximizing firm will choose
only one of the options.
Proof : If cX and cY represent average cost of pollution reduction with option X and option Y If cX < cY then, cX < αcX +(1−α)cY ∀cX , ∀cY , ∀α 6= 1.
So option X is preferred.
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Table 1: Cost-benefit analysis of firm’s choices for emission reduction per
unit output
Option Profit (πi1 )
Loss
in Emission Reduction Average
profit
reduction in emis- cost
of
0
1
1
0
(πi − πi )
(Zi − Zi ) sion
abateintensity ment
∆cik
Ak , k ∈ p−cik +∆cik ∆cik
∆γik
∆γik
∆γik
(1..Ki )
cti
Bown
p − [(1 − αcti
α(γi0 −γi∗ ) α(γi0 −γi∗ ) (γ 0 −γ
∗
i
i)
∗
α)ci +α(ci +
cti )]
0
(p+ct∗
i −ci )
Bmarket p − [(1 − α(p + ct∗
α(γi0 −γi∗ ) α(γi0 −γi∗ )
0
∗
i −
(γi −γi )
α)ci + α(p + c0i )
ct∗
i )]
p−c0i
C
p − c0i
γi0
0
γ0
i

Proposition 2: Under an upper-bound policy the firm cannot choose option
C.
Proof : Reducing output reduces emissions but does not lower emission intensity. See table 1

Proposition 3: Under a policy based on aggregate emission quota, a firm
will not choose to blend with clean-fuel available in the market (option
Bmarket .
Proof :Comparing the average cost of options Bmarket and C we can see that,
ACBmarket > ACC ∀ cti > 0, γi∗ > 0 and γi∗ < γi0

Therefore lowering output achieves emission reduction at a lower average cost
than blending with cleaner output available in the market. A more realistic
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assumption, that the there is a price premium for clean fuel or that there is
a positive cost for mixing two fuels, results in option Bmarket becoming only
costlier.

Proposition 4: The cost of achieving compliance with an upper-bound is
equal to or greater than achieving compliance with quota.
Proof :
Case 1 : Firm produces both dirty and clean fuels.
The cost of achieving compliance with an upper-bound is,

Cub = min{min{ACAk }, ACBown } k ∈ 1..Ki

The cost of achieving compliance with a quota is,

Cquota = min{min{ACAk }, ACBown , ACC } k ∈ 1..Ki

If ACC < ACBown and ACC < min{ACAk }
then Cub > Cquota
Else Cub = Cquota

This implies that Cub ≥ Cquota

Case 2 : Firm produces only dirty fuels
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The cost of achieving compliance with an upper-bound is,

Cub = min{min{ACAk }, ACBmarket } k ∈ 1..Ki

The cost of achieving compliance with a quota is,

Cquota = min{min{ACAk }, ACC } k ∈ 1..Ki

Using proposition 2, we can see that choice set under an emission quota has
more lower cost options than the choice set under an upper-bound.
This again implies that Cub ≥ Cquota .

We have shown that an upper-bound is costlier or at-best equal to a quota
for a regulated firm.

Corollary: An implication of proposition 4 is that for regulated firms, standards that decline with time will for the same reason prove to be costlier or
at-best equal to quotas that decline with time.

4

Numerical simulation

We illustrate our model using representative data on cost and emissions for
ethanol production in the US (see figure 1). Ethanol biorefineries use either
coal or natural gas as the source of energy for producing ethanol from corn.
The GHG intensity of ethanol from produced with coal is higher than that
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Figure 1: Average cost of firm’s options for reducing GHG emissions
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produced with natural gas (89gCO2 e/l and 61gCO2 e/l respectively).6 Let
us consider two policies, an upper-bound that requires the GHG intensity of
ethanol to be below 75gCO2 e/l and a quota that requires a 15.7%(=

89−75
)
89

reduction in emissions by the coal-producing firm. Coal-using biorefineries
can either switch to natural gas as the source of heat(option A), blend with
own cleaner gas-based ethanol, in case it owns such a facility (option Bown ),
blend with gas-based ethanol purchased in market (option Bmarket ) or simply
reduce output (option C). For option A we assume switching is comprised
only of difference in fuel cost but no fixed-cost.This is not a realistic assumption. Yet we do so, because our purpose is to only illustrate the model and
not to rule out any option. The option chosen by a representative firm under
either policy in different economic situations and the least-cost policy given
a situation is shown in figure 1. We can see that the incentive to blend increases with increase in the fuel price or switching cost. However, fuel price
increase will likely raise transportation cost which decreases the incentive to
blend. Therefore, the net effect is ambiguous.

5

Policy discussion

From a firm’s perspective, emission quotas, even while disallowing trading
of qoutas between firms, are a preferable to upper-bound GHG standard
on fuels. Given our of assumption of small-region engaged in trade, price
and aggregate quantity of fuel consumed and therefore consumer surplus
can be assumed to remain unchanged due to a regional policy. Hence, if
6

gCO2 e/l refers to grams of carbon-di-oxide per liter of ethanol.
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producer-surplus is lower under an upper-bound compared to quota, so is
overall welfare. Policies based on tradeable quotas will perform even better
as they reduce the inefficiency induced by a rigid quota, which is different
from the optimal quota.7
Quotas eliminate the incentive to achieve compliance by blending with
clean fuels produced by other firms. Blending with clean-fuels that are already being produced, will reduce the effectiveness of the policy and in the
worst case result in no real emission reduction compared to the pre-policy
situation.8 The incentive to blend, however, decreases as energy becomes
more expensive (as this will the increases the cost of transporting fuels) or
as cleaner fuels get costlier.
One limitation of a pollution quota is, it can be ex ante difficult to predict the pollution intensity of output. Therefore, if exposure to the pollutant
poses a serious risk to human health (as is the case with pollutants like ozone
or dioxins) an upper-bound standard can be justified. However this is clearly
not the case with exposure to GHG. GHG is a stock pollutant and only aggregate level of emissions matter. There are also instances when blending
different fuels is beneficial. For example, fuels which can serve as oxygenates
for gasoline (such as ethanol or butanol) can reduce toxic carbon monox7

It is difficult to determine the optimal quota when policy-makers are unaware of firms’
marginal cost, which is most likely the case.
8
There are parallels to be drawn to auto manufacturers adjusting the mix of small
(efficient) and large (inefficient) cars in their fleet, rather than improving the fuel economy
of each model in order to comply with CAFE. Furthermore, some manufacturers began
producing flex-fuel cars, cars capable of running on E85 in addition to gasoline, in order
to take advantage of the extra mileage credits provided for such vehicles. Although extra
credits for flex-fuel cars was based on on the assumption that these would run on E85 50%
of the time; estimates seem to suggest that flex fuel vehicles are run on E85 less than 1%
of the time.
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ide emissions from combustion. However, blending requirements tend to be
small, below 5% by volume, and marginal benefit of oxygenate tends to decline steeply beyond this limit.
However, there are situations under which upper-bound standard may
be preferable to quotas. If switching to cleaner production techniques or to
cleaner inputs is costly and if lowering output by firms to achieve compliance
is expected to lead to unemployment, policy-makers may be inclined to allow blending and hence adopt an upper-bound policy. However, if one claims
that upper-bounds that get tighter with time can both reduce the incentive
to blend and enable firms to gradually switch to cleaner production, it can
be argued that emission quotas which decline over time can achieve the same
at lower-cost (See corollary to proposition 4).A second reason to prefer standards can be the high cost involved in achieving an equitable initial allocation
of quotas across numerous polluters. The long-standing debate on the GHG
emission rights of developing nations, is a case point.

6

Further research

Our results were derived under the small-region assumption. However, if the
region implementing the policy is large, say the US or the EU, we should
expect that reduction in output will lead to higher prices which will affect
both firms’ and consumers’ behavior and overall welfare. Sometimes, even
for smaller regions, say California, if the region uses a special-type of fuel
which is different from fuel produced for other regions, there can be priceeffects of regulation which cannot be ignored. This is an area for future
16

research. Extending the model to include non-fixed-proportion production,
non-competitive behavior and risk and uncertainty is another area for further
research. Investigating the cost-effectiveness of regulating fuels vis-a-vis other
types of regulations is also warranted.
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APPENDIX
A. Derivation of average cost of emission reduction by blending
Let the firm blend the dirty and clean fuels in the ratio (1 − α) and α
respectively.
GHG emissions per unit of blend is,

γi1 = (1 − α)γi0 + αγi∗
Reduction in GHG emissions with respect to unblended fuel, γi0 ,
∆γB = γi0 − γi1 = γi0 − (1 − α)γi0 + αγi∗ = α(γi0 − γi∗ )

Option Bown :
The cost of producing one unit of blended fuel,

c1i =

(1 − α)c0
| {z }i

production cost of dirty fuel

α(c∗i + cti )
| {z }

+

production and transport cost of clean fuel

Incremental cost in selling blend as opposed to selling as separate fuels ,

∆CBown = c1i − c0i = (1 − α)c0i + α(c∗i + cti ) − (1 − α)c0i − αc∗i = αcti

⇒ Average cost of reducing GHG emissions by blending own fuels,

ACBown =

αcti
∆CBown
cti
=
=
∆γB
α(γi0 − γi∗ )
γi0 − γi∗

Option Bmarket :
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The cost of producing one unit of blended fuel,

c1i =

(1 − α)c0
| {z }i

α(p + ct∗
)
| {z i }

+

production cost of dirty

cost of clean-fuel purchased and transported for blending

Incremental cost of blend compared to own dirty-fuel,

0
t∗
0
∆CBmarket = c1i − c0i = (1 − α)c0i + α(p + ct∗
i ) − ci = α(p + ci − ci )

⇒ Average cost of reducing GHG emissions by blending own fuel with fuel
from market,

ACBmarket =

0
0
∆CBmarket
α(p + ct∗
p + ct∗
i − ci )
i − ci
=
=
∆γB
α(γi0 − γi∗ )
γi0 − γi∗

B. Data sources for numerical illustration

1. Price of ethanol = 0.67 ∗ Pg + 0.5, where, Pg (= $2.8/gallon), is the
average retail price for regular, conventional (non-reformulated) gasoline in the US in 2007. We assume that ethanol is priced for energy
relative to gasoline, 0.67 is the correction for energy content, 0.5 is the
50 cent/gallon is the excise tax credit
2. Coal-based ethanol production cost: OECD estimate for ethanol production cost [8]
3. Ethanol transportation cost by rail: [13]
4. Ethanol transportation cost by road: [13]
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5. Energy used in biorefining: EBAMM model estimate
http : //rael.berkeley.edu/ebamm/
6. GHG intensity of coal-based corn ethanol: EBAMM model estimate
7. GHG intensity of gas-based corn ethanol: EBAMM model estimate
8. Price of coal energy: average delivered price to industries in US for
2007 http : //www.eia.doe.gov/cneaf /coal/page/acr/table34.html
9. Price of natural gas energy - average US commercial price in 2007
http : //tonto.eia.doe.gov/dnav/ng/ng pri sum dcu nus m.htm
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