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An increasingly common type of environmental policy instrument regulates the carbon intensity of
transportation and electricity markets. In order to extend the policy’s scope beyond point-of-use
emissions, regulators assign each potential fuel an emission intensity rating for use in calculating
compliance. I show that welfare-maximizing ratings do not generally coincide with the best estimates of actual emissions. In fact, the regulator can achieve a higher level of welfare by properly
selecting the emission ratings than possible by selecting only the level of the standard. Moreover,
a fuel’s optimal rating can actually decrease when its estimated emission intensity increases. Numerical simulations of the California Low-Carbon Fuel Standard suggest that when recent scientific
information increased the estimated emissions from conventional ethanol, regulators should have
lowered ethanol’s rating (making it appear less emission-intensive) so that the fuel market would
clear with a lower quantity.
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Many environmental regulations take the form of an emission intensity standard. Rather than
capping total emissions, these regulations cap emissions per unit of output. In the electricity sector,
the U.S. formerly regulated the emission of sulfur dioxide per unit of electricity generated, new rules
do the same for carbon dioxide emissions from future coal and natural gas power plants, and the
recently announced Clean Power Plan limits the average carbon dioxide intensity of existing power
plants. In the transportation sector, fuel economy standards regulate gasoline use per mile and
low-carbon fuel standards (LCFS) regulate greenhouse gas emissions per unit of transportation
fuel consumed.1 Such intensity standards are commonly understood to be second-best policies for
correcting emission externalities because they subsidize production that is less emission-intensive
than the standard. I show that common implementations of intensity standards fall short of even
the second-best outcome and can have hitherto unrecognized perverse consequences when regulators
ground the policy in scientific information about products’ emission intensities.
Recently, emission intensity regulations have extended their reach beyond observable, pointof-use emissions to include “life-cycle” emissions. For instance, an LCFS encourages substitution
away from gasoline and towards biofuels like ethanol. Because the carbon dioxide released from
ethanol combustion was absorbed from the atmosphere when growing the source crop, the observable tailpipe emissions from biofuels are not the carbon emissions that generate externalities.
Instead, the emissions of interest are generated further up the supply chain: when farming the
crops, when transforming the crops into ethanol, and when converting land for agricultural production (Farrell et al., 2006; Searchinger et al., 2008). To include these types of emissions, regulators
assess compliance using predefined emission ratings rather than continuous measures of observed
emissions.2 These ratings are meant to include all relevant emissions from producing and consuming the fuel, which for gasoline is dominated by emissions from combustion but for biofuels is
dominated by supply chain emissions and “indirect” land use emissions.
The high degree of uncertainty about the actual life-cycle emissions associated with various fuels
has given regulators significant discretion in assigning emission ratings, but previous economic
analyses have focused on a constrained form of the policy in which each fuel’s rated intensity
exactly matches its estimated life-cycle intensity. I demonstrate two results that are contrary to
common assumptions. First, the optimal intensity policy does not directly couple emission ratings
to emission estimates. When there are more than two regulated products, a regulator who can
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The state of California pioneered low-carbon fuel standards in 2007, with its goal to reduce average fuel carbon
intensity by at least 10% by 2020. The policy innovation has since diffused to other U.S. states, Canadian provinces,
the European Union, and proposed U.S. federal legislation (Andress et al., 2010; Yeh and Sperling, 2010).
2
Ratings-based intensity regulations also feature prominently in banking, where capital requirements assign risk
weights to classes of assets. In trade or industrial policy, domestic purchasing requirements must categorize products
that might be sourced widely. Many policies assign binary weights to sets of bins that actually have fuzzy boundaries:
affirmative action mandates must categorize students or employees, inclusionary zoning rules must describe which
households qualify as low-income, and renewable portfolio standards must judge electricity sources to be renewable
or not. As an extension to the latter policy, recently proposed clean energy standards aim to incentivize relatively
clean non-renewable sources of electricity by including intermediate ratings.
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freely assign emission ratings can almost always achieve strictly greater welfare than a regulator
constrained to rate products according to estimated emission intensities. Imagine that the optimal
policy does happen to rate all products at their estimated emission intensities, and consider a
perturbation to some product’s estimated emission intensity. When that product’s rating changes
to match its new emission estimate, the altered rating affects the market tradeoffs between every pair
of products.3 Yet the change in estimated emissions did not affect welfare tradeoffs between other
pairs of products. In order to reattain the policy optimum, the regulator must have the flexibility
to independently control the policy along multiple dimensions. A policymaker who can adjust only
the level of the standard cannot control these dimensions independently and so cannot attain the
new policy optimum. In the case of an emission tax, this lack of flexibility does not constrain the
policymaker because the optimal emission ratings are identical to the emission estimates, but this
identity generally fails to hold under an intensity policy.
Second, I show that when new scientific information suggests higher emissions from what was
previously believed to be a low-emission product, a welfare-maximizing regulator should often lower
the assigned rating to make the product look like it generated fewer emissions. The reason is that
the new information makes the regulator want to obtain less of the product from the market.
Raising the low-emission product’s rating has conflicting effects on its market-clearing quantity. A
higher rating increases the quantity of low-emission product required to achieve compliance for a
given quantity of high-emission product. But raising a low-emission product’s rating also reduces
the market-clearing quantity of high-emission product and increases the competitiveness of other
low-emission products. The first effect dominates when other products are sufficiently inelastic
with respect to the rating. In that case, a higher, “tougher” rating for the low-emission product
would actually increase its market-clearing quantity. A regulator who wants to obtain less of the
product should therefore lower its rating, even though that lower rating may appear to contradict
scientific information about the product’s actual emission intensity. Rather than suggesting that
regulators should behave in this counterintuitive manner, this result should be read as indicating
the potential costs of regulating via intensity standards: commonsense adjustments that reflect
scientific information are desirable in the case of an emission tax but may perversely increase
emissions under an intensity policy.
This perverse result is particularly likely in the case of low-carbon fuel standards because fuel
demand is generally thought to be price inelastic and first-generation ethanol might be the only
compliance pathway available at scale. Raising ethanol’s rated emission intensity could plausibly
increase ethanol consumption rather than strongly reducing total fuel consumption or strongly
shifting compliance to next-generation biofuels. In the final part of the paper, I simulate fuel market
responses to the California LCFS. The results suggest that welfare-maximizing emission ratings for
ethanol might in fact move opposite to estimated life-cycle emissions: a higher estimated emission
3

In contrast, if the policy instrument were an emission tax, then changing one product’s emission rating would
not affect market tradeoffs between other pairs of products.
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intensity makes the optimal policy use less ethanol, and the way to obtain less ethanol from fuel
markets is often to rate it as generating fewer emissions. This result is contrary to the common
supposition among policy analysts that recent increases in ethanol’s estimated emission intensity
should translate into higher emission ratings. What purports to be a market-based policy actually
requires the regulator to forecast market outcomes in order to avoid perverse consequences.
Previous work has considered the efficiency properties of pollution intensity standards. These
standards implicitly combine an emission tax with an output subsidy, which prevents them from attaining the first-best outcome when the only market failure is an emission externality (e.g., Helfand,
1991; Ebert, 1998; Fullerton and Heutel, 2010). The output subsidy arises because producing more
output for a given level of emissions helps meet the standard via dilution. However, the presence
of other market failures or regulatory restrictions can make intensity standards more attractive.
When there is market power (Holland, 2009) or leakage beyond the regulated jurisdiction (Holland,
2012), the output subsidy embedded in an intensity standard can make it dominate an emission
tax. Similarly, imperfectly appropriable learning-by-doing calls for an output subsidy and thereby
increases the relative efficiency of intensity standards. Numerical models of climate policy find that
learning-by-doing can result in a carbon intensity standard dominating a carbon tax (Gerlagh and
van der Zwaan, 2006) unless decreasing returns to scale in the low-emission sector limit the payoff
to learning (Fischer and Newell, 2008). Preexisting tax distortions might also favor an emission
intensity standard over an emission pricing policy, especially if the latter does not use its revenue to
increase economic efficiency (Parry and Williams III, 2012; Goulder et al., 2014). Finally, targeting
the carbon intensity of economic output instead of absolute emissions generates flexibility that can
decrease the cost of unexpected productivity shocks (Fischer and Springborn, 2011).
This literature assumes that emissions can be monitored directly. However, when regulations
address life-cycle pollution, actual emissions are not observable. Policies to address life-cycle pollution must specify how they calculate the emissions from each regulated product or input. Firms
then comply with the calculated emission intensities rather than with actual emission intensities.4
The emission ratings assigned by the regulator substitute for the continuous monitoring of emissions assumed in traditional settings. I extend consideration of pollution intensity standards to the
case of life-cycle pollution that is “measured” by a regulator’s assignment of emission ratings.5,6
4

Hatcher (2007) considers the possibility of non-compliance. In the present setting, firms always comply by
reducing their rated emissions per unit output to the level of the standard, but their actual emissions per unit output
could be higher or lower.
5
The rating selection problem is similar to the one faced by banking regulators who require banks to hold a
minimum level of capital as a fraction of total assets in order to reduce the probability of bank failure (Koehn and
Santomero, 1980; Kim and Santomero, 1988; Rochet, 1992). Whereas the rated attributes (assets’ risk profiles)
directly affect banks’ payoffs independently of the policy, they are pure externalities in our emission setting.
6
There is a divide between “attributional” methods for calculating life-cycle emissions and “consequential” methods
for calculating life-cycle emissions. The former draw a boundary around a product’s supply chain, whereas the latter
include indirect effects operating through the price system (Ekvall and Weidema, 2004; Finnveden et al., 2009;
Lemoine et al., 2010; Plevin et al., 2014). These indirect effects are often rather uncertain (e.g., Plevin et al., 2010,
2015). The present paper takes no stance on which method is used to define emissions (or indeed on whether life-cycle

3

The most closely related work is by Holland et al. (2009): they consider the efficiency properties
of several forms of LCFS when there is a single high-emission product and a single low-emission
product.7 Whereas the first-best greenhouse gas regulation taxes all fuels in proportion to their
emissions, an LCFS implicitly subsidizes fuels with emission intensities below the mandated average.
This subsidy distorts the fuel mix. I extend their setting by allowing for an arbitrary number of
products in the market and by analyzing the optimal emission ratings. Actual LCFS policies
include several dozen product categories and involve extensive discussion of what emission ratings
to assign to each fuel. Allowing for more than two products is the extension that prevents an
intensity standard from attaining even the second-best outcome unless the regulator can adjust the
emission ratings. However, optimal ratings can move opposite to estimated emissions even in a
two-product setting.
The next section formally develops the market and regulatory setting. Section 2 then analyzes
the welfare cost of constraining the regulator to set emission ratings equal to emission estimates.
Section 3 analyzes how optimal emission ratings change with the estimated emission factors. As a
numerical example, Section 4 shows that the optimal rating for conventional (corn or sugarcane)
ethanol could plausibly decrease in its estimated emission intensity. Section 5 concludes. The
appendix details the numerical calibration, reports additional numerical results, and contains all
proofs.

1

A model of intensity regulation

A representative, price-taking firm produces N > 1 products. The cost of producing goods of
type i is an increasing, strictly convex, twice-differentiable function Ci (qi ) of its quantity qi . A
representative consumer obtains utility U (q) from consuming the N products, where bold script
indicates column vectors. Utility is increasing, concave, and twice-differentiable.
An intensity standard constrains the average emission intensity of a firm’s products to be no
greater than a constant σ. To calculate compliance, the regulator assigns each product i an emission
rating αi . In order for the standard to be feasible with strictly positive production, some rating
must be weakly less than σ. Assume the standard binds production decisions. In that case, some
rating must be strictly greater than σ. The intensity regulation forces firms to sell more units of
low-emission products for each unit of high-emission product. In equilibrium, the N products are
produced in strictly positive quantities.
The representative firm maximizes profit subject to the intensity standard and to market prices
methods are used at all), as it instead analyzes the consequences of selecting any particular rating within an intensity
regulation. However, consequential methods are closer to the spirit of the analysis because the greater uncertainty
affords the regulator significant discretion in selecting a rating.
7
The present paper considers what Holland et al. (2009) call an energy-based LCFS, as this is the form usually
discussed for actual policies.
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(intensity constraint)

The profit-maximizing quantity of product i satisfies the following first-order condition:
Ci0 (qi ) =pi − λ[αi − σ],

(2)

where primes indicate derivatives and λ ≥ 0 is the shadow cost of the intensity constraint. Markets
e , λe } is defined by the intensity
clear with pi = ∂U (q)/∂qi . The equilibrium outcome {q1e , ..., qN

constraint and the following N conditions:
Ci0 (qi ) =

∂U (q)
− λ[αi − σ]
∂qi

for i ∈ {1, ..., N }.

(3)

For product types with αi > σ, the intensity standard acts like a tax proportional to the product’s
“excess” emissions and to the shadow cost of the constraint. For product types with αi < σ, the
intensity standard acts like a subsidy proportional to the product’s “unused” emissions and to the
shadow cost of the constraint. These observations are familiar from Holland et al. (2009).
The regulator determines the size of the implicit taxes and subsidies by selecting the N ratings
αi and the standard’s level σ. In fact, two of these N + 1 parameters are (nearly) redundant:
by varying N − 1 of the parameters, the regulator can achieve every set of equilibrium quantities
compatible with some intensity constraint that maintains the sign of the difference between the two
fixed parameters. First, as is clear from the first-order conditions, market-clearing quantities depend
only on intensities relative to some baseline, not on their absolute values. In particular, it will be
convenient to work with deviations from the level of the standard: α̂i ≡ αi − σ, σ̂ ≡ 0. Second, unit
conversions do not affect compliance. If we scale each deviation by some factor k > 0, then we again
have the same equations defining equilibrium outcomes, except with the equilibrium shadow cost λ
rescaled by 1/k. If we fix product N as the numeraire (α̂N ≡ 1),8 then market-clearing quantities
are uniquely defined by {α̂1 , ..., α̂N −1 , 1, 0}. Any change in αN or σ that maintains αN > σ can be
perfectly offset by rescaling or shifting the other N − 1 ratings.9
8
This choice is without loss of generality because some product must be rated above σ by the assumption that
the standard binds.
9
Fixing the level of the standard and one of the high ratings roughly matches the way in which the California
Low-Carbon Fuel Standard has been implemented. At the time the policy was announced, the emission intensity
of conventional gasoline (αN ) was already well understood. Further, the initial executive order fixed the required
average fuel carbon intensity (σ) relative to a gasoline-dominated market (ensuring αN > σ). The California Air
Resources Board then spent years developing ratings for the other N − 1 potential fuels.
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Each product generates emissions at rate βi .10,11 Each unit of emissions causes damage τ > 0.
The welfare-maximizing regulator selects the ratings so as to maximize consumer utility net of
production costs and damages:
(
∗

∗

VN (α , σ ) =

e

max

{α̂1 ,...,α̂N −1 }

U (q (α̂)) −

N
X

)
Ci (qie (α̂))

T

e

− τ β q (α̂) ,

(4)

i=1

where superscript T indicates transpose. The optimal regulation solves the first-order conditions:
0=

N 
X
∂U (q e (α̂))
i=1

∂qi

−

Ci0 (qie (α̂))


− τ βi

∂qie (α̂)
∂ α̂j

for j ∈ {1, ..., N − 1}.

(5)

Substituting in the equations governing equilibrium outcomes, we obtain a different version of the
regulator’s first-order conditions:
λe (α̂)

N
X
i=1

α̂i

N
X
∂qie (α̂)
∂q e (α̂)
=τ
βi i
∂ α̂j
∂ α̂j

for j ∈ {1, ..., N − 1}.

(6)

i=1

The left-hand side is the marginal private cost of a tougher rating,12 and the right-hand side is the
marginal emission benefit of a tougher rating. The optimal regulation equates the marginal private
cost and marginal social benefit of each rating.
For a policy taxing each product at rate t αi , each λ α̂i on the left-hand side is replaced by t αi .
In that case, the first-order conditions require that t = τ and αi = βi for all i. All products would
be taxed at a positive rate in this first-best policy. Because an intensity policy requires that some
α̂i be negative, it cannot attain the first-best outcome. We next consider whether the regulator
can achieve the second-best outcome when, as in previous literature, its decision problem does not
include the choice of emission ratings.
10

I use a deterministic setting to make it clear that uncertainty does not drive the surprising results. Modeling
uncertain emission factors does not affect key results under linear damages: expected emission factors would be
sufficient statistics for policy. Under nonlinear damages, modeling uncertainty makes the effect of any regulatory
variable on expected damages depend not just on how expected total emissions respond but also on how the quantities
of products with especially uncertain emission factors respond. Uncertainty would matter in a more interesting way
if emission factors were correlated with production cost, but that would change the regulatory problem to one of
mechanism design under asymmetric information.
11
Using a fixed emission factor assumes that the policy’s design does not directly affect a product’s emission
intensity. This assumption may not be strictly correct when calculating life-cycle emissions in a “consequential”
manner that includes indirect effects (see footnote 6), but it is an adequate approximation for the present purpose.
12
This marginal private cost arises from the loss in marginal surplus across products due to a tougher rating.
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2

Achieving the best possible intensity standard

In the above model, the regulator can select how it rates each fuel’s emission intensity without
reference to its actual emission intensity. But the common assumption is that the regulator sets
a product’s rating to match its estimated emission intensity (e.g., Holland et al., 2009). What if
we constrained our regulator to follow this rule-of-thumb? Under an emission pricing instrument,
this constraint would not bind: the emission externality is internalized when the tax equals the
marginal damage from emissions with the emission ratings equal to the emissions per unit of
product. However, this section shows that the constraint in fact generally binds under an intensity
instrument.
Following equation (4), define VN (α∗ , σ) as the highest level of welfare attainable in a market
with N products if the regulator is free to adjust the emission ratings α for given level σ of the
standard. As noted previously, σ is redundant when all other ratings can be adjusted. Therefore
VN (α∗ , σ) = VN (α∗ , σ ∗ ). Similarly, define VN (β, σ ∗ ) as the highest level of welfare attainable in
a market with N products if the regulator is free to adjust the level σ of the standard but each
rating αi is constrained to equal estimated emissions βi :
(
∗

e

VN (β, σ ) = max U (q (β − σ)) −
σ

N
X

)
Ci (qie (β

T

e

− σ)) − τ β q (β − σ) .

i=1

The following proposition establishes that an intensity standard constrained to set α = β cannot
generally attain the second-best outcome, defined as the best possible intensity standard:
Proposition 1 (Third-best outcomes) The maximal level of welfare is weakly greater when the
regulator can manipulate the ratings: VN (α∗ , σ) ≥ VN (β, σ ∗ ). When N > 2, the inequality is strict
for all β ∈
/ A, where A is a set of measure zero. When N = 2, we have V2 (α∗ , σ) = V2 (β, σ ∗ ).
Proof See Appendix C.
There are worlds in which the regulator can achieve the best possible intensity standard by adjusting
the level σ of the standard and keeping each intensity rating αi fixed to equal the product’s estimated
emission intensity βi . In particular, if there are only two products in the regulated market, then
varying any one parameter is equivalent to varying any other. Constraining the regulator to only
control σ does not actually constrain the regulator at all. However, when there are more than
two products in the market, the world is almost never such that the regulator can achieve the best
possible intensity standard only by varying σ: there are vectors β such that this outcome is possible,
but if any emission parameter βi is varied by even an infinitesimal amount, then the regulator must
set some αi 6= βi in order to achieve the best possible intensity standard. Constraining the regulator
to only control σ generally means constraining the regulator to implement a third-best solution.
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(a) Two-product setting (N = 2)

(b) Three-product setting (N = 3)

Figure 1: In a two-product setting (left), the intensity constraint (dashed line) is a ray from the
origin and equilibrium outcomes are determined by tangency between that ray and iso-privatesurplus curves (solid lines). Increasing αL or αH or decreasing σ raises the slope of the constraint.
In a three-product setting (right), the intensity constraint is a plane. Decreasing σ raises the plane
from the lower, darker version to the upper, lighter version.
To reach the best solution conditional on using an intensity standard, the regulator must be able
to also control the emission ratings.
More concretely, Holland et al. (2009) considered the optimal level σ ∗ of an LCFS in a market with two types of products. The California LCFS actually defines dozens of product types.
Proposition 1 says that the choice of emission ratings is a crucial part of the California regulator’s
problem: a regulator who only considers the choice of the intensity standard’s level σ will almost
always do strictly worse than a regulator who considers the choice of the ratings α. A regulator
who selects α∗ but takes σ as given can always achieve the second-best outcome; a regulator who
selects σ ∗ but takes α as given is generally consigned to a third-best outcome.
The intuition is in two parts. First, it is crucial to recognize how the regulator’s options
are constrained by only being able to choose σ. Begin by considering the setting with only two
products (N = 2), indexed by H for high-emission and L for low-emission. In Figure 1a, the
market-clearing quantities occur at the highest iso-private-surplus curve (solid lines) that meets
the intensity constraint (dashed lines). The intensity constraint is a ray from the origin:
qL ≥

αH − σ
qH .
σ − αL

The regulator can achieve any average emission intensity by varying only one of the three parameters. If it wants to increase the slope of the constraint, it can do so by increasing αH , increasing
αL , or decreasing σ. Fixing two parameters does not handicap the regulator, assuming they are
fixed such that αH > σ > αL .
8

Now consider a setting with three products (N = 3), where we index the middle-intensity
product with M . Now the iso-private-surplus curves become spheres, and the intensity constraint
becomes a plane:
qL ≥

αH − σ
αM − σ
qH +
qM ,
σ − αL
σ − αL

where αM could be above or below σ. Figure 1b plots the minimal required qL for αM < σ.
Decreasing σ rotates the plane in both the qH and qM dimensions simultaneously, changing it from
the lower, darker plane to the higher, lighter plane. In contrast, changing the rating αH rotates
the plane only in the qH direction, and similarly for the rating αM . A regulator who can control
two parameters can turn the intensity constraint into any plane having a vertex at the origin, but
a regulator who can adjust only a single parameter is limited to a subset of these possible planes.
This limitation becomes more acute as N grows.
It turns out that the regulator needs all of its degrees of freedom. It is not the case that the
planes traced out by varying any single parameter happen to include all the planes that would be
chosen by a welfare-maximizing regulator constrained only to using an intensity instrument. The
reason why is the second step in the chain of intuition.
Assume that all parameters are such that the optimal intensity standard sets α = β with some
σ∗.

In Figure 2, the solid ovals depict iso-private-surplus and the dotted ovals depict iso-welfare.

The left-hand panel shows these relationships for products L and H, and the right-hand panel shows
these relationships for products L and M . The initially optimal policy is the solid line that induces
market-clearing quantities of products L, M , and H defined by point A.13 Consider perturbing some
βk to a slightly greater value as, for instance, when new scientific information increased estimated
emissions from corn ethanol. This change in βk has two effects. First, it increases the damages per
unit of product k, which makes welfare more sensitive to the quantity of product k. In the left-hand
panel of Figure 2, increasing βH squeezes the iso-welfare ovals to the dashed lines. Second, by the
assumption that ratings are fixed at the estimated emission intensity, the increase in βk induces an
increase in αk . This changes the market-clearing outcome corresponding to the regulator’s choice
of σ. In the left-hand panel of Figure 2, greater αH increases the slope of the intensity constraint
(dashed line), changing the market-clearing outcome to point B. While the intensity constraint’s
slope does not change in the right-hand panel, changing to point B in the left-hand panel while
increasing βH changes the intensity constraint’s intercept in the right-hand panel. For instance,
the constraint may shift to the dashed line, and market-clearing outcomes may shift to point C.14
The regulator should adjust σ to account both for the new mapping from σ to equilibrium
outcomes and the new mapping from equilibrium outcomes to welfare. However, any change in
σ affects the intensity constraint in multiple directions at once. In Figure 2, raising σ decreases
13

Unlike in the two-good case, the intensity constraint generally has a nonzero intercept in each two-dimensional
plot. For instance, when qH = 0 in the left-hand panel, the level of qL that makes the standard bind depends on
βM qM .
14
And any such change affects the intercept of the constraint in the left-hand panel, and so on.

9

(a)

(b)

Figure 2: Assume that the intensity policy is initially optimal in a three-product setting with α = β
and consider the effects of jointly increasing βH and αH . First, the mapping from quantities to
welfare changes in the qH dimension (dashed ovals in left-hand plot). Second, the mapping from a
choice of σ to market-clearing quantities changes, as illustrated by the shift from points A to points
B and C for constant σ.
both slopes and also changes both intercepts. By assumption, the regulator was doing as well as it
could along all dimensions prior to any change in βH . Changing βH did not affect social tradeoffs
between products L and M , but no single change in σ can offset the effects of greater αH on these
other products. In a two-good model, no such tension exists because there is no other dimension;
there would be only a single panel in Figure 2.
But why, for a tax instrument, is the first-best outcome achievable with α = β?15 The optimal
emission charge for product i is τ βi , where τ is both the tax per unit of emissions and the marginal
damage from emissions. Upon increasing some product k’s estimated emissions βk and so its
rating αk , its total emission charge increases proportionally. No change in τ is necessary to restore
its optimal emission charge. And as long as τ does not change, production incentives for other
products are unaffected and the first-order conditions for each rating’s optimality continue to hold.
In contrast, the intensity standard implicitly prices emissions from product i at λ (αi −σ). Changing
some αk changes the implicit emission charges for all other products via λ, the shadow cost of the
constraint. In particular, the implicit emission charge for product i (6= k) changes by
∂λe
[αi − σ].
∂αk
15

One might think that it is obvious that constraining a regulator from selecting emission ratings lowers welfare,
but this intuition depends on whether the constraint binds, which is not a priori obvious. I show that it does bind in
the case of an intensity policy but not in the case of an emission tax.
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To restore the original implicit emission charge for product i, σ must change as:16
∂σ
=h
∂αk

−

h

∂ 2 λe
∂αk ∂σ

∂ 2 λe
∂αk ∂σ

+

+

∂ 2 λe
∂σ 2

∂ 2 λe
∂α2k

i

i

[αi − σ] +

[αi − σ] −

∂λe
∂αk

∂λe
∂αk
e

− 2 ∂λ
∂σ

.

To restore the original optimal emission charges for all products other than k, this expression must
hold for all i 6= k. But the expression depends on i, whereas there is only one σ. To remain at the
best possible intensity standard, the regulator must be able to adjust N − 1 parameters in a way
that accounts for how each parameter affects the implicit emission charges for all product types via
the shadow cost λ.

3

How scientific information affects the optimal policy

Having seen that the best possible intensity regulation does not generally rate fuels at their estimated emission intensities, we now analyze the relationship between estimated emissions and
optimal ratings. The conventional wisdom has been that when new scientific information raises
some product’s estimated emission intensity, the regulator should respond by raising the product’s
emission intensity rating accordingly. For instance, scientific concerns about emissions from indirect
land use change recently increased estimated emissions from corn ethanol (Searchinger et al., 2008).
The California regulator responded by adjusting the Low-Carbon Fuel Standard in the natural way:
it rated corn ethanol as being more emission-intensive than before. However, this section shows
that the common assumption about how information affects policy is incorrect in a broad range
of intuitive cases. These results do not imply that regulators might actually respond to increased
estimates of emissions from corn ethanol by lowering that fuel’s emission rating. Instead, these
results suggest that regulation by intensity standards can have previously unrecognized perverse
consequences that further reduce welfare.
For analytic tractability, I now assume that utility is separable in each product. The following
proposition shows that the regulator’s optimal response to new information about emissions may
in fact be to change emission ratings in the opposite direction:17
Proposition 2 (Comparative statics of the optimal ratings) Assume either that there are
only two products in the regulated market (N = 2), or that the regulator can only adjust rating j
16

The altered charge for product i from incrementally higher αk is offset by an incremental change in σ when
0=

∂λe
∂λe
[αi − σ] +
[αi − σ] − λe .
∂αk
∂σ

This expression implicitly defines σ as a function of αk , for given values of the other regulatory parameters. The
expression in the text follows by the implicit function theorem.
17
The assumption that either the regulated market has only two products or that the regulator controls only a
single product’s emission rating is made for analytic tractability. The numerical example will show that it is not
crucial.
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with the ratings for the other products i 6= j each fixed at some (potentially suboptimal) level αi .
The optimal response to altered emission and damage estimates is as follows:
(i) There exists x > 0 such that ∂αj∗ /∂βj > 0 if and only if αj∗ > σ − x.
(ii) If αj∗ < σ, then ∂αj∗ /∂βi > 0 if and only if αi > σ.
(iii) If αj∗ > σ, then there exists x > 0 such that ∂αj∗ /∂βi > 0 if and only if either αj∗ > σ + x with
αi < σ or αj∗ < σ + x with αi > σ.
(iv) ∂αj∗ /∂τ > 0.
Proof See Appendix C.
The first result says that a product’s optimal emission rating moves opposite to its estimated emissions if and only if the intensity standard implicitly subsidizes that product by a sufficiently large
amount. For instance, when new scientific information increased estimated emissions from corn
ethanol, the optimal response may have been to assign corn ethanol a lower emission rating. The
next two results describe how one product’s optimal rating responds to a change in another product’s estimated emission intensity. In the example of new scientific information that increased corn
ethanol’s estimated emissions, the regulator should have lowered the emission rating for other lowcarbon fuels, making them compete harder with corn ethanol. The final result says that increasing
estimated marginal damage from emissions raises optimal ratings. When the U.S. government increased its estimated social cost of carbon in 2013, the optimal emission rating for corn ethanol
also increased.
All of these results are driven by how market-clearing quantities respond to a change in the
emission rating for product j. When scientific information increases estimated emissions from
some product i, the regulator wants to adjust product j’s emission rating to obtain less of product
i from the market. However, the combination of implicit taxes and subsidies inherent to intensity
regulation means that market-clearing quantities can respond in unexpected ways to changes in
ratings.
We can think of low-emission products as generating compliance credits and high-emission
products as generating compliance debits. The intensity regulation requires the total credits to be
at least as great as the total debits. Changing some product j’s rating affects production decisions
by changing the value of the debits or credits generated by each product. And the value of the
credits or debits changes through two channels: first, changing the rating alters the price of a credit
or debit generated by any regulated product, and second, changing the rating affects the quantity
of credits or debits generated by product j.
Recall that the implicit emission charge imposed on product i is λ [αi − σ]. When αi > σ, this
implicit charge is a tax; when αi < σ, this implicit charge is a subsidy. Raising some rating αj
12

always increases the shadow cost λ of the intensity standard: it is more costly to achieve a given
constraint when each unit of a high-emission j must be offset by more units of low-emission product,
or when each unit of a low-emission j enables fewer units of high-emission product. This change
in shadow cost increases the implicit tax imposed on high-emission products, tending to decrease
the quantities of high-emission products. This change in shadow cost also increases the implicit
subsidy provided to low-emission products by increasing the value of the compliance credits they
generate, tending to increase the quantities of low-emission products.
This shadow cost effect operates on all product types simultaneously, but there is also a more
direct effect on product j: raising αj decreases the number of compliance credits, or increases the
number of compliance debits, that it generates. For a high-emission product (αj > σ), the increase
in compliance debits increases the implicit tax. This effect works along with the shadow cost effect
to unambiguously decrease the market-clearing quantity of that product (∂qje /∂αj < 0). Therefore,
a greater emission estimate for a high-emission product j raises its optimal emission rating so that
the market provides less of it (∂αj /∂βj > 0, result i).
For a low-emission product (αj < σ), the reduction in compliance credits decreases the implicit
subsidy, which would reduce the market-clearing quantity. However, the shadow cost effect from
a higher rating would increase the market-clearing quantity. The net effect is ambiguous. When
the direct effect dominates, greater estimated emissions raise the optimal rating so as to obtain
less of the low-emission product j from the market (∂αj /∂βj > 0), but when the shadow cost
effect dominates, a higher rating would actually increase the market-clearing quantity of product
j by increasing the total implicit subsidy. In that case, the optimal response to greater estimated
emissions is actually to lower the product’s emission rating (∂αj /∂βj < 0). Because the shadow
cost effect is proportional to σ − αj , it tends to dominate when αj is sufficiently far below σ (result
i).
A two-product setting provides further intuition, with H indexing the high-emission product
and L indexing the low-emission product. Figure 3a plots qL as a function of qH by using the
intensity constraint (dashed lines) and iso-private surplus curves (solid lines). Market-clearing
quantities occur where an iso-private-surplus curve is tangent to an intensity constraint. Raising
the rating for the low-emission product increases the slope of the intensity constraint. The dotted
line traces out the equilibrium quantities corresponding to possible intensity constraints. The
quantity of high-emission product decreases as greater αL makes the constraint steeper, but the
quantity of low-emission product first increases then decreases. Along a given iso-private-surplus
curve, a steeper constraint reduces qL (the direct effect described above), but raising αL also
reduces private surplus by making the regulation tougher (the shadow cost effect). This shift in
the constraint towards a curve representing less private surplus increases qL . As αL approaches σ,
the firm’s production of H goes to zero. Its profits become less sensitive to the rating, and the
(“direct”) effect of shifting along a given iso-private-surplus curve begins to dominate.
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(a) Varying αL changes the intensity constraint

(b) Quantities as a function of αL

Figure 3: Varying the low-emission product’s rating (αL ) changes market outcomes (left) by changing the intensity constraint. A higher rating for the low-emission product increases the quantity
required to offset a given quantity of high-emission product (dotted line on right) while also decreasing the quantity of high-emission product (dashed line on right). The net effect on the quantity of
low-emission product is ambiguous (solid line on right).
Differentiating the intensity constraint with respect to αL yields additional insight in the twoproduct example:
dq e (α )

L
e
dqLe (αL ) qL (αL ) + (αH − σ) H
dαL
=
,
dαL
σ − αL
q e (αL )
dq e (αL )
> L
.
<0 iff − H
dαL
αH − σ

For a given quantity of high-emission product, increasing αL by one more unit requires qLe /(σ−αL ) >
0 more units of low-emission product to maintain compliance with the intensity standard. The
dotted line in Figure 3b demonstrates how a higher rating requires more low-emission product to
offset a fixed, strictly positive quantity of high-emission product. As the low-emission product’s
rating approaches σ, its necessary quantity goes to infinity. However, the high-emission product
also responds to the altered rating. It is easy to show in a two-product setting that the equilibrium
quantity of high-emission product (dashed line) must decrease as the low-emission product’s rating
e (α )/dα < 0.18 Each unit decrease requires (α − σ)/(σ − α ) fewer units of lowincreases: dqH
L
L
H
L

emission product. If the high-emission product decreases strongly enough, then the equilibrium
quantity of low-emission product (solid line) also falls. However, if the high-emission product
is relatively unresponsive to the change in rating, the first effect dominates and the quantity of
18

Indeed, the proof of part ii of Proposition 2 shows this to be true in a more general, N -product setting.
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low-emission product increases.
Now consider using rating j to respond to information about emissions from some other product
i. We can decompose the effect of αj on qie into two effects. First, holding the quantity of product
j fixed, raising its emission rating means that other products must adjust in order to restore compliance: some products rated below the standard must increase in quantity, and/or some products
rated above the standard must decrease in quantity. This is a shadow cost effect. Second, as the
quantity of product j responds to its direct effect, other products adjust further in order to restore
binding compliance. The direct effect always reduces the quantity of product j. If product j is
implicitly subsidized (result ii), then its decrease in quantity means that some implicitly subsidized products must increase in quantity to restore compliance or some implicitly taxed products
must decrease in quantity. These effects reinforce the first effect. Raising an implicitly subsidized
product’s rating j therefore decreases the quantities of implicitly taxed products and increases the
quantities of other implicitly subsidized products.
However, if product j is implicitly taxed (result iii), the effects are more complicated. A decrease
in the quantity of an implicitly taxed product enables more use of other implicitly taxed products
and requires less use of implicitly subsidized products. These effects oppose the first effect described
above. We have already seen that the direct effect dominates product j’s response when αj is close
to σ. We might therefore expect greater αj to increase the quantities of other implicitly taxed
products when αj is close to σ and to decrease their quantities otherwise. In this reasoning, we
might then expect the optimal αj to increase in βi if product i is implicitly taxed and αj is far
from σ. Similarly, we might expect greater αj to decrease the quantities of implicitly subsidized
products when αj is close to σ and to increase their quantities otherwise, and we might therefore
expect the optimal αj to increase in βi if product i is implicitly subsidized and αj is close to σ.
Indeed, the third part of Proposition 2 shows these conclusions to be correct.
Finally, result iv says that increasing the damage from each unit of emissions increases any
product’s optimal rating. The intuition is that greater damage per unit of emissions decreases
optimal emissions, and raising any rating must decrease emissions around an optimum. Recall that
optimal ratings must balance the private costs of a marginally tougher standard and the social
benefits of reduced emissions from a marginally tougher standard. Raising any rating makes the
standard tougher. It is possible for emissions to increase in a rating, but not around an optimum:
in such a case, the regulator could lower both private costs and emission damages by reducing
the rating. Any properly set intensity standard should become more stringent when the estimated
marginal damage from emissions increases.
Previous literature has tended to ignore the rating assignment problem in favor of considering
the optimal standard σ ∗ conditional on a set of ratings. The following corollary explains how our
results map into results about the optimal level of the standard:
Corollary 3 (Comparative statics of the optimal standard) If the regulator is free to choose
15

only the level of the standard and each rating is fixed exogenously at some (potentially suboptimal)
level, then the optimal response to altered emission and damage estimates is as follows:
(i) ∂σ ∗ /∂βi < 0 if and only if ∂qie (α̂)/∂σ > 0. If αi > σ ∗ and, ∀j 6= i, αj < σ ∗ , then ∂σ ∗ /∂βi <
0.
(ii) ∂σ ∗ /∂τ < 0.
(iii) Assume second-order responses of equilibrium quantities are negligible.19 Then there exists
x < 0 such that ∂σ ∗ /∂αi > 0 if and only if ∂qie (α̂)/∂σ > x. And if αi > σ ∗ and, ∀j 6= i,
αj < σ ∗ , then ∂σ ∗ /∂αi > 0.
Proof See Appendix C.
When estimated emissions from some product i increase, the optimal change in σ reduces the
quantity of product i. If the ratings are fixed exogenously, then lowering the standard acts like
raising all of the ratings (see Appendix C). The effect on the market-clearing quantity of some
product i therefore depends on a combination of all the effects previously described for a change
in a single rating. First, raising product i’s own rating directly decreases its quantity by raising
its implicit tax or decreasing its implicit subsidy. Second, smaller σ increases the shadow cost of
the standard, which reinforces the direct effect when product i is implicitly taxed but opposes the
direct effect when product i is implicitly subsidized. Third, the quantities of other products decrease
when their own effective ratings are increased. When those products are implicitly subsidized and
product i is implicitly taxed, this channel decreases the allowed quantity of product i. In this case,
all three effects work together. In any other case, some effects oppose each other. Result i follows.
Nonetheless, by identical logic as before, a tougher standard must decrease emissions around an
optimum. Therefore greater estimated marginal damage from emissions unambiguously reduces
the optimal σ (result ii).
One might think that raising some product’s emission rating increases the optimal level of the
standard (so that the policy loosens to offset the more challenging rating), but this is true only if
raising the optimal standard does not decrease that product’s quantity too much (result iii). The
direct effect of a higher rating for product i is to reduce its quantity. As just described, the effect
of a change in σ depends on a combination of three channels with potentially conflicting signs. If
higher σ decreases the quantity of product i by a sufficiently large amount, then raising its rating is
best “offset” by further tightening the standard via lower σ. The incrementally higher rating cannot
simply be offset by an incrementally looser standard because that looser standard also affects other
products’ effective ratings. Indeed, the lack of a clear mapping between each individual rating and
the level of the standard is part of the reason why reaching the second-best outcome requires the
freedom to adjust emission ratings when there are more than two products in the regulated market.
19

Assuming negligible second-order responses means ignoring terms with ∂ 2 qke (α̂)/∂σ∂αi .
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4

Numerical example: The California Low-Carbon Fuel Standard

We have learned that a regulator constrained from setting ratings generally achieves strictly lower
welfare than a regulator free to set ratings, and also that optimal emission ratings can move opposite
to estimated emissions. This section uses a numerical example to demonstrate that the optimal
rating for conventional ethanol could plausibly have decreased when new scientific information
revealed it to be more emission-intensive than previously thought. The first section describes
optimal ratings under the California LCFS when there are only two types of products: gasoline
and conventional ethanol. The second describes results when there is an additional compliance
pathway, such as more advanced biofuels (e.g., cellulosic ethanol). Appendix A describes the
simulation and parameterization. It also illustrates how controlling only the level of the standard
constrains market outcomes relative to a case in which the regulator can optimize all products’
ratings.

4.1

Two-product market

This section considers the determinants of the optimal rating for conventional ethanol when the
LCFS regulates two categories of fuel: gasoline and conventional ethanol. In the actual LCFS,
nearly all compliance in the gasoline market has come from increased use of conventional ethanol
(Yeh et al., 2013). Figure 4a plots the optimal emission rating for conventional ethanol against its
actual emission factor for several social costs of carbon. Figure 4b demonstrates the effect of assuming different elasticities of demand and supply. It uses a high social cost of carbon ($100/tCO2 )
because the elasticity of demand has only a small effect for lower values.
Five points emerge. First, the optimal rating almost never equals the actual emission factor
(the curves do not follow the main diagonal from the origin). Even if the emission factor were
known perfectly, the regulator could improve welfare by choosing a different rating.
Second, the optimal rating decreases strongly in the actual emission factor in every case. New
scientific information about, for instance, previously unknown emissions from land use change would
therefore decrease the optimal rating in this example. In fact, the optimal rating is negative for
high emission factors in all specifications. As will be illustrated below, the way to use less ethanol
in these simulations is to make each unit of ethanol generate more compliance credits.
Third, increasing the elasticity of ethanol supply increases the optimal rating (compare the
squares and circles in Figure 4b). This is because making ethanol more responsive to its price
also makes it more responsive to the implicit LCFS subsidy. The greater ease of obtaining ethanol
reduces the private cost of the standard, which raises the optimal standard and so the optimal
stringency of the LCFS.
Fourth, making demand more elastic also raises the optimal rating (compare the filled and
hollow lines in Figure 4b). With more elastic demand, some compliance shifts to reduced fuel use
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(a) Varying the social cost of carbon (scc)

(b) Varying elasticities

Figure 4: The optimal rating for conventional (corn or cane) ethanol as a function of its emission
factor when advanced biofuels are not available. The left-hand chart uses specifications with more
elastic demand and less elastic supply (see Appendix A). The standard σ is fixed at 87.65 g CO2 e
MJ−1 .
rather than increased ethanol production. The marginal emission benefit of the policy increases,
and the regulator therefore makes it more stringent by raising the rating for conventional ethanol.
Finally, as indicated in Proposition 2, the optimal rating increases in the social cost of carbon.
The optimal rating is negative for all emission factors when the social cost of carbon is less than
$50/tCO2 but is positive for most emission factors when the social cost of carbon is $100/tCO2 . In
its latest (July 2015) update to the social cost of carbon, the U.S. government recommended using
a value of $40/tCO2 in 2015 and of $47/tCO2 in 2020 (for a 3% consumption discount rate). The
negative ratings generated by these values suggest that the current LCFS is difficult to justify on
the basis of its emission reductions. If the rating for conventional ethanol were fixed at its actual
emission factor, then the optimal standard would be closer to the emission factor for gasoline than
is the current standard.
Figure 5a plots the market-clearing quantity of each fuel against the rating assigned to conventional ethanol. Figure 5b plots the market-clearing fuel price, the shadow cost of the standard,
and total emissions for each possible rating. Both of these charts use the specifications with more
elastic demand and less elastic ethanol supply. As the analytic model suggested, the reason why the
optimal rating decreases in the actual emission factor is that ethanol consumption increases when
it is rated as more emission-intensive. In fact, until the rating reaches high levels, fuel markets
meet the intensity standard by only slightly reducing gasoline use. Total emissions do not change
much, limiting the benefit of a higher rating. A very high rating does sharply reduce gasoline use,
but the private cost of the standard also increases sharply.20 With less elastic demand or more
20

With these high ratings, ethanol use far surpasses blend wall constraints. This case therefore requires a large
fraction of the fleet to be flex-fuel vehicles capable of using fuel with 85% ethanol.
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elastic ethanol supply, the compliance pathway shifts even more strongly to increasing ethanol
consumption rather than decreasing gasoline consumption.

4.2

Three-product market

This section introduces cellulosic ethanol as an additional, low-emission compliance pathway. The
rating for conventional ethanol now affects the relative competitiveness of cellulosic ethanol: a
higher rating for conventional ethanol makes cellulosic ethanol a more attractive compliance option.
To attain the best possible intensity standard, the regulator now jointly optimizes the ratings for
both types of ethanol. Appendix B reports results for a case in which the regulator optimally
selects the level σ of the standard but ratings are fixed at their estimated emission factors.
Figures 5c and 5d plot equilibrium quantities, prices, and emissions. As in the two-product
example, the market-clearing quantity of conventional ethanol increases over low ratings. However,
in the presence of cellulosic ethanol, the market-clearing quantity of conventional ethanol eventually
begins to decline in its own rating. This decline occurs when a high rating makes conventional
ethanol much less competitive with respect to cellulosic ethanol. Compliance shifts to increasing
the quantity of cellulosic ethanol. Emissions and the fuel price are less sensitive to conventional
ethanol’s rating than in the case without available cellulosic ethanol. When conventional ethanol
receives a high rating, making cellulosic ethanol available increases the market-clearing quantity of
gasoline and also total emissions relative to a case in which it is unavailable.
Freeing the regulator to select both fuels’ ratings changes the relationship between optimal
ratings and estimated emissions. Figure 6 plots the level curves of each optimal rating with a social
cost of carbon of $50/tCO2 and the more elastic demand specification.21 The top panel uses the
smaller supply elasticities for both fuels, and the lower panel uses the larger supply elasticities.
The optimal policy at each combination of emission factors is to rate conventional ethanol using
the result in the left panel while rating cellulosic ethanol using the result in the right panel. As
before, the optimal ratings are higher with more elastic supply because the cost of compliance is
lower.
Four results stand out. First, the optimal rating for either fuel decreases as the other fuel
becomes more emission-intensive (moving towards the top of the left-hand panels or towards the
right in the right-hand panels). This occurs because increasing the emission intensity of fuel B
makes the regulator want to shift compliance towards fuel A, which it achieves in part by lowering
the rating for fuel A. However, the regulator will also adjust the rating for fuel B. The second
result is that as cellulosic ethanol becomes more emission-intensive, the regulator raises its rating
(moving towards the top of the right-hand panels). Because cellulosic ethanol is not a dominant
compliance pathway, raising its rating always decreases its market-clearing quantity.
However, the results are different for conventional ethanol: as its own emission intensity in21

Each contour plot uses 112 uniformly distributed nodes.
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(a) Supply, without cellulosic

(b) Prices and emissions, without cellulosic

(c) Supply, with cellulosic

(d) Prices and emissions, with cellulosic

Figure 5: Market-clearing quantities and prices as a function of the rating for conventional ethanol,
in cases with and without available cellulosic ethanol. Also the total emissions produced in equilibrium. Plots use the specifications with more elastic demand and less elastic ethanol supply
(see Appendix A). Cellulosic ethanol’s rating and emission factor are 0 g CO2 e MJ−1 . Emission
calculations assume that conventional ethanol’s emission factor is 75 g CO2 e MJ−1 .
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creases, the optimal rating for conventional ethanol first decreases and then increases (moving
towards the right in the left-hand panels). This pattern arises because of the regulator’s ability to
optimize the rating for cellulosic ethanol. When conventional ethanol is not very emission-intensive
relative to cellulosic ethanol, increasing the estimated emissions from conventional ethanol makes
the regulator want to decrease its quantity without strongly increasing the quantity of cellulosic
ethanol. In this case, the optimal rating for cellulosic ethanol is relatively unresponsive to conventional ethanol’s emissions (the contours in the right-hand panels become more widely spaced as we
move diagonally up and to the left). The optimal rating for conventional ethanol then behaves as in
the two-product world analyzed earlier.22 In contrast, when cellulosic ethanol generates relatively
few emissions, increasing the emission intensity of conventional ethanol makes the regulator sharply
reduce the rating for cellulosic ethanol. The complementary move in the rating for conventional
ethanol is to raise its rating, shifting compliance towards cellulosic ethanol.
Finally, observe that the ratings for conventional ethanol are generally greater when cellulosic
ethanol is available (compare Figures 4 and 6). When cellulosic ethanol is at its most emissionintensive, the ratings in the two charts are similar: cellulosic ethanol is rated at a sufficiently high
level that it does not contribute much to compliance, so the regulator is effectively in a two-product
world. However, as already discussed, lowering the emission intensity for cellulosic ethanol raises
the rating for conventional ethanol in order to make cellulosic ethanol more competitive. While
it is common for cellulosic ethanol to receive a strongly negative rating, conventional ethanol now
generally receives a positive rating, though still below its estimated emission intensity.

5

Conclusions

Ratings-based intensity standards are increasingly common means of regulating emission externalities. It is widely believed that these standards are second-best policies because they subsidize
production that is cleaner than the standard. However, I have shown that natural implementations of these policies fall short of even a second-best outcome. First, I have shown that optimal
emission ratings do not generally equal estimated rates of emission generation, a result directly
contrary to common (or even likely) practice. Second, I have shown that when other products are
sufficiently unresponsive, the optimal rating for a low-emission product decreases as its estimated
emission intensity increases, which is again contrary to the natural (or even plausible) adjustments
that an actual regulator would select. Simulations of the California Low-Carbon Fuel Standard
suggest that the welfare-maximizing emission rating for conventional ethanol plausibly moves opposite to its estimated emission intensity. If regulators do not consider product market responses
when translating scientific information into product ratings, then their chosen ratings might end up
exacerbating the emission externality rather than mitigating it. Further analyses could fruitfully
22

This example demonstrates that the main conclusions of Proposition 2 are not driven by the assumption that
only some single rating can respond to the new information about product i’s emission intensity.
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Conventional ethanol’s optimal
rating

Cellulosic ethanol’s optimal
rating

Low supply
elasticities

High supply elasticities

Figure 6: Level curves for the optimal ratings for conventional ethanol (left) and cellulosic ethanol
(right) when both fuel types are available and the emission ratings are jointly optimized. All
plots use the specification with more elastic demand and a social cost of carbon of $50/tCO2 (see
Appendix A). The standard σ is fixed at 87.65 g CO2 e MJ−1 .
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consider the political economy of this high-stakes regulatory setting by modeling the production of
scientific information and the political constraints within which regulators operate.
The results should introduce a note of pessimism towards the use of intensity standards. Policies
like low-carbon fuel standards have been promoted as market-based: the market, not the regulator,
picks winners and losers subject to the intensity constraint. However, the assignment of emission
ratings determines how strongly products are implicitly taxed and subsidized by the policy, which
determines market outcomes. In order to achieve the best possible intensity policy, or even to know
in what direction to adjust the policy in response to new scientific information, the regulator must
be able to forecast product market outcomes and to set emission ratings that appear scientifically
“incorrect”. What looks like a market-based policy that allows firms to choose their combination
of compliance pathways begins to require an unrealistic level of information about each product’s
supply and demand. And the information problem grows more severe as the number of regulated
products grows: the California LCFS defines several dozen product types in gasoline markets alone,
and the arrival of scientific information about any one product type requires that optimal ratings
be recalculated for all of these products. In addition to the standard efficiency advantage of an
emission charge relative to the best possible intensity standard, policy evaluations should also
account for the likelihood that even the best-intentioned regulator will be unable to achieve the
optimal parameterization of such a complicated instrument.
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Appendix
The first section describes the numerical simulation. The second provides additional numerical results. The
final section contains proofs.

A. Parameterization of the numerical example
In 2007, California Governor Arnold Schwarzenegger issued Executive Order S-01-07 directing the California
Air Resources Board (CARB) to establish an LCFS that would reduce average fuel carbon intensity by at
least 10% by 2020. This goal, which defined the level of the standard, was the only thing known about
this novel policy proposal. CARB then faced the task of figuring out the many details of trading credits,
monitoring compliance, accounting for policy overlap, and, most prominently, rating fuels. Carbon intensity
requirements began in 2011 at a level very close to reformulated gasoline’s rating of 97.51 g CO2 MJ−1 ,
and the standard declines over time until reaching 87.65 g CO2 e MJ−1 in 2020.23 Initially, one could have
expected that, barring a shift to electrified vehicles, most compliance would come from corn ethanol and
possibly next-generation cellulosic ethanol (e.g., Farrell and Sperling, 2007). I approximate this state of
affairs as a two-product model with corn ethanol and gasoline in the case that advanced biofuels would not
be available at scale, and as a three-product model in the case that advanced biofuels would be available at
scale.
The initial technical analysis prepared for CARB estimated that corn ethanol’s emission factor was
around 58–75 g CO2 e MJ−1 (Farrell et al., 2007). The LCFS would therefore subsidize the growing corn
ethanol industry if CARB chose its rating to correspond to estimated emissions. Since 2007, two policy
events have changed the expected compliance pathway. First, scientific concerns arose that directing corn
crops to biofuel production would cause emission-increasing “indirect” emissions through price effects in
agricultural markets. Attributing these emissions to corn ethanol would significantly increase its emission
factor. In 2009, CARB decided to rate the indirect emissions at 30 g CO2 e MJ−1 . With these effects
included, the combined (direct plus indirect) rating for average Midwestern corn ethanol became 99 g CO2 e
MJ−1 . This rating is above the standard and even above that of gasoline. Average Midwestern corn ethanol
now generated compliance debits, not credits.
Second, in 2011 the U.S. Congress allowed the 54 cent per gallon tariff on most imported ethanol to
expire. Brazil has a substantial sugarcane ethanol industry that had sought ways to sell to the U.S. market
without a tariff. Cane’s high sugar content and use of bagasse for process energy enhance the transportation
energy obtained per unit of emissions, leading CARB to assign it a total (direct plus indirect) rating of
around 73 g CO2 e MJ−1 .24 The LCFS therefore does still subsidize cane ethanol even after accounting
for indirect effects. The LCFS may now be approximated by a two- or three-product model with gasoline,
sugarcane ethanol, and possibly cellulosic ethanol.
I parameterize the model so as to assess the results’ robustness to plausible ranges of inputs (Table A.1).
I assume constant elasticity supply and demand functions, and I assume that energy from one fuel is a
perfect substitute for energy from another.25 By converting residues, waste, and woody biomass into liquid
fuel, cellulosic technologies promise lower net emissions, more potential feedstocks, and the possibility of
reduced land use effects. When allowing cellulosic ethanol to be available, I calibrate its supply function by
23

In all cases, I use the standard and ratings resulting from the amendments proposed by CARB in October of
2011. I focus only on the gasoline market, ignoring diesel and its substitutes.
24
Some forms of corn ethanol can achieve a similar rating even with indirect emissions included.
25
The assumption of perfect substitutability holds when ethanol is at a sufficiently small volume (below the regulatory “blend wall”) that it can be mixed into standard gasoline supplies. For larger volumes of ethanol, it may
still hold conditional on the availability of flex-fuel vehicles and of distribution infrastructure. If the blend wall,
oxygenate requirements, and the vehicle mix together fix the fraction of ethanol in the fuel mix, then the LCFS
primarily selects the type of ethanol and not the total quantity of ethanol. In this case, a higher estimated emission
factor for conventional ethanol favors a higher rating so as to increase use of lower-carbon substitutes.
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(a) Less elastic supply

(b) More elastic supply

Figure B.1: Level curves for the optimal level of the low-carbon fuel standard when both types
of biofuels are available and their emission ratings are constrained to equal their estimated emission factors. Plots use the specification with more elastic demand and a social cost of carbon of
$50/tCO2 .
charitably assuming its production volume is 20% of the conventional ethanol volume at 2010 prices. The
social cost of carbon defines the constant marginal damage from greenhouse gas emissions. I fix the emission
rating for gasoline at its estimated emission factor and consider how the regulator optimally rates the other
fuels. I also consider the best possible policy for a regulator constrained to rate fuels at their estimated
emission factors but free to adjust the level of the intensity standard.
I solve the model for each combination of parameter values. The model solution involves three nested
procedures. In the innermost step, firms select their profit-maximizing quantities given an intensity constraint
and a fuel price. In the middle step, the model seeks the price that equates supply and demand for a given
intensity policy. The outermost step optimizes the intensity policy by adjusting biofuels’ ratings or the level
of the standard. Welfare under a given intensity policy is determined by the market-clearing quantities
obtained in the middle step.

B. Additional numerical results: The advantage of selecting both ratings
The theoretical analysis showed that a regulator who can select ratings can almost always do better—and
should never do worse—than a regulator who can only select the level of the standard. Figure B.1 plots the
optimal level of the standard in the case where both conventional and cellulosic ethanol are available. It uses
the specifications with more elastic demand and a social cost of carbon of $50/tCO2 . As either fuel becomes
more emission-intensive, the emission benefit of a given standard falls and the optimal level of the standard
therefore rises. The optimal standard is relatively insensitive to the emission intensity of cellulosic ethanol
(the contours are nearly vertical) because that fuel plays a small role in achieving compliance. Importantly,
the optimal standard is above the actual standard of 87.65 g CO2 per MJ unless conventional ethanol
generates very few emissions. Indeed, for high emission intensities, the optimal standard comes close to the
point at which it would no longer bind. The high optimal standard tells us the same thing as the low optimal
ratings: the current LCFS is difficult to justify on the basis of its direct climate benefits.
Figure B.2 shows how the welfare-maximizing regulator designs the intensity policy to increase biofuel
consumption at the expense of gasoline. Relative to the baseline (no-policy) quantities in Table A.1, the
optimal intensity policy decreases gasoline consumption by 0.5–1 billion gallons per year, increases conventional ethanol consumption by 0.1–2 billion gallons per year, and increases cellulosic ethanol consumption by
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Table A.1: Parameterization of the California Low-Carbon Fuel Standard simulation.
Variable

Value
87.65 g CO2 e MJ−1
97.51 g CO2 e MJ−1
[0, 80] g CO2 e MJ−1
[0, 80] g CO2 e MJ−1

Carbon intensity constrainta
Emission factor and rating for gasolinea
Emission factor for conventional ethanol
Emission factor and rating for cellulosic ethanolb

{25, 50, 100} $ (t CO2 e)−1

Social cost of carbon
Elasticity
Elasticity
Elasticity
Elasticity

of
of
of
of

demandc
gasoline supplyd
conventional ethanol supplye
cellulosic ethanol supply

Baseline gasoline pricef
Baseline gasoline consumptiong
Baseline conventional ethanol consumptionh
Baseline cellulosic ethanol consumptioni
Fuel taxj

3.138 $ gal−1
15 billion gal yr−1
1.5 billion gal yr−1
0.3 billion gal yr−1
0.537 $ gal-gasoline−1
119.53 MJ gal−1
80.53 MJ gal−1

Energy density of gasolinea
Energy density of ethanola
a

{−0.1, −1}
3
{2.5, 5}
{2.5, 5}

From the California Air Resources Board’s LCFS amendments proposed in October of

2011.
b

Liska and Perrin (2009) estimate that switchgrass (cellulosic) ethanol produces 6 g CO2 e

MJ−1 in direct emissions. CARB assigned a total rating of 73.4 g CO2 e MJ−1 to average
Brazilian sugarcane ethanol.
c

The range is consistent with Brons et al. (2008), Hughes et al. (2008), and Park and

Zhao (2010).
d

Results not sensitive to variations.

e

Luchansky and Monks (2009) estimate an elasticity of around 0.25 for U.S. ethanol

(primarily corn), while Lee and Sumner (2010) estimate an elasticity of around 3 for
Brazilian (sugarcane) ethanol imports.
f

Average tax-inclusive price in 2010 for all grades of gasoline in California (Energy Infor-

mation Administration, from Petroleum Marketing Monthly).
g

Motor gasoline sales volume (all grades) in 2010 in California by prime suppliers (Energy

Information Administration, from Petroleum Marketing Monthly).
h

For California in 2010, with 88% coming from Midwestern corn (California Energy

Commission’s Energy Almanac).
i

Assumed to be 20% of conventional ethanol production.

j

Total state and federal excise taxes on gasoline in California as of July 2010 (California

Energy Commission’s Energy Almanac). Taxes are assumed to apply to biofuels on an
equivalent-gallon basis.
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(a) Less elastic supply

(b) More elastic supply

Figure B.2: The annual market-clearing quantities of each fuel under the welfare-maximizing emission ratings. Also, the annual market-clearing quantities under the welfare-maximizing standard
when the emission ratings are constrained to equal estimated emission factors. Cellulosic ethanol
does not generate any emissions in these simulations. These specifications use the more elastic
demand function and a social cost of carbon of $50/tCO2 .
0.2–0.5 billion gallons per year. The optimal policy has a stronger effect with the greater supply elasticities
because a given policy then obtains more biofuel and because, as seen previously, the optimal policy is more
stringent. Whether the regulator selects the emission ratings (solid lines) or only selects the level of the policy (dashed lines), the optimal policy makes the market-clearing quantities of gasoline and cellulosic ethanol
generally increase in conventional ethanol’s estimated emission factor. Total fuel consumption also increases
in the estimated emission factor for conventional ethanol. However, the regulator adjusts the policy so that
the market-clearing quantity of conventional ethanol decreases in its estimated emission factor.
The key comparison is across policy environments. In Figure B.2, the effect of the policy environment
is visually apparent for conventional ethanol: its market-clearing quantity is more sensitive to its emission
factor when the regulator can only select the level of the standard. Table B.1 shows that the same is true
of the other fuels’ quantities. The two policy environments produce equivalent outcomes when conventional
ethanol’s estimated emission factor is just below 20 g CO2 MJ−1 in the case with lower supply elasticities
or around 50 g CO2 MJ−1 in the case with higher supply elasticities. In all other cases, the extra degree of
freedom afforded to a regulator who can adjust both ratings enables better smoothing of policy outcomes.
When conventional ethanol has high estimated emissions and biofuel supply elasticities are low (high), the
regulator who can only select the level of the standard reduces ethanol consumption by 76 (38) million
gallons per year more than necessary while obtaining 53 (39) million excess gallons per year of gasoline. In
the specification with low supply elasticities, that constrained regulator obtains 3 million excess gallons per
year of cellulosic ethanol, but in the specification with high supply elasticities, that constrained regulator
obtains 20 million fewer gallons per year of cellulosic ethanol than the best LCFS would have. These numbers
suggest only small inefficiencies from constraining the regulator to manipulate only the level of the standard.
Yet the inefficiency increases with the number of products, and the actual LCFS defines dozens of products.
Greater estimated emissions from conventional ethanol make the optimal intensity policy laxer, but
a regulator who can only adjust the level of the standard makes it overly lax. Similarly, lower emission
estimates for conventional ethanol make the optimal policy stricter by increasing the value of displacing
gasoline with biofuel, but a regulator who can only adjust the level of the standard makes the policy overly
strict. That regulator’s policy adjustments are relatively brute in that they cannot help but affect each
fuel’s effective rating at once. In contrast, the regulator who can adjust the emission ratings can control
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Table B.1: The difference in equilibrium fuel consumption induced by constraining the regulator to
only select the level of the intensity standard rather than the emission ratings. Positive numbers
indicate greater consumption under the constrained policy.
Change in consumption (million gal per year)
Emission factor
(g CO2 e MJ−1 )

Gasoline

Conventional
ethanol

Cellulosic
ethanol

Total

51
2.8
-2.9
-27
-76

-27
1.5
-0.027
6.5
3.0

4.4
1.1
-0.85
-5.5
-19

26
61
19
-7.3
-38

-15
-3.1
1.2
-5.3
-20

2.6
16
6.6
-4.1
-19

Less elastic supply
0
20
40
60
80

-19
-3.3
2.0
15
53

More elastic supply
0
20
40
60
80

-9.0
-42
-13
8.5
39

Cellulosic ethanol does not generate any emissions in these simulations.
These specifications use the more elastic demand function and a social
cost of carbon of $50/tCO2 .

how policy outcomes respond along multiple dimensions and so can more finely tune the policy response.
The regulator who can control both ratings can optimize both the stringency of the policy and fuels’ relative
competitiveness, as opposed to a regulator who can only adjust the policy’s stringency. When conventional
ethanol has a high estimated emission intensity and cellulosic ethanol is responsive, the former regulator can
loosen the policy’s stringency while also shifting compliance towards cellulosic biofuels.

C. Proofs
I introduce three lemmas before proving the propositions. The first describes how equilibrium quantities
and emissions respond to the chosen ratings:
Lemma 4 Assume that utility is separable in each type of product.
(i) There exists x > 0 such that marginally raising the rating for product i decreases its quantity (∂qie /∂αi <
0) if and only if αi > σ − x.
(ii) If αj < σ, then marginally raising the rating for product j raises the quantity of product i (∂qie /∂αj >
0, i 6= j) if and only if αi < σ.
(iii) If αj > σ, then there exists x > 0 such that marginally raising the rating for product j raises the
quantity of some other product i (∂qie /∂αj > 0) if and only if either αj < σ + x with αi < σ or
αj > σ + x with αi > σ.
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e
Proof The equilibrium outcome {q1e , ..., qN
, λe } solves the following system of equations:

PN
− i=1 [αi − σ] qi
∂U (q)/∂q1 − C10 (q1 ) − λ[α1 − σ]

F 1 (q, λ; α) ≡
F 2 (q, λ; α) ≡
..
.

= 0
= 0
..
.

0
F N +1 (q, λ; α) ≡ ∂U (q)/∂qN − CN
(qN ) − λ[αN − σ]

=

0.

The Jacobian of this system is the bordered Hessian H of the original system. At a global maximum, the
determinant of this bordered Hessian must have the same sign as (−1)N . By the implicit function theorem
and Cramer’s rule, we have:
det(Hi+1 )
∂qie
=−
,
∂αj
det(H)
where Hi+1 is the matrix H with column i + 1 replaced by the partial derivative of the column vector F with
respect to αj . This column vector of partial derivatives has −qj in its first row, −λ in row j + 1, and zeroes
elsewhere. If we interchange column i + 1 with each of the N − i columns to its right and also interchange
row i + 1 with each of the N − i rows beneath it, we obtain the following convenient block matrix form that
has the same determinant as Hi+1 :



A B
det(Hi+1 ) = det
= det(A) det D − CA−1 B .
C D
B is the N × 1 vector with −qj in the first row, −λ in row j + 1 if j < i or in row j if j > i, and zeroes
elsewhere. C is the 1 × N vector with αi in its first column and zeroes elsewhere. D is a real number such
that
(
−λ if i = j,
D=
0
if i 6= j.
The N ×N matrix A is the bordered Hessian for the system lacking product i. By the second-order condition
for a constrained maximum, the determinant of A has the same sign as (−1)N −1 and the determinant of H
has the same sign as (−1)N . We therefore have:
∂qie
∝ det(D − CA−1 B) = D − CA−1 B.
∂αj
Further, we only need to know the first row of A−1 because C has zeroes in all but its first column.
We invert A using Gauss-Jordan elimination. Entry (1, 1) of A−1 is


N
X


k=1,k6=i

−1
(αk − σ)2
 .
Ck00 (qk ) − ∂ 2 U (q)/∂qk2

For m ∈ {1, . . . , N − 1}, entry (1, m + 1) of A−1 is
h
Cn00 (qn ) −

∂ 2 U (q)
2
∂qn

−(α − σ)
iP n
N

(αk −σ)2
2
k=1,k6=i Ck00 (qk )−∂ 2 U (q)/∂qk
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,

with n = m for m < i and n = m + 1 for m ≥ i. We have:

αi −σ


(αk −σ)2
−λ − qi PN
k=1,k6=i C 00 (q )−∂ 2 U (q)/∂q 2
∂qie
−1
k k
k


∝ D − CA B =
αj −σ
αi −σ
P
∂αj
−q
+
λ

2
2
00
j
2
(αk −σ)
Cj (qj )−∂ U (q)/∂qj
 N
00
2
2
k=1,k6=i
C

k

(qk )−∂ U (q)/∂q

if i = j,
if i 6= j.

k

For i = j, the left-hand term is negative and the right-hand P
term has the opposite sign as αi − σ. The
N
whole expression is negative if and only if αi − σ > −λ qi−1 k=1,k6=i [αk − σ]2 [Ck00 (qk ) − ∂ 2 U (q)/∂qk2 ]−1 ,
where the right-hand side is negative (part i). For i 6= j, the term outside parentheses has the same sign
as αi − σ. The expression in parentheses is clearly negative if αj < σ. The whole expression is therefore
unambiguously signed when αj < σ, with sign opposite to that of αi − σ (part ii). If αj > σ, then the
expression in parentheses is positive if and only if αj − σ > qj λ−1 [Cj00 (qj ) − ∂ 2 U (q)/∂qj2 ]. The right-hand
term is positive. The sign of the whole expression is the same as the sign of the term in parentheses if and
only if αi − σ > 0. Part iii follows.
The second lemma describes how equilibrium quantities respond to changes in the level of the standard.
Lemma 5 Marginally raising the standard has the
 same effect on the quantity of product i as marginally
PN
e
e
lowering every rating ∂qi /∂σ = − k=1 ∂qi /∂αk . If αi > σ and, ∀j 6= i, αj < σ, then marginally raising
the standard increases the quantity of product i (∂qie /∂σ > 0).
Proof
The proof follows that of Lemma 4, except with D = λ and B a column vector with first element
PN
q
and remaining elements λ. We have:
j
j=1
∂qie
∝ D − CA−1 B = λ + PN
∂σ

αi − σ

(αn −σ)2
00 (q )−∂ 2 U (q)/∂q 2
n=1,n6=i Cn
n
n

⇒

∂qie
=−
∂σ

N
X
k=1


N
N
X
X

qj − λ
j=1

k=1,k6=i

∂qie
.
∂αk


αk − σ
,
Ck00 (qk ) − ∂ 2 U (q)/∂qk2
(7)

The bottom expression uses the results for ∂qie /∂αj in the proof of Lemma 4 to establish the first part. In
the top expression, the left-hand term (λ) is positive. The term multiplying the parentheses is positive if
and only if αi > σ. The first term in parentheses is positive. The second term in parentheses is positive if
and only if αk < σ ∀k 6= i. The top expression is unambiguously positive if all of these terms are positive,
which establishes the second part of the corollary.
The third lemma extends Proposition 3(i) in Holland et al. (2009) to the case of N product categories
and unconstrained ratings:
Lemma
6 Around an 
optimum, marginally increasing any rating αj must decrease aggregate emissions
P
N
e
i=1 ∂ [βi qi ] /∂αj ≤ 0 .
Proof Differentiate the intensity constraint with respect to some α̂j to obtain:
N
X
i=1

α̂i

∂qi (α̂)
= −qj .
∂ α̂j

(8)

This equality must hold at the equilibrium outcomes. Substitute into equation (6) from the main text to get
N
X
i=1

τ

∂βi qie (α̂)
∝ −qj ≤ 0
∂ α̂j
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(9)

around the optimum.

Proof of Proposition 1
Recall that a regulator who can adjust only the ratings can achieve every combination of market-clearing
quantities compatible with some intensity standard and with the sign of the difference between the numeraire
rating and the level of the standard. If we let the highest-emitting product be the numeraire, then that sign
is also positive when the regulator selects the level of the standard with ratings fixed at estimated emission
factors. Since the latter type of regulator can only achieve a subset of market-clearing quantities achievable
by the regulator who can set the ratings, the first claim must be true: VN (α∗ , σ) ≥ VN (β, σ ∗ ).
Now consider when the set of market outcomes achievable by a regulator who can set only the level of the
standard includes the market outcome selected by a welfare-maximizing regulator who can set the emission
ratings. First, differentiate the intensity standard with respect to σ to obtain
N
X

N

[αi − σ]

i=1

∂qi (α̂) X
=
qi .
∂σ
i=1

(10)

We now define the optimal intensity standard for fixed ratings. Let W (σ, α) be welfare under an intensity
standard defined by σ and α. With fixed ratings α, the regulator selects σ to maximize welfare:
(
)
N
X
∗
e
e
T e
VN (β, σ ) = max W (σ, β) = max U (q (β − σ)) −
Ci (qi (β − σ)) − τ β q (β − σ) .
σ

σ

i=1

Equilibrium quantities are functions of σ for a given set of ratings. The optimal level of the standard solves
the first-order condition:
0=

N 
X
∂U (q e (β − σ))

∂qi

i=1

−

Ci0 (qie (β


− σ)) − τ βi

∂qie (β − σ)
.
∂σ

(11)

Substituting in the equations governing equilibrium outcomes, the first-order condition becomes
λe (β − σ)

N
X

[βi − σ]

i=1

N
X
∂qie (β − σ)
∂q e (β − σ)
=τ
βi i
.
∂σ
∂σ
i=1

(12)

This equation implicitly defines the optimal level of the standard (σ ∗ ) as a function of the estimated emission
intensities, with the emission ratings fixed to equal the estimated emission intensities. Apply the implicit
function theorem:
i
e
e
e
PN h ∂λe
∂qk
∂ 2 qk
e ∂qi
e
(τ
−
λ
)
−
+
(λ
[β
−
σ]
−
τ
β
)
(β
−
σ)
∗
k
k
k
k=1
∂σ
∂α
∂σ
∂σ∂α
∂σ
i
i
i
=
,
(13)
e
e
e
PN h ∂λe
∂qk
∂ 2 qk
∂qk
∂βi
e
e
(β − σ)
−λ
+ (λ [β − σ] − τ β ) 2
k=1

∂σ

k

∂σ

∂σ

k

k

∂σ

suppressing the arguments for the equilibrium quantities and shadow cost.
Assume the regulator can reach the best possible intensity standard by manipulating only σ. In that
case, altering any rating could not further increase welfare. That is, σ ∗ and the fixed ratings α = β jointly
achieve the optimal standard if and only if
0=

∂W (σ ∗ , α)
∂αj

≡ χj (β), ∀j ∈ {1, .., N − 1},
α=β

where we recognize that one rating is redundant. This condition is identical to the first-order condition for
the regulator’s optimal choice of ratings, except evaluated at σ ∗ and β. From equation (6) in the main text,
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we have:
χj (β) = λe

N
X

(βk − σ ∗ (β))

k=1

N
X
∂qke
∂q e
−τ
βk k , ∀j ∈ {1, .., N − 1},
∂αj
∂αj

(14)

k=1

where we suppress the arguments for the equilibrium quantities and shadow cost but make the argument of
σ ∗ explicit. For it to be possible to attain the optimal standard for any combination of emission factors, the
N equations in (14) must each equal zero for any choice of βi . Therefore, they must hold for any perturbation
of β, implying:
 e
 N
N
∗ X
e
∂qie
∂λ
∂λe ∂σ ∗ X
∂qke
∂χj (β)
e
e ∂σ
∗ ∂qk
= (λ − τ )
+
+
−λ
0=
(βk − σ )
∂βi
∂αj
∂αi
∂σ ∂βi
∂αj
∂βi
∂αj
k=1
k=1
 2 e

N
X
∂ qk
∂ 2 qke ∂σ ∗
+
(λe [βk − σ ∗ ] − τ βk )
+
,
∂αj ∂αi
∂αj ∂σ ∂βi
k=1

∀j ∈ {1, .., N − 1}, ∀i ∈ {1, .., N }.
i
e
e
PN h ∂λe
∂qie
∂ 2 qk
e
∗ ∂qk
e
∗
∂σ ∗ (λ − τ ) ∂αj + k=1 ∂αi (βk − σ ) ∂αj + (λ [βk − σ ] − τ βk ) ∂αj ∂αi
i
=
⇒
,
e
e
PN h e ∂qke
∂ 2 qk
∂λe
∂βi
∗ ∂qk
e
∗
k=1 λ ∂αj − ∂σ (βk − σ ) ∂αj − (λ [βk − σ ] − τ βk ) ∂αj ∂σ
∀j ∈ {1, .., N − 1}, ∀i ∈ {1, .., N }.

(15)

Combining equation (13) (defining the choice of σ that maximizes welfare) and equation (15) (derived from
the assumed overall optimality of the intensity standard with ratings fixed at the estimated emission factors),
we have:
i
e
e
PN h e
∂qk
∂ 2 qk
∂q e
e
(τ − λe ) ∂σi − k=1 ∂λ
∂αi (βk − σ) ∂σ + (λ [βk − σ] − τ βk ) ∂σ∂αi
i
e
e
e
PN h ∂λe
∂qk
∂ 2 qk
e ∂qk
e
k=1 ∂σ (βk − σ) ∂σ − λ ∂σ + (λ [βk − σ] − τ βk ) ∂σ 2
i
e
e
PN h e
∂ 2 qk
∂q e
∗ ∂qk
e
∗
(β
−
σ
)
+
(λ
[β
−
σ
]
−
τ
β
)
(λe − τ ) ∂αij + k=1 ∂λ
k
k
k
∂αi
∂αj
∂αj ∂αi
i
,
=
e
e
PN h e ∂qke
∂qk
∂ 2 qk
∂λe
∗
e
∗
−
(β
−
σ
)
−
(λ
[β
−
σ
]
−
τ
β
)
λ
k
k
k ∂αj ∂σ
k=1
∂αj
∂σ
∂αj
∀j ∈ {1, .., N − 1}, ∀i ∈ {1, .., N }.

(16)

Use equation (7) to rewrite equation (16) as
i
e
e
PN ∂qe PN h e
PN
PN
∂qk
∂ 2 qk
e
(λe − τ ) k=1 ∂αik + k=1 ∂λ
m=1 ∂αm + (λ [βk − σ] − τ βk )
m=1 ∂αi ∂αm
∂αi (βk − σ)
i
e
e
e
PN h e PN
PN
PN
∂qk
∂qk
∂ 2 qk
∂λe
e [β − σ] − τ β )
λ
−
(β
−
σ)
−
(λ
k
k
k
k=1
m=1 ∂αm
m=1 ∂αm
m=1 ∂αm ∂σ
∂σ
i
e
e
PN h ∂λe
∂qie
∂ 2 qk
∗ ∂qk
e
(λ − τ ) ∂αj + k=1 ∂αi (βk − σ ) ∂αj + (λe [βk − σ ∗ ] − τ βk ) ∂αj ∂α
i
i
=
,
e
2 qe
PN h e ∂qke
∂q
∂
∂λe
k
k
∗
e
∗
k=1 λ ∂αj − ∂σ (βk − σ ) ∂αj − (λ [βk − σ ] − τ βk ) ∂αj ∂σ
∀j ∈ {1, .., N − 1}, ∀i ∈ {1, .., N }.

(17)

This condition holds only if
N
X
∂qke
∂q e
= k , ∀j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N },
∂αm
∂αj
m=1
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(18)

which is true if and only if
N
X
m=1,m6=j

∂qke
= 0, ∀j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N }.
∂αm

(19)

If N = 2, this necessary condition reduces to
∂qke
= 0, ∀k ∈ {1, .., N },
∂αN
which is in fact true by the definition of product N as the numeraire. Further, in a two-product setting,
incrementally raising the standard is identical to incrementally lowering both ratings. Therefore when
N = 2, equation (16) always holds. It is easy to show that the best possible intensity standard rates
the more emission-intensive of the two products above the level of the standard, as assumed above by
the choice of numeraire (otherwise, the regulator exacerbates the emission externality). As a result, when
N = 2, the best possible intensity standard can be achieved by manipulating only the level of the standard:
V2 (α∗ , σ) = V2 (β, σ ∗ ).
If N > 2, the necessary condition implies
N
X
m=1,m6=j

∂qke
=
∂αm

which implies

and so

N
X
m=1,m6=s

∂qke
= 0, ∀s, j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N },
∂αm

∂q e
∂qke
= k , ∀s, j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N }
∂αj
∂αs
∂qke
∂q e
= −(N − 1) k , ∀j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N }.
∂αN
∂αj

Therefore, by the definition of αN as the numeraire,
∂qke
= 0, ∀j ∈ {1, .., N − 1}, ∀k ∈ {1, .., N }.
∂αj
However, all partial derivatives equaling zero contradicts the assumptions of nonzero production and a
binding intensity constraint. This contradiction shows that if the regulator can attain the best possible
intensity standard by adjusting only the level of the standard for some given set of emission factors, then
perturbing that set by even an infinitesimally small amount would prevent the regulator from attaining the
best possible intensity standard without also selecting at least one rating. When ratings are constrained
to equal estimated emission factors, the set of emission factors that can achieve the best possible intensity
standard is a set of measure zero. We have proved that VN (α∗ , σ) > VN (β, σ ∗ ) if N > 2 and β ∈
/ A, where
A is a set of measure zero.

Proof of Proposition 2
In a two-product system, the regulator only selects a single rating. In that case or in the N -product case
in which the regulator is only free to adjust a single rating, the optimal rating is defined by the form of
equation (6) corresponding to that one rating. Apply the implicit function theorem:
∂ α̂j∗
= e
∂λ (α̂) PN
∂βi
∂ α̂j

k=1

∂qie (α̂)
∂ α̂j
e (α̂)
∂q
j
λe (α̂) ∂ α̂j +

τ

α̂k ∂q∂kα̂(jα̂) +
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PN

k=1

[λe (α̂) α̂k − τ βk ] ∂

2q

k (α̂)
∂ α̂2j

.

All partial derivatives in this proof are evaluated at α̂j = α̂j∗ . The denominator is negative by the secondorder condition for a global maximum. The numerator is negative if and only if ∂qie (α̂)/∂ α̂j < 0. Parts
(i)-(iii) follow by Lemma 4.
Now consider how the optimal rating for product j changes in the marginal damage from emissions:

∂qk (α̂)
k=1 α̂k ∂ α̂j +

∂ α̂j

e
∂βk qk
(α̂)
k=1
∂ α̂j
PN
∂q e (α̂)
λe (α̂) ∂jα̂j + k=1

PN

∂ α̂j∗
= e
∂λ (α̂) PN
∂τ

[λe (α̂) α̂k − τ βk ] ∂

2q

k (α̂)
∂ α̂2j

.

The denominator is as above. The numerator is the change in total emissions from an increase in rating j.
The claim in (iv) follows by Lemma 6.

Proof of Corollary 3
When the regulator can select the standard’s level σ but not the emission ratings α, the optimal level of the
standard is defined by equation (12) but without the ratings set to β:
N
X
d q e (α̂)
d qie (α̂)
=τ
βi i
.
λ (α̂)
[αi − σ]
dσ
dσ
i=1
i=1
N
X

e

Apply the implicit function theorem:
∂σ ∗
=
∂βi PN

d qie (α̂)
dσ
d q e (α̂)
λe (α̂) dkσ

τ

h

k=1

d λe (α̂)
d σ [αk

− σ]

e (α̂)
d qk
dσ

−

+ (λe (α̂)[αk − σ] − τ βk )

e (α̂)
d2 qk
dσ 2

i.

In this proof, all derivatives are evaluated at σ ∗ . The denominator is negative by the second-order condition
for a global maximum. The numerator is positive if and only if dqie (α̂)/dσ is positive. Part (i) follows by
Lemma 5.
Now consider the effect of marginal damage on the optimal standard, assuming the convexity of the
damage function does not change:
∂σ ∗
=P
N
∂τ

k=1

e
d βk q k
(α̂)
dσ
d q e (α̂)
λe (α̂) dkσ +

PN

k=1

h

d λe (α̂)
d σ [αk

− σ]

e (α̂)
d qk
dσ

−

(λe (α̂)[αk − σ] − τ βk )

e (α̂)
d2 qk
dσ 2

i.

The denominator is as above. The numerator is the change in estimated emissions from raising the standard.
Substituting equation (10) into the first-order condition, it is easy to show that the numerator is positive
(total emissions increase when the standard is loosened from its optimal level). The claim in (ii) follows.
Finally, consider the effect of changing some exogenously given rating αi :
e
e
PN
d q e (α̂)
d qk
(α̂)
∂ 2 qk
(α̂)
∂λe (α̂) PN
e
− k=1 (λe (α̂)[αk − σ] − τ βk ) ∂σ∂α
∂σ ∗ −λ (α̂) di σ − ∂αi
k=1 [αk − σ] d σ
h e
i i .
= P
d q e (α̂)
d q e (α̂)
d2 q e (α̂)
N
d λ (α̂)
∂αi
[α − σ] k
− λe (α̂) k
+ (λe (α̂)[α − σ] − τ β ) k 2

k=1

dσ

k

dσ

dσ

k

k

dσ

The denominator is as above. Substitute from equation (10):
N

N

k=1

k=1

X
∂σ ∗
d q e (α̂) ∂λe (α̂) X e
∂ 2 qke (α̂)
∝λe (α̂) i
+
qk (α̂) +
(λe (α̂)[αk − σ] − τ βk )
.
∂αi
dσ
∂αi
∂σ∂αi
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This expression is positive if and only if
"
#
N
N
X
d qie (α̂)
1
∂λe (α̂) X e
∂ 2 qke (α̂)
e
.
>− e
qk (α̂) +
(λ (α̂)[αk − σ] − τ βk )
dσ
λ (α̂)
∂αi
∂σ∂αi
k=1

k=1

Ignoring second-order responses of equilibrium quantities, we have
N

d qie (α̂)
1 ∂λe (α̂) X e
>− e
qk (α̂).
dσ
λ (α̂) ∂αi
k=1

The first claim in (iii) follows from recognizing that the right-hand side is negative. The second claim follows
from applying Lemma 5.

References
Andress, David, T. Dean Nguyen, and Sujit Das (2010) “Low-carbon fuel standard—Status and
analytic issues,” Energy Policy, Vol. 38, No. 1, pp. 580–591.
Brons, Martijn, Peter Nijkamp, Eric Pels, and Piet Rietveld (2008) “A meta-analysis of the price
elasticity of gasoline demand. A SUR approach,” Energy Economics, Vol. 30, No. 5, pp. 2105–
2122.
Ebert, Udo (1998) “Relative standards: a positive and normative analysis,” Journal of Economics—
Zeitschrift Fur Nationalokonomie, Vol. 67, No. 1, pp. 17–38.
Ekvall, Tomas and Bo P. Weidema (2004) “System boundaries and input data in consequential life
cycle inventory analysis,” The International Journal of Life Cycle Assessment, Vol. 9, No. 3, pp.
161–171.
Farrell, A. E., D. Sperling, A.R. Brandt, A. Eggert, B.K. Haya, J. Hughes, B.M. Jenkins, A.D.
Jones, D.M. Kammen, C.R. Knittel, M.W. Melaina, M. OHare, and R.J. Plevin (2007) “A LowCarbon Fuel Standard for California, Part 2: Policy Analysis,”Technical report, UC Berkeley
and UC Davis.
Farrell, Alex and Daniel Sperling (2007) “Getting the carbon out,” San Francisco Chronicle, p.
B11.
Farrell, Alexander E., Richard J. Plevin, Brian T. Turner, Andrew D. Jones, Michael O’Hare, and
Daniel M. Kammen (2006) “Ethanol can contribute to energy and environmental goals,” Science,
Vol. 311, No. 5760, pp. 506–508.
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