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A new type of policy regulates products’ greenhouse gas emissions over their entire life cycles, not
just at their points of use. Because regulators cannot directly monitor each product’s life-cycle
emissions, they assign emission ratings to classes of products in order to calculate compliance.
We show that welfare-maximizing ratings in an intensity standard do not generally coincide with
estimated emissions. Further, greater estimated emissions actually call for lower optimal ratings
when compliance comes primarily from increased use of the low-emission products. Numerical simulations of the California Low-Carbon Fuel Standard suggest that when new scientific information
increased the estimated emissions from conventional ethanol, regulators should have lowered (or
loosened) ethanol’s rating so that the fuel market would clear with a lower quantity.
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Introduction

Because greenhouse gas emissions have identical effects on the climate regardless of their location,
climate policies commonly try to reduce counterproductive spillovers by accounting for products’
entire life-cycle emissions. Such life-cycle-based policies do not merely regulate products based
on observable point-of-use emissions but instead assign more comprehensive emission ratings to
groups of products with similar features. Life-cycle regulation has become particularly common
in emission intensity standards, which have themselves gained political traction over economists’
favored solution of economy-wide carbon prices. The ratings assignments in these standards are as
integral as the level of the standard. Further, the ratings are often especially contentious due to
the significant uncertainty in calculating emissions that occur higher up the supply chain or that
result from price effects in connected markets.
Economic investigations of intensity standards have generally overlooked the policy problem of
rating assignment. Contrary to the natural assumption, we show that when new information raises
the expected externality from a low-externality product, a welfare-maximizing regulator should
often lower the assigned rating to make the product look like it generates fewer externalities. The
new information makes a welfare-maximizing regulator want to obtain less of the low-externality
product from the market. Raising the low-externality product’s rating has an ambiguous effect on
its market-clearing quantity because it increases the amount of low-externality product required
to achieve compliance for a given level of high-externality product while also reducing the marketclearing quantity of high-externality product. When the high-externality product is sufficiently
inelastic, the first effect dominates and a higher, “tougher” rating for the low-externality product
would actually increase its market-clearing quantity. In this case, higher estimates of externality
generation call for lower externality ratings.
This perverse result is particularly likely in the case of low-carbon fuel standards because
gasoline demand is generally thought to be inelastic. Numerical simulations of California’s policy
show that welfare-maximizing emission ratings for conventional biofuels do in fact move opposite
to their expected life-cycle emissions: a higher estimated emission intensity means the optimal
policy should use less biofuel, and the way to obtain less biofuel from fuel markets is to rate it
as generating fewer emissions. This result is contrary to the common supposition among policy
analysts that a higher estimate for emission intensity should translate into a higher rating. Further,
these simulations also suggest that the current implementation of the LCFS is cost-effective only
with negative emission ratings for conventional ethanol, an unconventionally high social cost of
carbon, or additional technology objectives that strongly increase the welfare-maximizing emission
ratings.
Ratings-based schemes are particularly common in intensity standards because only relative
1
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weights matter for compliance. The regulators charged with implementing intensity standards
might not have discretion regarding the level of the standard, but they often have discretion in
assigning the ratings used for calculating compliance. This discretion is especially interesting when
intensity standards are second-best forms of regulation: the welfare-maximizing ratings for a given
standard will not generally correspond to the regulator’s best estimates of products’ intensity.
Ratings-based schemes feature prominently in banking regulation 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. Recently proposed clean energy standards aim to incentivize relatively clean non-renewable sources by including
intermediate ratings. And, as mentioned, emission intensity standards seek to regulate unobservable life-cycle emissions by estimating total supply chain emissions and even general equilibrium
effects in other markets.
Low-carbon fuel standards (LCFS) highlight the potential to improve welfare by exercising discretion in implementing intensity standards. These regulations require the average carbon intensity
of motor fuel to fall below a mandated value. They aim to complement vehicle technology policies, land use policies, and potential emission pricing policies by forcing change within the fuel
sector. California pioneered low-carbon fuel standards in 2007, with the goal of reducing average
fuel carbon intensity by at least 10% by 2020. The policy innovation has garnered support in other
U.S. states, Canadian provinces, the U.S. federal government, and the European Union (Andress
et al., 2010; Yeh and Sperling, 2010). The primary challenge in implementing an LCFS is determining the emission factor to assign to each fuel.1 This emission factor is meant to capture not
only the measurable emissions generated from combustion but also the unobserved life-cycle emissions generated throughout the fuel’s supply chain.2 These are highly uncertain for many fuels. In
particular, directing crops to biofuel production can cause emission-intensive land use change by
changing the prices of agricultural commodities. These “market-mediated” or “indirect” emissions
can strongly increase the total life-cycle emissions from producing crop-based biofuels (Searchinger
et al., 2008; Hertel et al., 2010) while also strongly increasing uncertainty about the fuels’ actual
1

In light of this challenge, DeCicco (2012) advocates abandoning life-cycle assessment as the basis for policy and
instead tallying only each product’s observed emission sources and sinks.
2
With biofuels, all the interesting carbon emissions are unobserved. To the extent that carbon in the crop was
incorporated from the atmosphere via photosynthesis, combustion does not release “new” carbon to the atmosphere.
However, unobserved emissions from, for instance, fertilizer application and ethanol refining do contribute “new”
carbon to the atmosphere. Displacement assumptions can make life-cycle emissions uncertain even in the absence of
indirect effects (Farrell et al., 2006; Lemoine et al., 2010).
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emission factors (Plevin et al., 2010; Mullins et al., 2011).
The environmental economics literature has considered the efficiency properties of pollution
intensity standards when the rate of pollution outflow is observable. In this setting, intensity
standards tax emissions while subsidizing output (e.g., Fullerton and Heutel, 2010). The latter
effect occurs because producing more output for a given level of emissions helps meet the standard
via dilution. The tax-subsidy combination leads to an ambiguous effect on total emissions (Helfand,
1991) and prevents equivalence with an emission tax (e.g., Ebert, 1998; Hatcher, 2006).3 When
the only market failure is an emission externality, intensity standards cannot generally induce the
first-best outcome. However, in the presence of 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 also 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 make a carbon intensity standard dominate
a carbon tax (Gerlagh and van der Zwaan, 2006) unless decreasing returns to scale in the lowemission 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 if the latter does not
use its revenue to increase economic efficiency (Parry and Williams III, 2012). Finally, targeting
the carbon intensity of economic output instead of absolute emissions (via a standard price or
quantity instrument) generates flexibility that can decrease the cost of unexpected productivity
shocks (Fischer and Springborn, 2011).
We extend consideration of pollution intensity standards to the case where pollution is embedded in the regulated sector’s products.4 This occurs when production and consumption generate
pollution through activity in unregulated sectors or through price effects in other markets. To
implement these intensity standards, the regulator must assign a pollution rating to each product.
This rating selection problem is similar to the one faced by banking regulators. Deposit insurance
schemes are intended to prevent bank runs but typically do not charge rates that are a function of
a bank’s likelihood of collapse (Rochet, 1992).5 In order to mitigate the resulting moral hazard,
regulators impose capital adequacy ratios requiring banks to hold a minimum level of capital as a
fraction of total assets. These requirements in turn increase the riskiness of banks’ portfolios unless
3

Aggregate emission intensity standards can be implemented via tradable permits (e.g., Holland et al., 2009).
However, if the permits’ units are intensities (e.g., emissions per output), then trading ratios should vary according
to firm size (McKitrick, 2005).
4
Hatcher (2006) considers the performance of emission level standards and emission intensity standards under
imperfect monitoring of compliance. We consider the case in which non-compliance penalties are such that all firms
comply with the implemented standard. The implemented standard is based on observable production quantities and
assigned emission ratings; only actual emission outcomes are not directly observed.
5
Pennacchi (2006) argues that even actuarially fair deposit insurance premiums would still leave banks with an
incentive to take excessive systematic risks.
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the reserve requirement calculations weight assets according to their riskiness (Kahane, 1977; Kim
and Santomero, 1988). In practice, these ratings have not been functions of a bank’s total portfolio,
and so these schemes are still generally second-best (Gordy, 2003). The main difference in our setting is that while the unobserved attributes (assets’ risk profiles) also directly affect firms’ payoffs
in the banking setting, the unobserved attributes (emissions) are pure externalities in our setting.
In the externality setting, the ratings completely define firms’ payoff-relevant information about
the regulated feature, whereas banks care about both the rated riskiness and the actual riskiness.
The most closely related work is by Holland et al. (2009): they consider the efficiency properties
of several forms of ratings-based LCFS.6 While 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. The subsidy distorts the fuel mix relative to its optimum. We extend
their setting by considering how a regulator should optimally assign emission factors to account for
unobserved and uncertain life-cycle emissions. Because our results for the optimal rating map into
results for the optimal level of the intensity standard, our comparative static results also provide new
insight into the optimal LCFS. Further, we also consider extensions to multiple product categories,
to incentives for truthful communication by informed firms, and to technology-forcing objectives.
Finally, the growing life-cycle assessment literature estimating emission factors for crop-based
biofuels aims to inform the ratings selected for an LCFS. We do not generate new emission estimates,
but we do describe how that literature’s conclusions should affect regulatory decisions. In particular,
we show that the expected emission factor is a sufficient statistic for a greenhouse gas intensity
standard and that considering fuel market responses reverses seemingly obvious policy conclusions.
To the first point, Hertel et al. (2010) warn that the long tails of the distribution of possible biofuel
emission factors imply that their “central estimate” should not be used directly in regulation. Our
conclusions support this logic if their central estimate is a maximum likelihood estimate, but if their
central estimate is an expected value and damages are linear, then optimal regulation is indeed a
function of the central estimate. To the second point, Liska and Perrin (2009) imply that the
asymmetric costs of choosing overly high or low ratings for biofuels favor assigning ratings greater
than the estimated emission factors so as to avoid excessive indirect emissions and infrastructure
investment. We will see that their logic actually implies that the California regulator should choose
ratings below the best estimates: in a broad range of cases, the way to induce fuel markets to clear
with less biofuel consumption is to lower the emission ratings assigned to biofuels.
Section 2 models an intensity standard with two product bins. Section 3 analyzes the lowexternality product’s welfare-maximizing rating, including how it changes with each fuel’s expected
6

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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externality factor, with the marginal damage from the externality, and with uncertainty about
the actual externalities. Uncertainty about the true externality factor opens up the possibility of
asymmetric information. Section 4 therefore embeds the optimal rating problem in a game of cheap
talk in which the low-externality industry knows its true externality factor and has the chance to
communicate it to the regulator. Section 5 considers how additional categories of low-externality
product affect the optimal rating for the original category. Section 6 numerically simulates the
California LCFS to assess how the rating for conventional (corn or sugarcane) ethanol should
respond to changes in its estimated emissions. Section 7 discusses the effect of technology objectives,
interactions with federal policies and international fuel markets, and implications for the clean
energy standards recently proposed for electricity markets.

2

A model of rating selection

We model a welfare-maximizing regulator’s rating assignment problem for an intensity standard
that governs unobserved generation of an externality. Let qH and qL be the quantities of highand low-externality product manufactured. Parameters βH and βL give the rate at which each
product class produces the externality (for instance, the actual emission factors).7 These parameters
have independent and possibly degenerate distributions with E[βH ] > E[βL ].8 Damage from the
externality is an increasing function: D(βH qH + βL qL ), for qH and qL weakly positive, D(0) = 0,
and D(·) increasing and weakly convex. A representative consumer’s utility from consuming both
products is U (qH , qL ), where U is increasing and concave. Let the two products substitute for each
other so that consuming more of one lowers the marginal utility of the other: ∂ 2 U (qH , qL )/∂qH ∂qL ≤
0. Finally, the cost of producing goods of type i is an increasing, convex function Ci (q), with
CL ≥ CH .
The regulator constrains the intensity of externality generation to be no greater than a fixed
value σ:

αH qH +αL qL
qH +qL

≤ σ. We assume that the constraint is met exactly: unregulated firms would

violate the intensity constraint by producing too much of the high-externality product with too
little of the low-externality product. The parameters αH and αL are the externality ratings the
regulator assigns to each product category. These are commonly assumed to be set equal to the
expected externality factors E[βH ] and E[βL ], but we consider how a welfare-maximizing regulator
would deviate from that rule.
We require that the regulator give the low-externality product a lower rating than the high7

We assume the existence of well-defined rates of externality generation. In reality, life-cycle emission calculations
depend on the policy baseline (Lemoine et al., 2010).
8
Here and elsewhere, expectations operate over the obvious distributions. When both random variables are inside
the expectation, it operates over the joint distribution.
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externality product. We also require that the assigned ratings keep the standard σ feasible for
positive levels of combined production. These two requirements together imply that αL ≤ σ ≤ αH .
Motivated by the case of the Low-Carbon Fuel Standard, in which the greater uncertainty in lowexternality products’ life-cycle emissions makes their ratings more clearly subject to regulatory discretion, we constrain αH = E[βH ] and consider only the selection of αL .9 The welfare-maximizing
regulator’s problem is to select αL so as to maximize consumer utility net of production costs and
expected damages:


e
e
e
max U (qH
(αL ), qLe (αL )) − CH (qH
(αL )) − CL (qLe (αL )) − E[D βH qH
(αL ) + βL qLe (αL ) ] .
αL

(1)

e (α ) and q e (α ) are the quantities of each product obtained in equilibrium from
The functions qH
L
L L

perfectly competitive markets subject to the intensity constraint. Firms solve:
max



s.t.

α H qH + α L qL
≤σ .
qH + qL

qH ,qL

pH qH + pL qL − CH (qH ) − CL (qL )

(2)

Firms select their quantity of product i to meet the following first-order condition:
Ci0 (qi ) = pi − λ[αi − σ] ,

(3)

where primes indicate derivatives and λ ≥ 0 is the shadow cost of the intensity constraint σ.
e , q e , λe )
Markets clear with pi = ∂U/∂qi . As in Holland et al. (2009), the equilibrium outcome (qH
L

is defined by the intensity constraint and the following conditions:
e , qe )
∂U (qH
L
− λe (αL )[αH − σ]
∂qH
e , qe )
∂U (qH
L
CL0 (qLe ) =
+ λe (αL )[σ − αL ] ,
∂qL

0
e
CH
(qH
)=

(4)
(5)

where we explicitly write λe as a function of the regulator’s decision variable αL .10 We have the
known result that the intensity standard taxes the high-externality product while subsidizing the
low-externality product. By selecting αL , the regulator selects the size of the subsidy and, via λe ,
also the size of the tax.
9

At the end of the section, we discuss how this problem of choosing αL maps into a problem where the level of
the constraint is the decision variable.
10
When useful, we assume that λe (αL ) is increasing and monotonic.
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At an interior solution, the regulator chooses αL so as to satisfy the first-order condition:


 e

 e
e , qe )
e , qe )
∂U (qH
d qH
∂U (qH
d qL
0
e
0
0
e
0
L
L
− CH (qH ) − E[βH D (αL )]
+
− CL (qL ) − E[βL D (αL )]
=0,
∂qH
d αL
∂qL
d αL
(6)

where we collapse the damage function’s argument to αL . Substituting in the equations governing
equilibrium outcomes, we obtain a different version of the regulator’s first-order condition:




e ]
dq e
dq e
−d[βL qLe + βH qH
λe (αL ) (σ − αL ) L − (αH − σ) H = E
D0 (αL ) ,
dαL
dαL
dαL

(7)

recognizing that αH = E[βH ] by assumption. Raising αL changes the optimal product mix by
making the constraint tougher. The left-hand side gives the change in the constraint’s cost due to
the altered product mix. If the regulator directly paid the subsidies and collected the taxes instead
of using the intensity standard, then this left-hand side would give the change in net payments
(subsidies minus taxes) once market-clearing quantities respond to an incrementally tougher rating.
By altering the product mix, raising αL also changes the externality. The right-hand side gives the
expected benefit from lowering the total externality. The first-order condition has the regulator
selecting αL so that the additional cost from a marginally tighter constraint exactly matches the
additional social benefit expected from any reduction in the externality.
The optimality condition for the low-externality product’s rating also defines the optimal stringency of the intensity standard. In other words, were the regulator free to choose σ instead of
the externality rating, she should choose σ so that these same conditions held. The effects of the
intensity standard depend not on the absolute magnitude of σ, αH , or αL but on their relative
magnitudes. Even if two of the three are fixed (e.g., σ and αH ), the third can be adjusted so that
the standard becomes equivalent to the combination of any other feasible standard σ̂ and ratings
α̂H and α̂L .11,12 By analyzing the optimality conditions for αL , we also learn about the optimal
level of the intensity standard for a given set of ratings.
−σ
L
Specifically, the regulator would need to set its free parameters so that σ̂ = ααHH−α
α̂L + ασ−α
α̂H . In this case,
L
H −αL
the parameter combination (αH , αL , σ) gives the same constraint set as (α̂H , α̂L , σ̂). It is easy to show that the firm’s
H −αL
maximization problem becomes equivalent, yielding a shadow value of λ̂ = α
λ. Raising αL decreases the σ̂ that
α̂H −α̂L
is equivalent to σ. The lower bound for αL (−∞) produces the upper bound for σ̂ (α̂H ), while the upper bound for
αL (σ) brings σ̂ to its lower bound (α̂L ).
12
Which parameter the regulator can change does matter in at least one way. In order to make the constraint
irrelevant by adjusting αL , the regulator needs to bring αL to extremely negative values that may be infeasible
due to political constraints. Similarly, to adjust αH to obtain an outcome where the high-externality product is
excluded from the market, the regulator would have to take αH to high values that may also be politically infeasible.
Restrictions such as a lower bound of 0 on αL would limit the regulator’s ability to obtain the equivalent result for
any other standard σ̂ by only adjusting a single externality rating.
11
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Determinants of the optimal rating

Having derived the conditions governing market-clearing quantities and the welfare-maximizing
rating, we now analyze how the market-clearing quantities respond to the low-externality product’s
rating and how the optimal rating changes with information about products’ actual externalities.
The first proposition shows that the low-externality product responds ambiguously to a change
in its own rating. In contrast, the corollary shows that the quantity of high-externality product
unambiguously decreases when the low-externality product’s rating increases.
Proposition 1 (Ambiguous Response of Product L) Raising the low-externality product’s rating increases its equilibrium quantity (dqLe /dαL > 0) if and only if the high-externality product is sufe /dα < q e /[α − σ]). Define  to be the
ficiently unresponsive to that change in the rating (−dqH
L
H
H
L

elasticity of the high-externality product with respect to its own externality rating: H ≡
Then dqLe /dαL > 0 if and only if H > −1.

e
dqH
αH −σ
.
e
dαH qH

e − (σ − α )q e = 0 and differentiate
Proof Rearrange the binding intensity constraint to (αH − σ)qH
L L

with respect to αL . This gives:
dq e

(αH − σ) dαHL + qLe
dqLe
=
.
dαL
σ − αL

(8)

The first result follows. We now rewrite in terms of elasticities. Two sets of ratings A and B both
exactly satisfy the constraint at a given quantity pair if and only if

αH,A qH +αL,A qL
qH +qL

=

αH,B qH +αL,B qL
.
qH +qL

Without loss of generality, assume αL,B > αL,A . This implies αH,A > αH,B and αL,B − αL,A =
(αH,A −αH,B )qH /qL . Replacing the differences with their limits, we have dαL = dαH qqHL . Substitute
into the first result. The second result follows.
Corollary 2 (Response of Product H) Raising the low-externality product’s rating αL decreases
e /dα ≤ 0).
the equilibrium quantity of high-externality product (dqH
L

Proof Differentiating equation (4) with respect to αL , we have:
dq e

e , qe )
L
e
λe 0 (αL ) [αH − σ] − UHL (qH
dqH
L dαL
=
,
e , q e ) − C 00 (q e )
dαL
UHH (qH
L
H H

(9)

where subscripts on U represent partial derivatives. The denominator is negative, so the whole
term is negative if and only if the numerator is positive. With λ(αL ) an increasing function and
e /dα ≤ 0 if and only if dq e /dα ≥
UHL ≤ 0, we have dqH
L
L
L

8
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e /dα > 0. We have just shown that the firm’s first-order condition then implies
Now assume dqH
L

dqLe /dαL <

λe 0 (αL ) [αH −σ]
e ,q e )
UHL (qH
L

e /dα > 0 implies
≤ 0. However, Proposition 1 establishes that dqH
L

e /dα ≤ 0.
dqLe /dαL > 0 from the intensity constraint. We have a contradiction. Therefore dqH
L

A higher, tougher rating for the low-externality product increases its quantity by requiring more
of it to be used for a given quantity of the high-externality product. However, raising αL also raises
the tax on the high-externality product, via the firm’s first-order condition in equation (4). If the
quantity of the high-externality product decreases by a sufficiently large amount, the net impact
is to decrease the quantity of low-externality product called forth by the intensity standard. The
more responsive the high-externality product to its implicit tax (e.g., the more elastic is gasoline
with respect to its assigned emission factor), the more that the low-externality product decreases
(e.g., the more that biofuel use decreases as its assigned emission factor increases). If the highexternality product is inelastic (H > −1) with respect to its own rating, then the low-externality
product increases in its own rating.13
The high-externality product could only increase in αL if its demand simultaneously shifted out
due to a strong decrease in the quantity of low-externality product. This increased demand would
have to be large enough to offset the higher tax induced by raising αL . However, if the quantity of
high-externality product actually did increase, then complying with the intensity standard would
require an offsetting increase in the quantity of low-externality product. Yet a greater quantity
of low-externality product is contrary to the strong reduction required if the quantity of highexternality product were to increase in spite of the rising tax. The assumption that UHL ≤ 0
therefore ensures that tougher ratings for the low-externality product always decrease the marketclearing quantity of high-externality product.
Additional intuition for the ambiguous response of the low-externality product to its rating
comes from examining the firm’s first-order condition in equation (3). The subsidy λe (αL )[σ − αL ]
to the low-externality product depends on αL in two ways. First, raising αL raises λ because a
more stringent standard carries a greater shadow cost. Raising αL thereby raises the subsidy in
the same way as it raises the tax on the high-externality product. Second, however, raising αL also
lowers the subsidy by decreasing σ − αL , which determines the quantity of high-externality product
enabled by each additional unit of low-externality product. As αL approaches the standard σ, we
approach a corner solution in which we have only the low-externality product in the market. As αL
goes to negative infinity, we approach the other corner solution in which we have the unregulated
(no-policy) quantity of low-externality product on the market.
We have seen that whether the quantity of the low-externality product (e.g., biofuels) increases
13

As in Proposition 1, the own-rating elasticity H measures the percentage increase in the high-externality prode
uct’s quantity (qH
) for each percentage increase in the gap between its rating and the standard (αH − σ).
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with its rating αL depends on the degree to which the high-externality product (e.g., gasoline)
adjusts to the implicitly tougher standard. We can use equation (8) to simplify the left-hand side
of equation (7) to λ qLe . The private cost of raising αL therefore comes from reducing how much of
the high-externality product is enabled by each unit of low-externality product. This condition tells
us that no interior optimum can have dqLe /dαL so strongly positive that a higher rating increases
the total expected externality:
Corollary 3 Further
the ioptimal
 increasing
h
 rating from an interior optimum must decrease the
e +β q e ]
d[βH qH
L L
expected externality E
≤0 .
dαL
Proof By equation (7) and Proposition 1, an interior optimum must select αL such that
λe qLe


e + β qe ]
d[βH qH
L L
0
D (αL ) .
= −E
dαL


(10)

The result follows from recognizing that λe ≥ 0, qLe ≥ 0, D0 (·) ≥ 0, and, using weak convexity of

damages, Cov βH + βL , D0 (βH qH + βL qL ) ≥ 0.
This proposition generalizes Proposition 3(i) in Holland et al. (2009) to the case of an uncertain
externality. It says that at an optimum, increasing the stringency of the standard must not further
increase the total expected externality. If it did, it would be optimal to relax the standard (lower
αL ) and save on both the externality and the private cost.
We now consider the optimal αL . Substituting equation (8) into the regulator’s first-order
condition and also substituting E[βH ] for αH gives the optimal α̂L for fixed λ:
e /dα
∝ dqL
L

}|

z

α̂L (λ) = σ +

dq e
E[D0 (αL ) βL ] (E[βH ] − σ) H + qLe
dαL
dq e

E[D0 (αL ) βH ] dαHL + λqLe

{

e /dα
=L ∝ dqL
L

=σ+

z }| {
E[D0 (αL ) βL ] (H + 1)
E[D0 (αL ) βH ]
E[βH ]−σ H

,

(11)

+λ

where the rightmost expression assumes a constant own-rating elasticity H for the high-externality
product.14 We have an interior solution if and only if the fraction is negative. When changing αL ,
the numerator gives the cost of the changed emissions from the low-externality product while the
denominator subtracts the benefit of reducing product H’s emissions from the private cost of a
tougher constraint. If both the numerator and the denominator are negative, then raising the
rating produces net benefits from both channels so the regulator should raise the rating. When
14

L .

If we define L analogously to be

e
dqL
σ−αL
,
e
dαL qL

then we have L = H + 1. Constant H therefore implies constant
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e
/dαL < 0
(a) dqL

e
/dαL > 0
(b) dqL

Figure 1: Representative plots for the low-externality product’s optimal rating α̂L (λ) given fixed
∗
shadow cost λ (solid) and for the equilibrium shadow cost λe (αL ) (dashed). An interior solution αL
for the optimal rating occurs at an intersection with αL ≤ σ. In the case where the low-externality
product’s quantity decreases in its rating (dqLe /dαL < 0), the local maximum is generally the lower
intersection. These plots assume constant own-rating elasticity and linear damages, yielding a
vertical asymptote at λ̃ ≡ −H E[βH D0 (αL )]/(E[βH ] − σ).
both are positive, raising the rating produces net costs from both channels and so the regulator
should lower the rating. When one is positive and the other is negative, there are both costs and
benefits to changing the rating and a potential interior optimum.
Figure 1 plots α̂L for fixed λ (solid lines).15 For dqLe /dαL 6= 0, we have a vertical asymptote at
λ = −H E[βH D0 (αL )]/(E[βH ] − σ) ≡ λ̃. When dqLe /dαL > 0, feasible α̂L occur only for λ < λ̃: the
private cost of a tougher standard must be low when the standard also imposes social costs through
increased production of the low-externality product. In contrast, when dqLe /dαL < 0, feasible α̂L
occur only for λ > λ̃: raising the standard reduces damages from both product types, requiring a
∗ occurs when α̂ (λ) intersects
high private cost to produce an interior optimum. The optimal αL
L

λe (αL ), shown as dashed lines. As αL → −∞, the constraint becomes irrelevant and λe → 0. The
constraint’s shadow cost λe is undefined for αL > σ.
The appendix establishes fairly general conditions under which we have an interior optimum
15

e
Figure 1 recognizes that dα̂L /dλ > 0 if and only if dqL
/dαL < 0, that α̂L is concave over the regions with α̂L < σ
e
and convex otherwise, and that α̂L (0) < σ if and only if dqL
/dαL > 0.
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∗ < σ) and also shows that the lower intersection will generally be the welfare-maximizing choice
(αL

when dqLe /dαL < 0. We assume both properties henceforth. Intuitively, when dqLe /dαL > 0, we
always have an interior solution because increasing the rating raises the private cost of the standard
while also increasing the externality generated by the low-externality product. A corner solution
∗ = σ) is never optimal: lowering the rating by a bit
with only the low-externality product (αL

saves on the shadow cost, reduces the externality from the low-externality product, and does not
strongly increase the externality from the inelastic high-externality product. In contrast, when
dqLe /dαL < 0, raising the rating reduces emissions from both product types. A corner solution with
∗ = σ and no high-externality product is plausible when marginal damage is high, the shadow
αL

cost is low, or the high-externality product is very elastic. For an interior solution to exist with
dqLe /dαL < 0, the private cost of the intensity standard must be high enough (or the social cost of
the externality low enough) to prevent the regulator from eliminating the high-externality product
from the market.
∗ .16 Any changes that increase
We now consider comparative statics for the optimal rating αL
∗ for given intensity constraint σ and rating α
(decrease) αL
H can also be interpreted as decreas-

ing (increasing) the optimal intensity constraint σ ∗ for given ratings αL and αH or as increasing
∗ for given σ and α .
(decreasing) the optimal rating αH
L

Proposition 4 (Comparative Statics) Assume interior solutions.
(i) Increasing the low-externality product’s expected externality factor E[βL ] increases its optimal
∗ when a higher rating decreases its quantity (dq e /dα < 0) and decreases its optimal
rating αL
L
L
∗ when a higher rating increases its quantity (dq e /dα > 0).
rating αL
L
L

(ii) Increasing the high-externality product’s expected externality factor and assigned rating (so as
∗.
to maintain αH = E[βH ]) decreases the low-externality product’s optimal rating αL
∗.
(iii) Increasing marginal damage D0 (·) increases the low-externality product’s optimal rating αL

(iv) If damages are linear, then uncertainty does not directly affect the choice of rating: the expected externality factors are sufficient statistics for policy.
(v) Let damages be strictly convex. Increasing uncertainty (in the sense of a mean-preserving
∗ if marginal
spread) about product H’s externality factor (βH ) increases the optimal rating αL

damage is weakly convex (D000 (αL ) ≥ 0). Increasing uncertainty about product L’s externality factor increases its optimal rating if dqLe /dαL < 0 with marginal damage weakly convex
16

We return to these in Section 7 when we discuss how technology objectives, the rebound effect, and the federal
Renewable Fuel Standard affect optimal ratings in the California Low-Carbon Fuel Standard and when we discuss
implications for clean energy standards.
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(D000 (αL ) ≥ 0) and decreases its optimal rating if dqLe /dαL > 0 with marginal damage weakly
concave (D000 (αL ) ≤ 0). The effect on the optimal rating is ambiguous otherwise.
(vi) Making the high-externality product respond more strongly to its rating (marginally increasing
∗ if the increased responsiveness
−H ) raises the low-externality product’s optimal rating αL

does not increase the shadow cost λe (αL ).
Proof See appendix.
The first result says that if new information increases the low-externality product’s expected rate of
externality production, then the welfare-maximizing regulator changes its rating so as to obtain less
of the product on the market. Whether this implies increasing or decreasing the rating depends on
the sign of the low-externality product’s own-rating elasticity and so ultimately on the own-rating
elasticity of the high-externality product. For example, if gasoline is inelastic and we estimate that
biofuels cause more emissions than previously believed, then the optimal emission factor for biofuels
actually falls. If the primary compliance pathway involves increasing use of the low-externality
product, then discovering new damages from the low-externality product makes the regulator relax
the standard so as to reduce compliance activity. On the other hand, if the primary compliance
pathway involves decreasing use of the high-externality product, then discovering new damages
from the low-externality product makes the regulator strengthen the standard so as to reduce the
overall externality.
Second, a greater estimate of the high-externality product’s rate of externality production would
e ) if we held the rating α
favor raising αL (to reduce qH
H fixed. However, we assume that the

high-externality product’s rating equals its expected externality factor, so its rating automatically
increases. If that increase were exactly optimal, we would leave αL unchanged from its original
optimum. In fact, αH increases by too great an amount because it raises the subsidy to the lowexternality product. The optimal αL therefore falls from its original level in order to offset some
of the increase in αH .
Third, because increasing the rating from its optimal level must decrease the expected externality (Corollary 3), a higher estimate of the marginal damage from the externality must increase the
optimal rating. If damages are linear, then higher moments of the distributions for the actual externality factors do not matter. Marginal damage is constant and can be taken out of the expectation
operator. However, if damages are nonlinear, higher moments do matter through the covariance
between marginal damage and each externality factor, and they matter through multiple channels.
First, if marginal damage is strictly convex, then a mean-preserving spread in either externality
factor has an effect like an increase in marginal damage. This result is similar to the role of prudence (the positive third derivative of utility) in changing optimal consumption under increasing
13
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uncertainty (Kimball, 1990). Second, even if marginal damage is linear, a mean-preserving spread
in product i acts like an increase in product i’s expected externality factor. Whether the net effect
of these channels is ambiguous depends on which product has the increase in uncertainty, on how
product L responds to an increase in its own rating, and on the curvature of marginal damage.
Finally, making the high-externality product more responsive to its own rating means that
increasing the rating more strongly decreases the total externality. If the greater elasticity also
weakly decreases the shadow cost of the constraint, then the net effect is clearly to raise the
optimal rating.
The most interesting result is that if new information raises the expected externality from the
low-externality product, then its optimal rating actually falls in the plausible case that the highexternality product is inelastic with respect to its own rating. We use equation (7) to gain intuition
for this result. Figure 2a depicts an interior optimum, noting from Corollary 3 that total externality
production must decrease in the rating at an interior solution. Raising E[βL ] shifts the rating’s
marginal benefit curve (i.e., the marginal reduction in damages from the externality) but does
not affect the rating’s marginal cost curve (i.e., the private cost of the intensity standard), which
depends only on the rating and not on the actual externality. The marginal benefit curve shifts out
when raising the rating reduces the quantity of low-externality product. In that case, the optimal
rating increases. The marginal benefit curve instead shifts in when raising the rating increases
the quantity of low-externality product. In that case, increasing E[βL ] reduces the benefits from a
slightly tougher rating, which lowers the optimal rating. The direction of the shift in the marginal
benefit curve therefore explains the conditions under which the optimal rating moves opposite the
expected externality factor.
This graphical analysis also provides intuition for the other comparative static results. For
instance, an increase in marginal damage shifts the marginal benefit curve out while leaving the
∗ . A more interesting case is an increase
marginal cost curve unchanged. The net effect is to raise αL

in E[βH ] (Figure 2b). Increasing the expected externality from the high-externality product raises
the benefit of a tougher rating if αH were to remain at its original level. However, the corresponding
increase in αH acts like a shift in the scale for αL . Graphically, this looks like a shift in the whole
system to the left. The net effect of these changes is ambiguous from pure graphical examination,
but analysis shows that the leftward shift dominates, leading the optimal rating to fall.

4

Firms’ incentive to communicate the true externality

When the true externality is uncertain, the industry may have private information about its value.
For instance, if a biofuel’s emission factor is uncertain because of uncertainty about fertilizer appli-
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(a) Increasing E[βL ]

(b) Increasing E[βH ]

Figure 2: Solid lines give marginal (externality) benefit and marginal (private) cost for each externality rating αL . Dashed lines in (a) show two possible effects of increasing the low-externality
product’s expected externality factor. Dashed lines in (b) show the two effects of increasing the
high-externality product’s expected externality factor: 1) the greater expected externality raises
marginal benefit, and 2) the higher rating for the high-externality product shifts both curves to the
left.
cation rates, the industry may have better information than the regulator about actual emissions.
We now examine the industry’s incentives to report the true externality factor when it recognizes
that the regulator will use it to select the welfare-maximizing rating. The lesson is that for honest
communication to be an equilibrium, the industry and the regulator must prefer to see the same
type of rating for high and low values of the externality factor.
We construct a game of cheap talk in which the low-externality industry can costlessly send a
message to the regulator about whether the true externality is high or low. The regulator then
selects αL and the market equilibrium is reached as in the model from Section 2. The regulator has
prior beliefs about which of the two values is the true one, and the firm sees which value is in fact
true. The solution concept is perfect Bayesian equilibrium. There are babbling equilibria in which
the industry always sends a specific message and the regulator always ignores it. We are interested
in the conditions under which there are separating equilibria that lead to honest transmission of
information upon which the regulator then acts.
In order to aid interpretation, we first obtain a better idea of how industry profits respond to
αL . Assume that identical firms which produce the low-externality product capture the full value
of their product on the intermediate market subject to the intensity standard. The price they
receive therefore includes the shadow value induced by helping the intermediate firms to meet the
standard.
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Lemma 5 Assume that the equilibrium shadow cost λe of the constraint is monotonic and concave
in the low-externality product’s rating αL . There is a unique profit-maximizing rating that the
low-externality industry would like the regulator to choose.
Proof See appendix.
The industry has a profit-maximizing αL when the shadow cost of the constraint increases at a
slower rate as αL rises. Recall that the subsidy from equation (5) was λe (αL ) [σ − αL ]. With higher
αL , the low-externality industry earns more from the higher shadow cost of the standard but earns
less from the reduced value of each unit of product L in achieving compliance with the standard.
The slowing rate of increase in the shadow cost ensures that the first effect ceases to dominate at
one unique point, if at all.
The cheap talk game has separating equilibria only if industry profits change in specific ways
with changes in αL .17
Proposition 6 (Necessary Conditions for Separating Equilibria) Assume that the welfaremaximizing rating αL for the low-externality product is less than the intensity constraint σ for either
possible value of the product’s actual externality factor βL . Define β L < β̄L as the two possible
externality factors and αL and ᾱL as the welfare-maximizing optimal rating corresponding to each.
Industry profits are given by π(αL , βL ).
(i) If ∂π/∂βL = 0, then a necessary condition for separating equilibria is that π(ᾱ, ·) = π(α, ·) at
the two possible values for βL : profits are identical for all combinations of possible emission
factors and their corresponding welfare-maximizing ratings.
(ii) If ∂π/∂βL < 0, then a necessary condition for separating equilibria is that π(αL , β L ) >
π(ᾱL , β̄L ): if dqLe /dαL > 0, profits must not decrease too strongly in αL over the relevant
range, and if dqLe /dαL < 0, profits must not increase too strongly in αL over the relevant
range.
(iii) If ∂π/∂βL > 0, then a necessary condition for separating equilibria is that π(ᾱL , β̄L ) >
π(αL , β L ): if dqLe /dαL > 0, profits must not increase too strongly in αL over the relevant
range, and if dqLe /dαL < 0, profits must not decrease too strongly in αL over the relevant
range.
Proof See appendix.
17

When considering scenarios in which firm costs are a function of the actual externality factor, we ignore how
the regulator’s optimal rating might respond to the shift in costs. This is like looking at constant shifts in the cost
function.
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We first consider the case where profits are independent of the true externality factor. In
the Low-Carbon Fuel Standard example, the biofuel industry’s costs might be independent of the
emission factor in the case where uncertainty stems from factors beyond the industry. Marketmediated effects of biofuel production on land use are one example. Proposition 6 says that there
will not generally be a separating equilibrium because the low-externality industry will always want
the regulator to select the value of αL that is most profitable, and that value does not depend upon
βL . In general, all equilibria have the regulator ignoring the industry’s messages. The knife-edge
cases that produce separating equilibria occur when the firm is indifferent between the regulator’s
two choices for αL . However, these cases would fall apart with small variations in the precise highand low- externality factors considered possible. In general, then, a separating equilibrium requires
that the externality be correlated with the firm’s costs.
We next consider the case where a greater externality factor raises the industry’s costs and lowers
its profits independently of the intensity standard. The biofuel industry’s costs, for example, might
increase with the externality factor in the case where the main source of uncertainty is the amount
of fertilizer required for a given yield of biofuels. For the industry to credibly report the true
externality factor, it must be the case that the industry and the regulator prefer the same type of
rating. In other words, the industry’s preferences must change with βL in a way that matches how
the regulator’s preferences change. A higher externality factor always makes the regulator want
to obtain less low-externality product. The industry’s preferences must shift similarly. Consider
the case where a higher externality factor makes the regulator choose a higher rating (i.e., the
high-externality product is sufficiently elastic). If the industry generally prefers the higher rating’s
lower quantity independently of the actual externality factor, then the regulator cannot use a
communicated preference for a lower quantity to indicate greater costs from greater externality
production. Using Lemma 5, this means that a separating equilibrium is favored by a combination
of low ratings and dqLe /dαL > 0 or by a combination of high ratings and dqLe /dαL < 0. Otherwise
the industry has an incentive to lie to the regulator, and the regulator’s awareness of this incentive
would destroy any potential equilibrium with honest communication.
Analogous intuition covers the case where a greater externality factor decreases the industry’s
costs independently of the intensity standard. The biofuel industry’s costs might decrease with
the externality factor in the case where the main sources of uncertainty are the industry’s ability
to substitute emission-intensive capital for labor or its access to cheap coal-fired electricity. Reversing the correlation between the externality and costs switches the conditions for a separating
equilibrium. Using Lemma 5, a separating equilibrium is most favored with a combination of low
ratings and dqLe /dαL < 0 or with a combination of high ratings and dqLe /dαL > 0. Therefore
when the externality factor is negatively correlated with industry costs, a separating equilibrium is
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Table 1: Factors favoring a separating equilibrium in the cheap talk game for each combination of
inelastic or elastic high-externality product (H) and the externality being positively or negatively
correlated with industry costs.

Industry costs increase in βL
Industry costs decrease in βL

H inelastic

H elastic

λe increases quickly, D0 (αL ) low
λe increases slowly, D0 (αL ) high

λe increases slowly, D0 (αL ) high
λe increases quickly, D0 (αL ) low

more likely to be possible when: a) the high-externality product is inelastic, the shadow cost of the
standard increases only slowly in the rating, and the damage from the externality is high, or b) the
high-externality product is sufficiently elastic, the shadow cost of the standard increases quickly in
the rating, and the damage from the externality is low.
In summary, we have the general cheap talk result that a separating equilibrium requires that
the industry’s incentives and the regulator’s incentives align “enough” (Farrell and Rabin, 1996).
The regulator must be able to ascertain that a firm’s externality message is based on an actual shift
in costs and not just a general preference for a certain type of rating. A separating equilibrium
is unlikely if industry costs are independent of the externality factor. When costs are correlated
with the externality, whether conditions make a separating equilibrium possible depends on the
sensitivity of the high-externality product to the low-externality product’s rating, on the sensitivity
of the constraint’s shadow cost to the rating, and on the marginal damage from the externality
(Table 1). The sensitivity of the high-externality product determines how the regulator’s preferences
change with βL (via Proposition 4), and the latter two conditions determine how firm profits change
with the rating (Lemma 5) by determining whether the regulator selects a low or a high rating
(Proposition 4).

5

Rating selection when there are multiple types of low-externality
products

Until now we have considered an intensity standard with a single high-externality product and a
single low-externality product. However, many actual intensity standards offer multiple compliance
pathways. In particular, low-carbon fuel standards include multiple potentially low-carbon fuels
such as corn ethanol, sugarcane ethanol, various types of cellulosic ethanol, non-ethanol liquid
fuels, and even electricity. In this case, the optimal rating for a given compliance pathway (e.g.,
corn ethanol) considers its effects on the other compliance options. A natural question is whether
considering additional product categories raises or lowers the optimal rating. In this section we
identify the channels by which they affect the optimal rating and explain why the net effect is
18
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ambiguous.
In order to explain the intuition, we first generalize the regulator’s first-order condition from
equation (7) to include a new low-externality product labeled N . This product generates the
externality at rate E[βN ] < σ, and as with the high-externality product, we constrain its rating to
equal its actual rate of externality generation: αN = E[βN ].18 The regulator’s first-order condition
for αL becomes:




e + β qe ]
dq e
dq e
dq e
−d[βL qLe + βN qN
H H
λe (αL ) (σ − αL ) L + (σ − αN ) N − (αH − σ) H = E
D0 (αL ) .
dαL
dαL
dαL
dαL
(12)
As before, the optimal choice of αL equates the shadow cost of a marginally tougher constraint
to the benefits of a reduced externality. The new low-externality product contributes to both the
private cost and the externality benefit. The presence of the new product category also changes
how the original high- and low-externality products respond to a change in αL and changes the
shadow cost at each αL .
The additional product category affects marginal private cost through three channels seen in the
left-hand side of equation (12). First, at a given αL , including an additional compliance pathway
must lower the shadow cost λe of the constraint. Because firms need not use the additional product
category at all, they could revert to the original two-category problem if using it raised the shadow
cost. This reduction in λe favors increasing αL . Second, by extending equation (8) to include the
additional category, it is easy to show that dqLe /dαL is smaller (less positive or more negative)
than it was in the absence of the additional product. Raising αL now diverts more compliance
activity to the additional category, which also favors raising the optimal αL . Third, a marginal
increase in αL raises the subsidy to product N and has a smaller effect on product H than in the
two-category world. These two changes impose smaller private costs than would channeling all the
response through product H, which again favors increasing αL . The net effect of all three private
cost channels is to increase the optimal αL .
In contrast, the additional category’s effect on the marginal externality benefit is ambiguous.
By the right-hand side of equation (12), the change in the externality benefit depends on the
total change in expected externality production. With the additional category, a small increase
in the original low-externality product’s rating now further reduces its quantity (or increases it
less strongly) and so reduces the expected externality. However, the high-externality product now
also responds less strongly to a higher rating while the new product N might increase if H does
18

If the regulator were also free to choose the rating for category N , then the welfare-maximizing ratings would be
a curve in {αL , αN } space.
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Figure 3: Solid lines give marginal (externality) benefit and marginal (private) cost for each externality rating αL in a case with one low-externality product. Dashed lines show two possible
effects of including a second type of low-externality product. Marginal benefit shifts out if the new
product generates little externality and primarily displaces the original low-externality product,
and it shifts in if the new product generates significant externalities and substantially increases use
of the high-externality product.
not decrease sufficiently. The net effect depends on whether the greater externality benefits from
product L outweigh the other products’ altered marginal responses. This, in turn, depends on how
compliance is allocated between products N and H. If the new product N is cheap, then more
compliance will come from increasing its use rather than from decreasing use of the high-externality
product. In this case, the externality effect could decrease the optimal αL . However, if product N
generates the externality at a much lower rate than does the original product L, then raising αL is
more likely to decrease the total externality and the net effect may increase the optimal αL .
In sum, if the additional product category substantially reduces the private cost of meeting the
standard, probably generates relatively little externality, and primarily affects compliance by displacing the original low-externality product rather than by enabling the high-externality product,
then the new product category raises the optimal rating for the original low-externality product.
However, if the additional product has relatively high emissions and enables much more use of the
high-externality product at minimal private cost savings, then the original product’s optimal rating
falls in order to reduce use of the new low-externality product. Figure 3 illustrates these possible
outcomes. The assigned rating now determines how hard the two low-externality compliance pathways compete with each other. If we consider cellulosic ethanol to be the new product category
in a low-carbon fuel standard with gasoline and conventional ethanol, then we might expect this
new category to have comparatively low emissions and to displace conventional ethanol more than
gasoline. Including this additional compliance pathway would then tend to raise the optimal rating
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for conventional ethanol.

6

Simulating the California Low-Carbon Fuel Standard

We have seen that the low-externality product’s optimal rating moves in the opposite direction as
its estimated emission factor when the high-externality product is relatively unresponsive. We have
also seen that including additional compliance pathways might raise or lower the optimal rating.
By numerically simulating the California Low-Carbon Fuel Standard, we now learn how the optimal
rating for conventional ethanol in fact might respond to its estimated emission factor and to the
presence of advanced biofuels. We will see that the unresponsiveness of gasoline makes the optimal
rating for conventional ethanol fall in response to new information that increases ethanol’s estimated
emissions. Further, competition with advanced biofuels raises the optimal rating for conventional
ethanol if these advanced biofuels are much cleaner.
Governor Schwarzenegger’s Executive Order S-01-07 established the LCFS in 2007 to reduce
average fuel carbon intensity by at least 10% by 2020. The California Air Resources Board (CARB)
then faced the task of figuring out the many details of rating fuels, trading credits, monitoring
compliance, and accounting for policy overlap. Carbon intensity requirements began in 2011 at a
level very close to gasoline’s rating of 97.51 g CO2 MJ−1 (CARBOB), and the standard will fall
over time until reaching 87.65 g CO2 e MJ−1 in 2020.19 Initially, one could have expected that,
barring a shift to electrified vehicles, most compliance would come from corn ethanol and possibly
cellulosic ethanol. We approximate this state of affairs as a two-category model with corn ethanol
and gasoline in the case that advanced biofuels would not be available at scale, and as a threecategory model in the case that advanced biofuels would be available. Corn ethanol’s emission
factor was initially estimated to be around 58–75 g CO2 e MJ−1 (Farrell et al., 2007), which meant
the LCFS would subsidize this growing industry.
Since 2007, two policy events have changed the expected compliance pathway. First, as noted
above, concerns arose about indirect emissions from land conversion induced through price effects in
agricultural markets. Attributing these emissions to corn ethanol significantly increased 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 that of gasoline and also above the standard, implying
that corn ethanol would actually be taxed by California’s implementation of an LCFS. Average
Midwestern corn ethanol was out as a compliance option.
19

In all cases, we use the standard and ratings resulting from the amendments proposed by CARB in October of
2011. We focus only on the gasoline market, ignoring diesel and its substitutes.
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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 has 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 .20 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-category model with gasoline, sugarcane ethanol, and possibly cellulosic ethanol.
We parameterize the model so as to assess the results’ robustness to plausible ranges of inputs
(Table 2). We assume constant elasticity supply and demand functions, and we assume that energy
from one fuel is a perfect substitute for energy from another.21 Two features of the parameterization
are worth emphasizing. First, our plots do not vary the elasticity of gasoline supply or of cellulosic
ethanol supply because these did not substantially affect the results, with one exception described
below. Second, our two values for the social cost of carbon are high relative to those adopted by
the U.S. government (Greenstone et al., 2011).22 This is a practical choice as lower values tend to
drive the optimal rating to negative values, reflecting that the LCFS may be difficult to justify on
the basis of its near-term reductions in greenhouse gas emissions (Holland et al., 2009).
We solve the model for each parameter combination and for a set of emission factors for conventional (corn or cane) ethanol. Each model run has three steps. First, it finds the equilibrium producer prices, consumer price, and shadow value at a set of ratings by solving the system of equations
formed from the profit-maximizing conditions corresponding to equation (3), the market-clearing
condition, and the binding LCFS constraint.23 Second, it approximates the implied market-clearing
quantity functions and shadow cost function over the entire space of feasible ratings by using projection methods with Chebyshev basis functions. Third, it searches for the ratings that satisfy the
first-order condition in equation (7) for each expected emission factor.24 The value of the first-order
condition in the neighborhood of each solution separates local maxima from local minima. In cases
with multiple local maxima, the one nearest the expected emission factor is taken as the optimal
rating.
20

Some forms of corn ethanol can achieve a similar rating even with indirect emissions included.
The assumption of perfect substitutability holds when ethanol is at a sufficiently small volume (below the regulatory “blend wall” of 10%) 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.
22
Damages are linear in greenhouse gas emissions. By Proposition 4, the optimal rating therefore depends only on
the expected values of the emission factors.
23
All equations are adjusted for state and federal gasoline taxes, which are assumed to also apply to biofuels on an
equivalent-gallon basis.
24
In the three-category case, the first-order condition is given by equation (12).
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Table 2: Parameterization of the California Low-Carbon Fuel Standard simulation.
Variable

Value

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

{50, 100} $ (t CO2 e)−1

Social cost of carbon
Elasticity
Elasticity
Elasticity
Elasticity

of
of
of
of

87.65 g CO2 e MJ−1
97.51 g CO2 e MJ−1
{0, 50} g CO2 e MJ−1

demandc
gasoline supplyd
conventional ethanol supplye
cellulosic ethanol supplyd

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

{−0.1, −1}
3
{2.5, 5}
2.5
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

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
Information 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).
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(a) Social cost of carbon: 50 $ (t CO2 e)−1

(b) Social cost of carbon: 100 $ (t CO2 e)−1

Figure 4: The optimal rating for conventional (corn or cane) ethanol as a function of its expected
emission factor when advanced biofuels are not available.

6.1

Results with conventional ethanol and without cellulosic ethanol

We now describe results with two categories of fuel: gasoline and conventional ethanol, which could
be corn-based or sugarcane-based depending on the regulatory setting. Figure 4 plots the optimal
rating against the expected emission factor for several combinations of elasticities and marginal
damage.
Five points emerge. First, the optimal rating almost never equals the expected 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 expected emission factor in all eight of the
cases. Introducing estimates of indirect emissions would therefore decrease the optimal rating. In
fact, the optimal rating becomes negative for the highest emission factors. The way to use less
ethanol in these simulations is to make each unit of ethanol count more towards compliance by
giving it a more favorable rating.
Third, increasing the elasticity of ethanol supply increases the optimal rating (compare the
dashed and solid lines). This is because making ethanol more responsive to its price also makes it
more responsive to the 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 squares and
triangles). With more elastic demand, some compliance shifts to reduced fuel use rather than
increased ethanol production. The emission benefit of the standard increases, and the regulator
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therefore makes it more stringent by raising the rating on conventional ethanol.
Finally, the optimal rating increases in the social cost of carbon (marginal damage from carbon
emissions) as indicated in Proposition 4, but it is often negative even for the relatively high costs
of carbon used in these simulations. If the social cost of carbon were set to levels more typically
suggested by integrated assessment models, the optimal rating would be negative for all positive
emission factors. If we reinterpret the problem as one of fixing the rating at the expected emission
factor and setting the intensity standard to its welfare-maximizing level, these results suggest that
the current LCFS is a costly policy. Its optimal level would be close to the emission factor for
gasoline.
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 our analytic model suggested, the reason why the
optimal rating decreases in the actual emission factor is that ethanol consumption increases as its
rating becomes tougher. In fact, until the rating reaches high levels, fuel markets meet the intensity
standard by only weakly lowering 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.25 With less elastic demand or more elastic ethanol supply,
the compliance pathway shifts even more strongly to increasing ethanol consumption rather than
decreasing gasoline consumption.

6.2

Results with viable cellulosic ethanol

We now add cellulosic ethanol as a possible compliance pathway. 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.26 We calibrate cellulosic ethanol’s supply
function by charitably assuming its production volume is 20% of the conventional ethanol volume
at 2010 prices. 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.
Figure 6 shows that while the optimal rating for conventional ethanol still decreases in its
estimated emission factor, it now generally does so more slowly than in the two-category case.
In fact, with the social cost of carbon at 100 $ (t CO2 e)−1 , the rating is almost constant over
25

With these high ratings, ethanol use far surpasses blend wall constraints. This case therefore requires a high
portion of the fleet to be flex-fuel vehicles capable of using fuel with 85% ethanol.
26
See Cheng and Timilsina (2011) for an overview of cellulosic ethanol technologies.
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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 more elastic demand and less elastic ethanol supply. Cellulosic ethanol’s rating
and actual emission factor are 0 g CO2 e MJ−1 . Emission calculations assume that conventional
ethanol’s actual emission factor is 75 g CO2 e MJ−1 .
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much of the domain. Competition with low-emission cellulosic ethanol inflates the optimal rating
for conventional ethanol: when cellulosic ethanol has very low emissions (top row), the regulator
wants to obtain more of it and so rates conventional ethanol unfavorably. However, the equilibrium
quantity of conventional ethanol still increases in its rating, which makes the regulator decrease
the rating for greater estimates of emissions (as we saw in the two-category model). The net effect
is a decreasing optimal rating, but one that decreases more slowly than in the absence of cellulosic
ethanol.
Increasing estimated emissions from cellulosic ethanol (switching from the top row to the bottom
row of Figure 6) moves the optimal rating for conventional ethanol back towards its level in the
two-category world. Conventional ethanol already has an advantage due to its greater supply, and
the regulator no longer wants to raise the rating to promote alternative biofuels. This case with
a high-emitting additional category also describes a world in which corn ethanol and sugarcane
ethanol are the two primary compliance pathways. That competition should raise the rating for
higher-emission corn ethanol or decrease the rating for lower-emission cane ethanol.
Figures 5c and 5d plot equilibrium quantities, prices, and emissions in the case with available cellulosic ethanol. Here the market-clearing quantity of conventional ethanol increases over low ratings
but eventually begins to decrease. This decrease happens when a high rating makes conventional
ethanol much less competitive with respect to cellulosic ethanol. Compliance shifts to increasing
the quantity of cellulosic ethanol, even enabling gasoline use to increase slightly. Emissions and the
fuel price are more stable than in the case without available cellulosic ethanol. Importantly, when
conventional ethanol receives a high rating, cellulosic ethanol increases both the market-clearing
quantity of gasoline and total emissions relative to a case in which it is unavailable.
The plotted cases were part of a set chosen before obtaining results. They are not anomalous
in showing conventional ethanol’s optimal rating decreasing in its actual emission factor. However,
one set of conditions did produce an increasing optimal rating. These cases combine an even
higher elasticity of supply for low-emission cellulosic ethanol with relatively elastic demand. This
combination tilts compliance towards both reducing gasoline consumption and increasing cellulosic
ethanol production. Notice that if the optimal rating for conventional ethanol were above 60 g
CO2 e MJ−1 in Figure 5c, then we might see it increase in its actual emission factor over some
range. The optimal rating is in fact below 60 g CO2 e MJ−1 (Figure 6), but increasing the elasticity
of cellulosic ethanol’s supply can shift the hump in the market-clearing quantity of conventional
ethanol into the range of its optimal rating. In such a case, increasing the estimated emissions
from conventional ethanol can raise its optimal rating in order to favor both cellulosic ethanol and
further reductions in gasoline consumption.
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(a) Scc: 50 $ (t CO2 e)−1 , Cellulosic: 0 g CO2 e MJ−1 (b) Scc: 100 $ (t CO2 e)−1 , Cellulosic: 0 g CO2 e MJ−1

(c) Scc: 50 $ (t CO2 e)−1 , Cellulosic: 50 g CO2 e MJ−1 (d) Scc: 100 $ (t CO2 e)−1 , Cellulosic: 50 g CO2 e MJ−1

Figure 6: The optimal rating for conventional (corn or cane) ethanol as a function of its expected
emission factor when advanced biofuels are available. Plots vary the social cost of carbon (scc) and
the emission intensity of cellulosic ethanol.
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Discussion

We have seen that the optimal rating for a low-externality product can decrease in its expected externality factor. This occurs when the high-externality product is sufficiently unresponsive that the
low-externality product’s quantity increases in its own rating (i.e., as its rating becomes “tougher”).
In simulations of the California Low-Carbon Fuel Standard, higher estimates for conventional (corn
or cane) ethanol’s actual emission factor do in fact lower its rating because, in the absence of blend
wall constraints, LCFS compliance operates mainly through increased biofuel use. Even when
conventional ethanol competes with more advanced (cellulosic) biofuels, conventional ethanol’s optimal rating still moves opposite to its emission factor unless cellulosic ethanol has a high supply
elasticity. We now turn to two important features of the LCFS missing from the discussion so far:
technological change and interactions with broader fuel markets and federal biofuel mandates. We
then consider the implications for the clean energy standard proposals that have recently attracted
attention in electricity market regulation.

7.1

Technology forcing

A first important aspect of the LCFS thus far omitted from our analysis is its role in spurring
technological change. In fact, one of the main arguments for California’s policy was that the state
needed to spur low-carbon fuels in order to achieve its long-term carbon goals (Farrell et al., 2007).
Because plausible carbon taxes would translate into very small changes in the gasoline price, complementary policies might be required to force desired change in transportation technologies. While
a complete analysis would require a dynamic setting that traced out the channels of technological
change, our static analysis does provide insight into how technology forcing objectives should affect
the optimal rating for conventional ethanol.
First, consider technology goals that are advanced by production of conventional ethanol. Introducing such objectives is like lowering conventional ethanol’s actual emission factor: conventional
ethanol produces greater marginal social benefits and its optimal quantity increases. Our analysis
thus indicates that the effect of technological change objectives will depend on the fuel market,
and our numerical results suggest that these objectives should in practice increase (“toughen”) the
rating assigned to conventional ethanol.
Next, consider technology goals that are achieved through production of advanced biofuels. This
case is like lowering the emission factor on advanced biofuels. Our analysis and numerical results
both suggest that lowering the externality factor for the additional low-externality product category
should increase the rating for the original category in order to favor the new category. Either type
of channel for technological change therefore increases the optimal rating for conventional ethanol.
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Rebound effects and the Renewable Fuel Standard

A second important aspect of the LCFS is its interaction with broader markets and policies. In
particular, California is integrated into the U.S. fuel market and the world oil market. This has
two implications. First, reductions in gasoline use in California will at least be partially offset
by increased gasoline use elsewhere (the “rebound effect”). We could model this by reducing the
emission gain from avoiding gasoline. This should, by our comparative static results, decrease
the optimal rating for conventional ethanol by decreasing the marginal social benefit of a tougher
rating. Further, recent reductions in U.S. ethanol tariffs have stimulated an international ethanol
market. Increasing use of cane ethanol in California might now be partially offset by Brazilian
fuel consumption shifting away from domestic cane ethanol and towards gasoline and imported
ethanol. This is a second type of rebound effect. We could model it by raising the emission factor
for conventional ethanol, which decreases its optimal rating in our simulations.
Second, the U.S. fuel market must meet the federal Renewable Fuel Standard (RFS), which
mandates minimum quantities of biofuels.27 Biofuels used in the LCFS also count towards the
RFS. If the biofuels called forth by the LCFS are more than sufficient to meet the national RFS,
then the rating’s marginal effects are unchanged from our main analysis. However, our simulations
only come close to the mandated 15 billion gallons of conventional ethanol in cases with inelastic
demand, elastic ethanol supply, and a very high emission rating. It therefore appears as if the
California LCFS induces too little domestic biofuel consumption to meet the RFS. The federal
RFS still binds. In this case, biofuels carry no emission penalty because they would (to a first
order) have been produced anyway. This policy interaction decreases conventional ethanol’s net
emissions, which increases its optimal rating in our simulations. Both the RFS and the LCFS
subsidize biofuels, but the LCFS couples California’s biofuels to an implicit tax on gasoline.28 A
more stringent LCFS carries social benefits by enhancing some RFS biofuels’ ability to reduce
gasoline consumption.

7.3

Clean energy standards

The analytic results should inform any ratings-based intensity standard, including the ones commonly found in the electricity sector. Around 30 U.S. states have adopted renewable portfolio
27

The current RFS (known as RFS-2) requires 15.2 billion gallons of “renewable fuel” be used in 2012, with
breakouts for advanced biofuel, biomass-based diesel, and cellulosic biofuel. Renewable fuel must reduce greenhouse
gas emissions by at least 20%, unless it is made by a grandfathered facility. Other fuel categories are defined similarly,
making the RFS another ratings-based standard. Some of these grandfathered facilities might upgrade their processes
to lower their emission rating for the LCFS market. This would be an additional benefit of the LCFS.
28
Holland et al. (2011) argue that the way the Environmental Protection Agency implements the RFS does in
fact impose an implicit tax on gasoline. Lapan and Moschini (2012) show that biofuel quantity mandates can be
equivalent to a revenue-neutral biofuel subsidy and fuel tax.
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standards (RPS). These intensity standards mandate that a minimum fraction of electricity generation come from sources designated as renewable. In our formalization, a basic RPS sets a
maximum fraction of non-renewable electricity (σ) with binary ratings αL = 0 (renewables) and
αH = 1 (non-renewables). Federal attempts to implement a national RPS have recently come to
focus on a variant called clean energy standards (CES). President Obama promoted this idea in his
2011 State of the Union address, and the U.S. Congress has discussed related legislation. A CES
converts an RPS into a carbon intensity standard by, first, lumping nuclear with renewables and,
second, creating additional bins for nonrenewable sources such as natural gas and coal technologies that either capture carbon dioxide or cofire with biomass (e.g., Michel, 2011). Proposals use
generators’ emission intensities to calibrate the fraction of tradable credits generated by these new
bins. This system would leave conventional coal-fired plants to anchor the scale as high-emitting
sources with αH = 1.
How should CES regulations rate intermediate fuels such as natural gas and “clean coal” whose
life-cycle emissions may differ substantially from their combustion emissions? Estimated emissions
from shale gas depend on assumptions about methane leakage and on the timescales used for
converting between greenhouse gases (Burnham et al., 2011), while emissions from coal plants
with carbon capture and storage depend on the unknown rate of leakage from long-term storage
reservoirs (Damen et al., 2006). As in the transportation case, life-cycle carbon intensities are not
wholly determined by fuel chemistry but instead also depend on unobservable features.
Electricity markets differ from transportation fuel markets in two ways important for our analyses: demand is insulated from price signals, and short-run supply is fairly inelastic. Changes in the
cost of production only indirectly filter into the prices that most electricity consumers see, while
most generation comes from long-lived plants with marginal costs well below the price of electricity. A CES is therefore unlikely to be met through strong reductions in electricity consumption
or reductions in output from existing conventional plants. Most compliance with a national CES
should come from using cleaner sources to meet expected growth in demand and to retire older,
dirty generators.
Natural gas is currently cheap, in large part because of the shale gas boom and a shortage of
export terminals. Moving from a binary RPS, which counts natural gas as non-renewable (αnatgas =
1), to a CES (αnatgas < 1) should substitute natural gas for some renewable generation in order
to meet new demand and should also substitute natural gas for some older coal plants.29 Which
type of source is displaced at the margin determines whether the rating should be set closer to that
of renewables or closer to that of conventional coal. It seems likely that the quantities of natural
29

Indeed, simulations by Paul et al. (2011) indicate that cheap natural gas could crowd out some wind, nuclear,
and coal. In other scenarios, a CES is met by expanding nuclear, or by coal with carbon capture and storage when
nuclear is constrained, or by wind when carbon capture and storage is also constrained.
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gas and “clean coal” both decrease in their ratings due to the greater potential for substitution
in electricity markets than in liquid fuel markets. In this case, increased concern about fugitive
methane emissions from shale gas extraction or leakage from CO2 storage reservoirs would raise
those plants’ optimal ratings towards that of a conventional coal plant.

7.4

Conclusions

Ratings-based intensity standards are of special interest for two reasons: they contain a decision
problem in the rating assignment, and they are typically considered second-best means of regulating externalities. This combination of regulatory discretion and a second-best setting means that
optimal ratings generally do not equal even certainly known rates of externality generation. Moreover, when high-externality products are relatively inelastic, the optimal ratings for low-externality
products decrease as their estimated rates of externality generation increase. Regulators implementing intensity standards should consider product market responses when translating scientific
information into product ratings. Future analysis should consider the regulation of hidden variables in other common policy settings, the implications of market power and other distortions,
optimal schemes for regulating hidden attributes, and incentives for “truthful” rating on the part
of regulators.
Simulations of the California Low-Carbon Fuel Standard suggest that the welfare-maximizing
emission rating for conventional ethanol does move opposite to its estimated emission intensity,
though binding blend wall constraints and a lack of flex-fuel vehicles could combine to alter this
finding. Further, the welfare-maximizing rating is negative for conventional estimates of the social
cost of carbon. This result suggests that the implemented LCFS is overly stringent unless nonmodeled factors are crucial. A desire to force technological change and interactions with the
national Renewable Fuel Standard would both raise the optimal rating from its simulated level,
but rebound effects in broader fuel markets would further lower it. Future simulations should
model these technology objectives and broader interactions, use geographically-refined estimates
of the potential supply of the many compliance pathways recognized by the California LCFS, and
explicitly account for constraints imposed by the blend wall and the vehicle fleet.

8
8.1

Appendix: Additional propositions and proofs
Conditions for interior solutions

∗.
The following conditions govern interior solutions for αL
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Proposition 7 Assume λe is continuous and monotonic in αL . Also assume that the high-externality
product’s own-rating elasticity H is constant over a relevant range. When dqLe /dαL > 0, we have
∗ ) < − E[β D 0 (α )]/(E[β ] − σ) ≡ λ̃. When
exactly one interior solution, and it has λe (αL
H
H
L
H

dqLe /dαL < 0, we do not have an interior solution if ∃ x ≤ λ̃ such that λe (αL ) → x as αL → σ,
and we have either zero or two interior solutions otherwise. If we have two interior solutions, the
e /dα2 < 0.
one with lower αL is a local maximum if d2 qH
L

Proof First consider the equilibrium shadow cost λe as a function of the rating αL . We have
limαL →−∞ λe (αL ) = 0, λe (αL ) > 0 for αL = σ, and, by assumption, dλe (αL )/dαL ≥ 0.
Assume dqLe /dαL > 0. We have α̂L (λ) < σ ∀λ < λ̃ ≡ −H E[βH D0 (αL )]/(E[βH ] − σ) and
limλ→λ̃− α̂L (λ) = −∞. By the Intermediate Value Theorem, λe

−1

and α̂L must intersect for some

λ ∈ (0, λ̃). Monotonicity of each over the interval implies that there is only one such intersection.
Now assume that dqLe /dαL < 0. Then α̂L < σ if and only if λ > λ̃. If the maximal value of λe
(reached at αL = σ) is ≤ λ̃, then we have no intersection and no interior solution. Assume that
λe (σ) > λ̃ so that we have at least one interior solution. Note that α̂L increases in λ for λ > λ̃ and
that α̂L asymptotically approaches σ as λ → ∞. If λe (αL ) crosses α̂L (λ) for some λ > λ̃, then it
must cross it a second time before it reaches its maximal value λe (σ).
By substituting equations (4) and (5) into the regulator’s second-order condition, we obtain the
following second-order condition for an interior maximum:

 e
d qH d qLe
00
00
2 UHL − E[βH D (αL )] − E[βL D (αL )]
d αL d αL

 e 2
d qH
00
e
2
+ UHH − CH
(qH
) − E[βH
D00 (αL )]
d αL

 e 2
d qL
+ ULL − CL00 (qLe ) − E[βL2 D00 (αL )]
d αL
 2 e

d qH
+ λe (αL )[αH − σ] − E[βH D0 (αL )]
d α2

 2L e
d qL
+ − λe (αL )[σ − αL ] − E[βL D0 (αL )]
2 ,
d αL

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

where subscripts on U indicate partial derivatives with respect to the high-externality (H) or lowexternality (L) products. We have an interior maximum if and only if this expression is negative
at an intersection of α̂L and λe . We are interested in the ambiguous case where dqLe /dαL < 0,
meaning that the high-externality product decreases sufficiently strongly in the low-externality
product’s rating.30
30

e
e
For dqL
/dαL > 0, we have the second derivative of qL
with respect to its rating αL being positive if the second

33

Lemoine

June 29, 2012

Assume UHL < 0 on the basis that the two products are substitutes. Line 1 is thereby negative.
Concavity of utility, convexity of production cost, and convexity of damages together ensure that
lines 2 and 3 are also negative. Using equation (8), we see that the second derivative of qLe with
e with respect to α is negative
respect to its rating αL is negative if the second derivative of qH
L

and is ambiguous otherwise. If both are negative, then line 4 is ambiguous while line 5 is positive.
The question is which intersection is the local maximum. If λe increases monotonically in αL and
does so more quickly than does marginal damage, then line 4 tends to be positive when αL is
2 . These conditions
large. Further, as αL goes to σ, line 5 goes to positive infinity via d2 qLe /dαL
e is positive
favor the lower intersection being the local maximum. If the second derivative of qH

while the second derivative of qLe is negative, then line 4 is still ambiguous and line 5 is positive.
However, now line 4 tends to be negative when αL is large, favoring the upper intersection being
the maximum. Finally, if the second derivative of qLe is also positive, then line 5 becomes negative,
still favoring the upper intersection as the maximum.
In order to assess which intersection is a local maximum in the case with dqLe /dαL < 0, we
e /dα2 . It makes intuitive sense that the high-externality product
must first assess the sign of d2 qH
L

will decrease more sharply in the rating αL as that rating increases to the point σ where the
high-externality product is driven out of the market. Indeed, this is what we see in our numerical
simulations of the California Low-Carbon Fuel Standard. We therefore expect the second-order
condition to be negative at the intersection with smaller αL , which indicates a local maximum.

8.2

Proof of Proposition 4

Proof From the definition of α̂L (λ), we have dα̂L /dλ > 0 if and only if dqLe /dαL < 0, α̂L concave
over the regions with α̂L < σ and convex otherwise, and α̂(0) < σ if and only if dqLe /dαL > 0.
Because λe

−1

cuts α̂L from below when dqLe /dαL > 0, an increase in α̂L raises the intersection that

∗ and so tends to raise α∗ . Raising λe works in the opposite direction. When dq e /dα < 0,
defines αL
L
L
L

we have λe

−1

cutting α̂L from above at the lower intersection. An increase in α̂L then lowers the

∗ , which tends to lower α∗ . Raising λe works in the same direction. The
intersection that defines αL
L

following are true for the domain of α̂L consistent with interior solutions:
(i) Raising E[βL ] decreases α̂L . It does not affect λe .
(ii) Raising E[βH ] while keeping αH = E[βH ] raises α̂L if and only if dqLe /dαL < 0. This tends to
e
e
derivative of qH
with respect to αL is positive and being ambiguous otherwise. We only have dqL
/dαL > 0 when
e
dqH /dαL is relatively close to 0, which makes line 4 small. We would expect to have line 5 negative and the whole
expression negative.
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∗ . Because we assume α = E[β ], raising E[β ] also increases λe (α ) by making
decrease αL
H
H
H
L

the intensity constraint more stringent. The effects on α̂L and λe work in the same direction.
(iii) Raising D0 (·) increases α̂L if and only if dqLe /dαL > 0. It does not affect λe .
(iv) If marginal damage is equal to some constant d, then we have E[βi D0 (αL )] = E[βi ] d and
mean-preserving spreads in βi have no effect. They also do not affect λe because αH (via
E[βH ]) does not change.
(v) Mean-preserving spreads in βi do not affect λe . Their effect on α̂L therefore completely
∗ . Recall E[β D 0 (α )] ≡ E[β D 0 (β q (α ) + β q (α ))]. Exdetermines their effect on αL
i
i
L
H H
L
L L L

press damages as a function of the unknown externality factor βi for which we will consider
a mean-preserving spread (in the sense of second-order stochastic dominance). We have
E[βi D0 (βi )] = Cov(βi , D0 (βi )) + E[βi ] E[D0 (βi )] ≈ V ar(βi ) D00 (E[βi ]) + E[βi ] E[D0 (βi )]. A
mean-preserving spread in βi increases V ar(βi ) by definition. By Jensen’s Inequality, it also
increases E[D0 (βi )] if and only if marginal damage is convex. Now consider the effect on
E[βj D0 (βi )] for j 6= i. A mean-preserving spread in βi does not affect Cov(βj , D0 (βi )) because βi and βj are independently distributed, but it does increase E[D0 (βj )] if and only if
marginal damage is convex.
We therefore have three channels by which a mean-preserving spread in βi affects the optimal
rating. The first channel—raising V ar(βi )—strictly raises E[βi D0 (βi )] whenever marginal
damage is not constant (recalling that we assume damages are weakly convex). If the index i
represents H, then the effect is to raise the optimal rating (as if we raised E[βH ] while keeping
αH constant). If the index i represents L, then the effect is to raise the optimal rating if and
only if dqLe /αL < 0 (from part (i) above). The other two channels raise E[βi D0 (βi )] and
E[βj D0 (βi )] if and only if marginal damage is convex. The combined effect of these last two
channels is to raise the optimal rating if and only if marginal damage is convex (from part
(iii) above).
For mean-preserving spreads in βH , the net effect unambiguously raises the optimal rating
∗ if marginal damage is weakly convex. For mean-preserving spreads in β , the net effect
αL
L

unambiguously raises the optimal rating if dqLe /dαL < 0 with marginal damage weakly convex
and unambiguously reduces the optimal rating if dqLe /dαL > 0 with marginal damage weakly
concave.
(vi) Making the high-externality product more elastic with respect to its rating (i.e., raising −H )
raises α̂L if and only if λ < E[βH D0 (αL )]/(E[βH ] − σ). This condition holds at an interior
solution if and only if dqLe /dαL > 0. Similar logic shows that raising −H must lower α̂L at
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an interior solution with dqLe /dαL < 0. The effects on α̂L and λe work in the same direction
provided that raising −H weakly lowers λe . Otherwise the net effect is ambiguous.

8.3

Proof of Lemma 5

Proof Maximized industry profit is




π(qL ) = max pL qL − CL (qL ) = max
qL

qL



e ,q )
∂U (qH
L
e
+ [σ − αL ]λ (αL ) qL − CL (qL ) ,
∂qL

where the second equality substitutes in the conditions defining the equilibrium qLe . By the envelope
theorem, we have
∂π
= −qL∗ λe (αL ) + qL∗ [σ − αL ] λe 0 (αL ) .
∂αL
For low αL , profit increases in the rating (∂π/∂αL > 0), and for high αL , profit decreases in the
rating (∂π/∂αL < 0). Maximum profit occurs for αL = σ − λe (αL )/λe 0 (αL ). If λe is increasing and
concave in αL , then ∂π/∂αL decreases monotonically in αL and so equals zero at no more than one
αL . The profit-maximizing αL is at the zero if it exists and at σ otherwise.

8.4

Proof of Proposition 6

Proof Let the true externality factor be either β̄L or β L , with β̄L > β L . The regulator does
not know which is the true value, but the low-externality industry does see the true value. The
low-externality industry chooses whether to send message m̄ or message m to the regulator. We
look for a separating equilibrium in which the industry sends message m̄ if and only if βL = β̄L
and the regulator believes βL = β̄L if and only if it receives message m̄. Designate the regulator’s
optimal αL for each possible value of βL to be ᾱL and αL and assume that each is less than σ. From
Proposition 4, ᾱL > αL if and only if dqLe /dαL < 0 (i.e., if and only if H < −1). A separating
equilibrium exists when the industry prefers ᾱL upon seeing β̄L and prefers αL upon seeing β L . In
other words, it must be the case that π(ᾱL , β̄L ) ≥ π(αL , β̄L ) and π(αL , β L ) ≥ π(ᾱL , β L ), where π
gives industry profit as a function of the chosen rating αL and the actual externality factor βL .
(i) π(·, β̄L ) = π(·, β L ): We have a separating equilibrium if and only if π(ᾱ, ·) = π(α, ·) for the
two relevant values of βL .
(ii) π(·, β̄L ) < π(·, β L ): If the condition for a separating equilibrium is met, we have π(αL , β L ) ≥
π(ᾱL , β L ) > π(ᾱL , β̄L ) ≥ π(αL , β̄L ), where the first and third inequalities follow from the
condition for a separating equilibrium and the second follows from the assumption behind

36

Lemoine

June 29, 2012

this case. A necessary condition is therefore π(αL , β L ) > π(ᾱL , β̄L ). The necessary condition
holds only if π does not decrease too strongly from αL to ᾱL .
(iii) π(·, β̄L ) > π(·, β L ): If the condition for a separating equilibrium is met, we have π(ᾱL , β̄L ) ≥
π(αL , β̄L ) > π(αL , β L ) ≥ π(ᾱL , β L ), where the first and third inequalities follow from the
condition for a separating equilibrium and the second follows from the assumption behind
this case. A necessary condition is therefore π(ᾱL , β̄L ) > π(αL , β L ). The necessary condition
holds only if π does not decrease too strongly from ᾱL to αL .
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