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Abstract

This paper ranks two widely used command-and-control environmental instruments,
in terms of relevant equilibrium variables such as output, profits, consumer surplus
and social welfare. Specifically, we consider n symmetric and polluting firms that
compete in quantity, have access to an exogenous cleaning technology (that cannot
be modified by the firms) and are subject to environmental regulation by means of
either emission or performance standards. We consider a one-stage game, where the
instruments are exogenously fixed in such a way that pollution coincides for both
regimes. In this game, the performance standard dominates in terms of output and
consumer surplus, but the firms prefer the emission standard. In terms of social wel-
fare, the performance standard may dominate the emission standard when the num-
ber of firms is limited, which contrasts with the case of perfect competition, where
the emission standard is welfare-superior. These results on social welfare prevail
when we introduce a previous stage where the environmental authority optimally
chooses the instrument by maximizing social welfare, that is, when we endogenize
the policies.
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1 Introduction

Environmental issues have become a serious and growing problem; since the 1950s,
a wide literature has emerged to develop and analyze possible regimes to face pol-
lution and improve the quality of the environment (Pearce 2002). Requate (2005,
2006) presents thorough surveys of many theoretical studies on several policies
imposed to polluting firms, with the objective of reducing damaging emissions dis-
charged to the atmosphere as a result of the production process. Such works analyze
many market structures, including the Cournot oligopoly, which is the one that con-
cerns this work.! In his surveys, Requate (2005, 2006) emphasizes the relevance of
studying the implications on social welfare of the different policies used to reduce
pollution; however, few works have been written on the subject.

As a contribution to fill this gap in the literature, we compare the performance of
two command-and-control regulatory instruments in terms of social welfare, when
the abatement technology is exogenously given and under imperfect competition;
such regimes are the emission and the performance standard. The first one provides
the firms with an absolute emission cap that should not be exceeded; in contrast, the
performance standard is a relative instrument, it sets the fraction of emissions that
should be abated.

The study of the emission and the performance standard is particularly relevant
because compared to other market-based instruments, like taxes or tradable permits,
standards are observed to be the dominant policy in practice (Harrington et al. 2004;
Hueth and Melkonyan 2009; Viscusi et al. 2005); the performance standard is the
most common, but also one of the least studied (Requate 2005).

Besides analyzing which standard provides a higher social welfare, we compare
other variables of interest, such as output, consumer surplus and profits. Specifically,
we consider n symmetric and polluting firms that compete a la Cournot and are sub-
ject to environmental regulation. To comply with the regulation, the firms possess
an exogenous abatement technology, which corresponds to an end-of-pipe clean-
ing technology. We abstract from any production cost to focus on the regulations
and abatement technology effects. Then we analyze the performance of the industry
under both standards, to see which one generates more production, consumer sur-
plus, profits and social welfare. We study two different cases: when the regimes are
exogenous and they incentivize the same amount of pollution, and when they are
endogenously set to maximize social welfare.

For the one-stage game, we show that the firms produce more with the perfor-
mance standard but it is more profitable for them to face the emission one. It stands
out that in the presence of market power, it is possible that the performance standard
provides a higher social welfare than the emission standard, we provide a sufficient

! Barnett (1980) started with the rigorous research on environmental regulation and imperfect compe-
tition, by estimating second-best taxes in monopolies. Later on, Levin (1985) introduced the study of
Cournot oligopolies and taxes, followed by Ebert (1992) and Simpson (1995), that calculate optimal
taxes in this industry. A wide literature focuses on the study of taxes and market power, but there are also
works such as Montero (2002a, b) that analyze other regulatory instruments like standards and permits.
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condition for that to happen. With perfect competition, it is always the emission
standard that dominates.

The difference in the equilibrium outcomes between regulatory instruments is
due to the difference in the marginal abatement costs tacitly imposed by the regimes.
By definition of the performance standard, when the firms increase their production,
they have to abate only a fraction of it; on the other hand, if the emission standard is
the regulation, the firms have to abate one unit of emission for every additional unit
of production (we assume that one unit of production generates one unit of emis-
sion). Hence, the performance standard represents a lower marginal abatement cost
for the firms, even though the cleaning technology is the same under both regula-
tions. As a consequence, the firms produce more with this instrument, which ben-
efits the consumers and may improve social welfare.

In a similar study, Lahiri and Ono (2007) show that the performance standard is
welfare-superior than a tax (they only consider the one-stage game), but they do not
incorporate the emission standard in their study. Amir et al. (2018) study a simi-
lar setting to ours, but they add a stage where prior to competing in quantity, the
firms invest in R&D to lower their abatement cost. This additional stage complicates
the analysis of a general industry and, therefore, the authors restrict their study to a
particular industry with linear demand and abatement cost. When the regimes are
exogenous, the comparison of social welfare can go either way. If the instruments
maximize social welfare, the performance standard dominates. For both games
(exogenous or endogenous regimes), the propensity of the firms to produce and
invest in R&D varies between the instruments and with the parameters.

Works like Amir et al. (2018) or Montero (2002b)” suggest that a general ranking
of the environmental regulations in terms of their effects on the equilibrium varia-
bles is not clear-cut when investment in R&D is included in the model. But when the
abatement technology is fixed and cannot be modified by means of R&D, the analy-
sis provides general conclusions for production and profits, and a guide to compare
social welfare. Hence, our results are complementary to those of Amir et al. (2018)
and Montero (2002b).

Besides studying their effects on social welfare, there are several other ways in the
literature to rank policy instruments. For example, by analyzing their cost-effective-
ness (which policy improves the environment at the least cost), political and insti-
tutional feasibility, effects on income distribution, ease of monitoring, enforcement
and administration, pre-existing taxes, and the incentives they provide to develop
new and cleaner technologies.?

2 Montero (2002b) analyzes the incentives of four policy regimes on the R&D investment to improve the
firms’ abatement technology under imperfect competition. To this end, the author considers a two-stage
game; in the first stage, n symmetric firms decide how much to invest in R&D, and in the second one, the
firms compete a la Cournot. The four instruments under study are emission and performance standards
(command-and-control instruments), and tradable and auctioned permits (market-based instruments).
Although his study suggests that command-and-control instruments may provide higher incentives for
R&D investment, Montero (2002b) cannot predict a full-fledged comparison among regimes.

3 The ranking of regulatory instruments have always been an important subject of study, for example,
see Weitzman (1974). Downing and White (1986) or Hahn and Stavins (1992), among many others,
focus on the ranking of environmental policies. Fischer et al. (2003) and Goulder et al. (1999) compare
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The following section introduces the model, including the definitions of the com-
mand-and-control instruments under study. Section 3 presents the standard assess-
ment, considering the cases where the regimes are exogenous (one-stage game) and
endogenous (two-stage game); studying the one-stage game becomes really useful to
analyze the two-stage game. Conclusions are in Sect. 4 and the last one contains the
proofs.

2 Preliminaries

Consider a polluting industry with n symmetric firms that compete in quantity. Firm
i=1,...,n produces g; > 0 units of output, whose price is given by the inverse
demand function P(Q), where P : [0,00) = [0,0) and Q = g, + g, + -+ + g, is the
total output produced in the industry. Without regulation, every unit of output pro-
duced generates a unit of polluting emission,* which causes a damage to the envi-
ronment measured by the function D : [0, o) — [0, 00). Since production harms the
society, the firms are subject to environmental regulation. To this end, the regulator
may choose between the emission and the performance standard, both of them will
be described in detail below.

Whatever the environmental policy is set, it will force the firms to reduce their
amount of emissions. To comply with the regulation, the firms possess an abate-
ment technology, which allows them to reduce their emissions in y units at cost C(y),
C : [0,00) — [0, o0). Observe that such technology is exogenous, such as in Boom
and Dijkstra (2009), and cannot be modified by means of R&D. For simplicity, we
assume that production is costless so that we concentrate solely on the effects of
the abatement technology and the environmental instruments. Our results can be
generalized in a relatively easy way for a more general joint cost function C(q, e),
where ¢ is individual output and e individual emissions, that satisfies Assumption
4 in Requate (2006).° But some additional assumptions would be required, espe-
cially to satisfy the second-order condition (5). Further discussion will be provided
in Sect. 4.

Throughout this study, we adopt the following assumptions that are standard in
the literature:

Footnote 3 (continued)

some environmental instruments in terms of cost-effectiveness. Incentives for technology adoption and
innovation have been studied for perfect and imperfect competition; Requate (2005) presents a detailed
survey on such studies, that were motivated by Kneese and Schultz (1975), that highlight the relevance of
innovation in the design of environmental policies.

* This simplifying assumption is adopted from works such as Amir et al. (2018) and Montero (2002b),
but can be relaxed in such a way that the emissions are given as a function of production, as in Lahiri and
Ono (2007), which includes the commonly studied case where pollution is proportional to production.

5 Such assumption establishes that C(-,-) is twice continuously differentiable with C, >0, C,; > 0,
Cy>0,C;,<0,CCp—C2 >0, C, <0 for all e <e(g) such that C,(g,e(g)) =0, and C, > 0 if
e > e(q).
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(A1) P(-)is twice continuously differentiable, P’ < 0 and P’ + QP" < 0,
(A2) D(-)is continuously differentiable and D' > 0;
(A3) C(-)is twice continuously differentiable, C' > 0 and C”" > 0.

Assumption (A1) reflects the law of demand and guarantees the stability of the equi-
librium, (A2) establishes that damage increases with the number of emissions, and
(A3), that the cleaning cost increases with the abatement at an increasing rate. Next, we
describe the two regulatory instruments under study and their role in the firms’ deci-
sions. Since the firms are symmetric, we assume that they are subject to the same regu-
lation, that is, they all face the same instrument and level.

2.1 Emission standards

Under this regime, the regulator chooses the maximum amount of emissions that each
firm is allowed to generate, let us call this amount e, which is greater than zero (the reg-
ulator chooses an absolute emission cap). Since the cost of abatement is strictly increas-
ing, the firms will choose to pollute as much as they can, and firm i,i = 1,2, ..., n, will
discharge e emissions to the atmosphere. As a consequence, the firm must reduce its
emissions in g; — e and its optimization problem becomes:

mqax q:P(q; +q_) — C(g; — e),

where ¢q_; denotes the output produced by the firms other than firm i, ie.,

9. =0—g;
Assuming differentiability, the first-order condition (FOC) of the firm is given by

q;P'(q; +q_) + P(g; + q_) — C'(g; — e) = 0; (1)
the second-order condition (SOC)
qP"(q;+q_) +2P'(q;+q9_)—C"(g;—e) <0 2)

is satisfied by assumptions (A1) and (A3), then we have a unique and stable solution.

For ease in the notation, we denote the equilibrium individual output by ¢°, given
e > 0. If e is big enough, it may be the case that in equilibrium, e > g° which implies
that the firms are allowed to pollute as much as they want. Then they would not have to
abate any emissions and the regulation would not modify the firms’ behavior. To make
the problem economically interesting, we focus on those cases where e < ¢¢, i.e., where
the standard changes the firms’ decisions.

In the two-stage game, the regulator sets e that maximize social welfare, that is,
before the firms compete in quantity, it solves

e

max /"q P(t)dt — nC(q° — e) — D(ne). 3)
¢ Jo
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2.2 Performance standards

With this instrument, the regulator sets the relative amount of pollution that firm i can
generate, at most, fraction 4 of their production; thus, 0 < & < 1. Throughout this paper,
we refer to this policy as “performance standard”, yet, several other terms are also used,
for example, “relative”, “intensity”, “specific”, “rate-based” or “output-based” emis-
sion caps (Quirion 2005), and “intensity targets” (Fischer and Springborn 2011). Since
C’ > 0, the firms will pollute as much as they are allowed by the regulation. This means
that the final emissions of firm i will be g;h, and the abatement, ¢,(1 — h).

Firm i solves
qujlx q;P(g; +q_;) — C(g,(1 = h))
with FOC
4P (g +q_)+Pg;+9.) = C(q(1 =h)(1 =h) =0 4)
and SOC
aiP"(q; +q_) +2P'(q; + q_) — C"(q;(1 = )(1 = h)* < 0. (5)

Assumptions (A1) and (A3) guarantee that the SOC (5) holds and a unique a stable
equilibrium exists, which will be denoted as qh.

If the instrument is optimally chosen, the environmental authority first announces £
that maximizes social welfare, i.e., that solves

h

max / " P()dt — nC(g"(1 — b)) — D(ng"h), (6)
0

and after observing it, the firms compete in quantity.

The emission and the performance standards are known in the literature as com-
mand-and-control instruments since they tell the firms exactly how much they are
allowed to pollute. Although they are designed for the same purpose of fighting pollu-
tion, Egs. (1) and (4) reveal that they do not necessarily lead to identical results. Specif-
ically, observe that the marginal abatement cost is lower for the performance standard
and thus, the firms have incentives to produce more under this regime whenever the
instruments allow for the same number of emissions.

The following section formalizes this result and ranks both instruments in terms of
the rest of the equilibrium variables of interest, such as profits, consumer surplus and
social welfare, for the one- and the two-stage games.
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3 Results
3.1 One-stage game

In this part of the study, we consider the situation where the standards are exoge-
nously fixed and do not necessarily maximize social welfare. This setting is plausible
if, for instance, the abatement technology of the firms is unknown to the regulator.
In addition, it provides the basis to study the effects of endogenizing the instruments
in the next section. Since the firms are symmetric, we assume that they all face the
same regulation, i.e., the same standard and the same level.

Then the firms observe the regulation and compete a la Cournot by maximiz-
ing their profits. Recall that under the emission standard e, each firm produces ¢ in
equilibrium, and under the performance standard £, ¢” is the notation for the equilib-
rium individual output. In any case, the looser the regulation is (higher e or higher
h), the larger the production will be. This result is summarized in Lemma 1°: all the
proofs are shown in Sect. 5.

Lemma 1 For any number of firms n > 1,

(1) Production ¢° is increasing in e under emission standards.
(ii) Production q" is increasing in h under performance standards.

Recall that a firm regulated through an emission standard will generate e emis-
sions, if the instrument is the performance standard, the emissions will be qhh. From
Lemma 1, production increases with e or & and becomes obvious that so do the
emissions.

Similarly, with a more relaxed regulation, consumers are better off given that pro-
duction increases and prices go down. These two straightforward results are summa-
rized in Remark 1 since the results are immediate, we omit its proof.

Remark 1 For any number of firms n > 1,

(i) Individual (and total) emissions are increasing in e and /4 under emission and
performance standards, respectively.

(i) Consumer surplus is increasing in e and 4 under emission and performance
standards, respectively.

Now we compare the performance of both regulatory instruments under study,
in terms of the equilibrium variables: production, price, consumer surplus, profits
and social welfare. We focus on the situation where both instruments are designed
to allow the same amount of pollution, that is, when e = qhh. As for notation, if

% Ebert (1998) provides an alternative proof to Lemma 1-ii, based on the Implicit Function Theorem.
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the equilibrium variable corresponds to the emission standard, we will superscript
it with an e; if it corresponds to the performance standard, the superscript will be 4.

Proposition 1 Let e and h be such that e = ¢"h, then

(i) Production is higher under the performance standard, g" > q°.
(i) Individual (and total) profits are higher under the emission standard, n¢ > «
(nz® > nzh).
(iii) Ifin addition, P(ng") — C'(¢"(1 — h)) > 0, social welfare is higher under the
performance standard, W' > We.

h

As stated by Proposition 1-i, whenever damage to the environment coincides for
both standards, production is unambiguously higher with the performance one. As
an immediate consequence, consumers prefer this kind of regulation. Since there
is more production, the price is lower and the consumers are better off. Corollary 1
summarizes this fact.

Corollary 1 Let e and h be such that e = q"h, then

(i) Price is lower under the performance standard, p" < p°.
(ii) Consumer surplus is higher under the performance standard, CS" > CS¢.

Contrary to the consumers, Proposition 1-ii predicts that the firms prefer the
emission standard. Overall, the comparison of social welfare is ambiguous, Propo-
sition 1-iii provides a sufficient condition for the performance standard to be wel-
fare superior. Such condition, P(ng") — C'(¢"(1 — h)) > 0, is a stricter version of
the FOC (4), and thus, it is not always satisfied. The FOC (4) establishes that in
equilibrium (under the performance standard), price is higher than the marginal cost
of abatement, P(nq") — C'(¢"(1 — h))(1 — h) = —¢"P'(nq") > 0. Since P > 0,C’ > 0
and 0 < h < 1, P(ng") — C'(¢"(1 — h))(1 — h) > P(nq") — C'(¢"(1 — h)), and then the
right-hand side of the last inequality might be positive, negative or zero.

Since perfect competition is the limiting case of the Cournot oligopoly when the
number of firms go to infinity, all of our results hold for perfectly competitive firms.
In particular, under perfect competition, the situation in Proposition 1-iii cannot
happen and the emission standard welfare dominates the performance standard. That
is, the presence of market power allows a change in the comparison, so that the per-
formance standard may provide a higher social welfare.

Proposition 2 Let e and h be such that e = g"h. Under perfect competition, social
welfare is higher under the emission standard, W¢ > W".

To provide more insight into the feasibility of the condition
P(ng") — C'(¢"(1 = h)) > 0 and W" > We (Proposition 1-iii), we present the following
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example with linear demand and linear abatement cost. In a nutshell, when the number
of firms is relatively small, the performance standard welfare dominates the emission
one, but when n becomes sufficiently large, the welfare dominant policy changes to the
emission standard. Since the performance standard leads to higher output, it corrects
for imperfect competition that contracts production, but when the number of firms is
sufficiently large, such output becomes excessive, and thus the negative impact on the
profit of each firm increases under the performance standard.

Example 1 Consider an industry with n symmetric firms that face a linear inverse
demand function P(Q) =a—bQ, a,b >0, and have a linear abatement cost
C(y) = cy, with a > ¢ > 0. One unit of production causes one unit of polluting emis-
sion that damages the environment according to D(x) = sx?>/2, s > 0. Suppose that e
and / are exogenously set.

The reader can easily verify that ¢° = p
ph= aMﬁL_h), 7w = b((”l C)) + ce and 7" —[“b(cl(in;?]

Observe that the firms have a dominant strategy under the emission standard, and
production is clearly higher under the performance standard, in line with Proposi-
tion 1-i. When n — oo, we have the perfectly competitive outcome. On the other
hand, social  welfare results in W = LI 4y m;ez and

2b(1+n)?
2 2
Wh = ey n@imblins). \when ¢ = gh, the difference is given by
22140y

a—c h a—c(1-h) e a+nc

(1+n)’ q = b(1+n) = l+n’°

chn(2(a — c¢) — chn)

Wh —We¢ =
26(1 + n)?

Clearly, the performance standard provides a higher social welfare if and only if
n < 29 that is, if n is sufficiently small. When the number of firms grows, the
comparlson eventually reverses and society is better off with the emission standard.
Given the specific primitives of this industry, it is possible to provide a sufficient and
necessary condition for the performance standard to dominate the emission one, but
unfortunately we cannot do this in general. Instead, we provide the sufficient condi—
tion P(ng") — C'(¢"(1 — h)) > 0, which in this example is equivalent to n < < —h in
line with the sufficient and necessary condition above, the latter is less likely to be
satisfied when the number of firms grow.

Intuitively, the performance standard is preferable for a low number of firms since
it incentivizes more production that corrects for market power. With more firms
(including perfect competition), this excessive production becomes inefficient, and
the comparison of social welfare reverses. |,

The next section studies the comparison of social welfare when the standards are
chosen to maximize social welfare. Since the main result builds on Proposition 1-iii,
the condition is analogous.
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3.2 Two-stage game

Now suppose that there is a regulator or environmental authority that in a first
stage chooses the efficient level of emission or performance standard that maxi-
mizes social welfare. In the second stage, the firms compete a la Cournot after
observing the environmental regulation, which is the same for all of them. The
regulator faces two sources of market failure, the negative externality caused by
pollution and the market power of the oligopoly. To achieve a higher social wel-
fare, the regulator could choose both the number of firms and the regulation, yet,
in the industry under study, the number of firms is exogenous and the regula-
tor cannot affect it. The internalization of the number of firms is left for future
research. As detailed in Sect. 2, if the policy instrument is the emission standard,
the regulator will solve problem (3), otherwise, it will solve problem (6).

We provide a sufficient condition such that performance standard dominates
the emission standard in terms of social welfare. To do so, we first show that the
optimal amount of emissions under the emission standard, ¢*, can be replicated
with the performance standard (Lemma 2). We use the super-index * to indicate
that the standard is the one that maximizes social welfare.

Lemma 2 There exists 0 < h < 1such that e* = ¢"h.

Observe that Lemma 2 is not obvious since we have to rule out the possibil-
ity that the optimal emission standard is looser than the most relaxed perfor-
mance standard, 7 = 1. On the other hand, e such that e = q”h always exists for all
0 < h <1, including ~*. Lemma 2 is key in stating the following result.

Proposition 3 In the two-stage game, social welfare is higher under the performance
standard, W > W€, if P(ng") — C'(¢"(1 — h)) > O for h such that e* = q"h.

Proposition 3 is clearly linked to Proposition 1-iii. The key relies on Lemma 2,
which guarantees that there exists & that generates the emissions e*. If social wel-
fare is higher for such i (guaranteed by the condition in Propositions 1-iii and 3),
then society will be better off with #* since the latter is the performance standard
that maximizes social welfare. A similar argument shows that society is better off
with the emission standard under perfect competition.

Proposition 4 Under perfect competition, optimal social welfare is higher under the
emission standard, W¢' > W"'.

The connection between Propositions 3 and 4 is similar to that of Proposi-
tions 1-iii and 2 discussed in the previous section. When 7 is relatively small, the
higher production obtained with the performance standard corrects for the mar-
ket imperfection of having a small number of firms. As n increases, this exces-
sive output eventually becomes inefficient and the emission standard welfare
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Table 1 Solution to the

. Variable e.s. p-s.
two-stage game with linear
abatement cost, a = 5,b = 2, Optimal standard 0.5000 0.7321
c=s=1,n=2ande*and h* .
that maximize social welfare Individual output 0.6667 0.7887
Individual profit 1.3889 1.2440
Social welfare 4.0556 4.3094
Final emissions per firm 0.5000 0.5774
Emission abated per firm 0.1667 0.2113

dominates. Moreover, the performance standard may lead to a higher level of
emissions, as we will see later in Table 1.

In what follows, we discuss the comparison of the rest of the equilibrium vari-
ables; unfortunately, we cannot establish a clear ranking. From Proposition 1-i, we
know that when the policies incentivize the same amount of emissions, the firms
will produce more with the performance standard. Since ¢¢ decreases in e, we have
that if we diminish the emissions allowed under the emission standard, production
decreases and thus, the performance standard is output-superior whenever it allows
for more pollution. This result is summarized in Proposition 5, and it is valid for any
e and & such that qhh > e, including the optimal ones, e* and A*.

Proposition 5 If ¢"h > e, then, " > ¢°.

The previous result implies that whenever the performance standard leads to
higher pollution, it will also lead to a lower price and thus, to a higher consumer
surplus.

Corollary 2 If ¢"h > e,

@ p"<ps
(i) CS">cse.

In this case, it is not possible to predict the preference of the firms. Specifically,
if under the optimal policies we have ¢" h* > e*, Propositions 3 and 4, and Corol-
lary 2-ii suggest that they may prefer any of the policy instruments, depending on
the primitives of the industry. Moreover, ¢" h* > e* is not the general case. Example
2 shows that the comparison of optimal final emissions can go either way.

Example 2 Reconsider Example 1 with a previous stage where the regulator opti-
mally chooses e* and &* that maximize social welfare. If the regime corresponds to
the emission standard, the environmental authority solves problem (3); otherwise,
the policy is given by the solution to problem (6).

The level of emissions that maximize social welfare under the emission stand-
ard is e* = n%, it is also possible to find an explicit solution for 4*, but since it is

@ Springer



478 Environmental Economics and Policy Studies (2020) 22:467-483

Table 2 Solution to the two-

. . Variable e.s. p-s.

stage game with quadratic

abatement cost, a = 5,b =2, Optimal standard 0.4630 0.5858

c=s=1,n=2ande*and h* .

that maximize social welfare Individual output 0.7407 0.7883
Individual profit 1.4318 1.3493
Social welfare 4.6296 4.7575
Final emissions per firm 0.4630 0.4617
Emission abated per firm 0.2777 0.3266

algebraically complicated, we illustrate the results for the parameters a = 5, b = 2,
¢ =s=1and n =2 in Table 1. Observe that final emissions are higher with the per-
formance standard. The abbreviation e.s. stands for emission standards, and p.s. for
performance standards.

Now, instead of linear, suppose that the abatement cost is quadratic, C(y) = cy?,

¢ > 0. The reader can easily verify that in the second stage, the firms choose to pro-

2ce Y/ a
duce ¢¢ = _atice (i Y . A—
q 2c+b(n+1) q 2c(1=h)2+b(n+1)

The standards that maximize social welfare, e* and h*, are shown in Table 2 when
a=5,b=2,c=s=1and n=2. Notice that now, the final emissions are higher
under the emission standard.

Intuitively, when the abatement cost is quadratic, it is cheaper for the firms to
abate emissions whenever the abatement belongs to the interval (0, 1), such as in
the case of Table 1. The environmental authority internalizes this fact and regulation
becomes stricter, as can be seen in Table 2 (lower standards with respect to Table 1).
Since it is relatively cheaper for the firms to comply with the stricter regulation,
profits and social welfare expand, while the final emissions contract (due to the more
stringent regulation). Recall that with the performance standard, the marginal abate-
ment cost is the fraction (1 — /) of the marginal abatement cost under the emission
standard, which leads to a larger drop in the final emissions, enough to under-cut the
pollution under the emission standard.

Finally, observe that in both cases, whether the abatement cost is linear or quad-
ratic, production and social welfare are higher under the performance standards, but
the firms prefer the emission standard. ,

4 Final remarks

This paper ranks two command-and-control environmental instruments, emission
and performance standards, in terms of the equilibrium variables. We focus on
these regimes because they are widely used in practice. To this end, we consider
two games; first, a one-stage game where n symmetric firms compete a la Cournot
after observing the exogenous environmental policy, here, the instruments allow
for the same amount of pollution. Then we introduce a previous stage to the
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one-stage game where the regulator establishes the optimal policy that maximizes
social welfare. For both games, we show that in the presence of market power,
the performance standard can lead to a higher social welfare, which does not
happen under perfect competition, where the emission standard unambiguously
dominates.

We also provide a full-fledged comparison of the rest of the equilibrium variables
in the one-stage game, which is not the case for the two-stage game. Numerical sim-
ulations suggest that in the latter game, the industry produces more under the perfor-
mance standard but is better off with the emission standard (profits are higher). The
first result is robust whenever the optimal performance standard is looser in terms of
pollution, that is, when it allows for more pollution than the emission standard. But
using an example, we show that the comparison of the final emissions varies accord-
ing to the primitives of the industry.

As we mentioned in Sect. 2, our results can be generalized for a joint cost func-
tion C(g, e) that accounts for both the production and the abatement costs—¢ denotes
output and e emissions—and satisfy the assumptions in Requate (2006) (see Foot-
note 5). That is, we could substitute C(g; — e) by C'(qi, ¢) under the emission stand-
ard, and C(g;(1 — h)) by C‘(qi, q;h) with the performance standard. In the FOC (1)
and SOC (2), C'(g; — e) > 0 would be replaced by C,(g;,e) > 0, and C"(q; — ) > 0
by C,,(g;,€) > 0, which does not affect the analysis since the signs of the first and
second derivatives with respect to g prevail (according to (A3) and Footnote 5).

With the performance standard, ¢, also appears in the second argument of C(g;, ¢;h);
hence, C'(g;(1—h))(1 —h) in Eq. (4) would become C‘l (g q;h) + C‘z(qi, q;h
(which preserves the positive sign by Footnote 5), and C"(g;(1 — h))(1 — h)? in
Eq. (5) would be C,,(g;, g;h) +2C15(g;» g;W)h + Cy(q;, g;h)R?. The latter expres-
sion has an ambiguous sign, and thus, some additional assumptions would be nec-
essary to guarantee the uniqueness and stability of the equilibrium. The rest of
the results can be replicated in a similar way. Observe that the abatement costs in
Examples 1 and 2 can be seen as specific joint cost functions C(g,e) = c(g — e)
and C(q,e) = c(q — e)?, respectively, with C'(q—e) = C,(¢,e) = —C,(g,¢) and
C"(g—e)=C;,(q.e) = Cyy(g,e¢) = —Cy5(g, €). In particular, the strict inequali-
ties dealing with second-order partial derivatives in Footnote 5 should be relaxed to
include linear relationships such as that in Example 1.

This work pretends to serve as a guide for environmental authorities to choose the
right regulation provided their goals and information. Similarly, it aims to show that
the performance standard should not be discarded to maximize social welfare when
the number of firms is limited, even though the emission standard is the best alterna-
tive for a society with a sufficiently large number of firms.

5 Proofs
Lemma 1:

(i) Recall that in equilibrium, the FOC (1) holds,
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q°P'(ng®) + P(ng®) = C'(¢° —e) = 0;

in other words, the unique (by (A1) and (A2)) equilibrium output ¢° corre-
sponds to the fixed point of the function

_ P(nx) — C'(x—e)

Je) = P'(nx)

Notice that f,(x) is increasing in e given P’ < 0 and C"” > 0; then its unique
fixed point, ¢¢, is also increasing in e.
(ii) Similarly, taking the FOC (4), ¢" corresponds to the fixed point of the function
P(nx) — C'(x(1 — B))(1 — h)

I == P'(nx) ’

which is increasing in 4 under our assumptions. Then the unique equilibrium output,

q", is increasing in A. m|

Proposition 1:

(i) Notice that in equilibrium, the FOCs (1) and (4) hold, i.e.,
q°P'(ng) + P(ng®) = C'(¢° =€) = 0
and
q"P'(ng") + P(ng") = C'(¢"(1 = h))(1 = h) = 0.
Under the assumption e = qhh, the second FOC becomes
q"P'(ng") + P(ng") = C'(¢" = e)(1 — ) = 0.
In other words, the equilibria ¢¢ and ¢” are fixed points of the functions

_ P(nx) — C'(x—e)

fe = P’ (nx)

and

Pnx) —C'(x—e)(1 —h)
P! (nx) ’

Ju0) = —

respectively. Finally, C’ > 0, P’ < 0 and 0 < i < 1 imply that

_ P(nx) — C'(x—e)(1—-h) S _ P(nx) - C'(x—e)
P/ (nx) - P (nx)

and hence, ¢" > ¢°.
(i1)) To show that profits are higher under emission standards, we follow the next
inequalities:
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7° =¢°Plg° + (n — 1)q°] — C(¢° — e)
>4"Plg" + (n— 1)g’]1 - C(¢" - e)
>¢"Plg" + (n = 1)q"]1 - C(¢" — ¢"h)
=¢"P(ng") - C(¢"(1 = b)) = =".
The first inequality follows by equilibrium and the second one, by ¢" > ¢¢,
P <0ande = g"h.
(iii) Now we show that if P(ng") — C'(¢"(1 — h)) > 0, the performance standard

leads to higher social welfare. To this end, notice that in general, social welfare
can be written as

nq
W.(g) = / P(z)dz — nC(q — ) — D(ne), @)
0

where g denotes individual output and e, individual emissions; given that all

the firms produce and pollute the same. Observe that W,(g) is strictly con-
cave since W!'(q) = n(nP'(nq) — C"(q — e)) < 0 given (Al) and (A3). When
e = ¢"h, we have

W =W =W, (") = W,(¢°)
> W,(¢")(q" — ¢ 2 0.

The equality follows by definition; the first inequality, by strict
concavity of W,(g), and the last one, by ¢">g° (part i), and
W/(¢") = n(P(ng") — C'(¢"(1 — h)) > 0 by hypothesis. O

Proposition 2:

Under perfect competition, the FOC (1) becomes p = C'(¢° — ¢), where p is the
exogenous market price. Then

We—W" =W, (¢°) = W(¢")
> W(g)q° —4q") =0.
The first equation follows by definition and equation (7). The inequality follows by
strict concavity of W,(¢), and the last equality by W/(¢¢) = n(p — C'(¢° — e)) = 0.
O

Lemma 2: o

First, we proceed by contradiction to show that e* < q", h = 1. Suppose that
e* > q"since ¢¢ > e*, we have ¢° > ¢".

By FOC (1),

4“ P'(ng®) + P(ng”) — C'(¢° —¢*) =0,
and by FOC (4),
g"P'(ng") + P(ng") = 0.

By P +QP" <0,P <0,C" > 0and ¢¢ > ¢", we have
y
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0 =¢"P' (ng") + P(ng") > ¢° P'(ng®") + Png®") > ¢° P’ (ng®")
+P(ng”) - C'(¢° —e),

which contradicts FOC (1); then e* < ¢".
Now, by Remark 1-i, hqh is increasing in A, then it exists 0 < 4 < 1 such that
e* = q"h, which completes our proof. a
Proposition 3:
By Lemma 2, let / be such that qhh = ¢*, then we have

nq”*
wh = / P(z)dz — nC(¢" (1 — h*)) — D(ng" h*)
0
h

nq
> / P)dz - nC(g"(1 = ) — Ding"h)
0

e

nq
> / P(z)dz — nC(¢°" — e*) — D(ne*) = W¢'.
0

The first equality follows by definition. The first inequality is given by optimality,
the second one, by Proposition 1-iii and e* = ¢”h. Finally, the last equality follows
by definition. a
Proposition 4:
Let e be such that e = ¢""h*, then we have

o*

*

we = / " P(z)dz — nC(¢°" — €*) — D(ne*)
0
ng®
> / P(z)dz — nC(q° — e) — D(ne)
0

n*

> / " P(z)dz — nC(¢" (1 — h*)) — D(ng" h*) = W"".
0

The equalities follow by definition. The first inequality follows by optimality and the
second one, by Proposition 2 and e = ¢" h*. O
Proposition 5:
Let ¢ = g"h, then, by Proposition 1-i, ¢" > ¢°. Since we assume that ¢ < ¢,
Lemma 1-i implies that ¢¢ < ¢¢ < ¢", which proves the result. O
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