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Abstract
This paper evaluates the comparative performance of emission and performance standards in a one-stage game of abatement 
R&D and Cournot duopoly, in terms of R&D propensity, output and social welfare. For each standard, firms simultaneously 
select R&D and output levels, given the standard’s exogenous constraint. A performance standard generates higher R&D 
investments and output, but lower profit, than the pollution-equivalent emissions standard. The same conclusion extends to 
social welfare only under high demand. We also conduct a similar comparison for each of the two instruments across the one-
stage and the two-stage models. The two-stage model leads to higher levels of R&D and industry output for both standards. 
The same conclusion applies to the social welfare comparison for the emissions standard. However, for the performance 
standard, the same conclusion requires a damage parameter below a given threshhold. When the standards are chosen to 
maximize welfare, the performance comparison becomes highly parameter-dependent, except that social welfare is higher 
for the performance standard. Some policy implications are discussed.

Keywords Environmental regulation · Environmental innovation · End of pipe abatement · Emission standard · 
Performance standard

JEL Classification Q55 · Q57 · L13

1 Introduction

In order to successfully comply with the ever-tightening 
standards of environmental regulation, firms are increasingly 
expected to invest in the development and improvement of 

abatement technologies. It has been widely recognized that 
firms’ incentives to engage in environmental research and 
development (R&D), or to adopt less polluting production 
technologies, may differ significantly across policy instru-
ments. The large body of literature that has addressed vari-
ous facets of this fundamental issue keeps growing.1

Up to recently, a perceived general conclusion of this lit-
erature is that market-based instruments are superior to com-
monly applied command-and-control instruments in terms 
of the implied incentives for firms to adopt or develop green 
technologies. Observing that this conclusion is largely based 
on studies dealing with perfectly competitive or monopoly 
settings, [1] compares R&D incentives provided by two 
command-and-control instruments — emission and perfor-
mance standards — and two market-based instruments in a 
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1 See [15–21]. For a recent survey of studies examining the incen-
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the adoption of abatement technology, see [4]. Other strands of the 
literature on environmental regulation in strategic settings deal with 
issues such as green labels (e.g., [22] and [23]), the role of taxes [24], 
corporate social responsibility [25], or vertical relations in the pres-
ence of an eco-industry [26, 27].
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general two-stage model with Cournot firms deciding upon 
R&D levels for improved abatement technology before com-
peting in Cournot outputs. Assuming all four instruments to 
be exogenously set, Montero finds that environmental emis-
sion and performance standards may offer greater incentives 
for technology adoption than market-based instruments.2 He 
concludes that the conventional wisdom on the comparison 
of the two classes of instruments need not extend to imper-
fectly competitive markets.3

As Montero’s general setting did not lend itself to clear-
cut results, [2] specialize Montero’s setting to a two-stage 
duopoly with linear demand and abatement costs and focus 
on an extensive comparison of the two command-and-control 
instruments — the emission and performance standards –.4 
Amir et al. [2] derive a closed-form solution for the subgame-
perfect equilibrium of the two-stage game under each policy 
instrument, which allows for a full characterization of the 
parameter regions for which each instrument is superior to 
the other in terms of resulting R&D and/or output levels, 
under the normalization that the final level of emissions is the 
same for the instruments. While complete, this detailed com-
parison may go either way, in a highly parameter-dependent 
(though fully specified) manner. The comparison of social 
welfare for this two-stage game is shown via examples to 
follow a similar conclusion.5 A second aim pursued in [2] 
is to endogenize the regulatory standards through the inclu-
sion of a social planner maximizing welfare. This scenario 
involves a three-stage game wherein the planner selects the 
pollution constraint level that maximizes social welfare prior 
to firms’ R&D and then output decisions. In contrast to the 
two-stage game, the three-stage game leads to an unambigu-
ous conclusion: the performance standard is welfare superior 
to the emission standard. Ultimately, this result emphasizes 
the importance of endogenizing the regulatory standard for 
the comparison of incentives that various policy instruments 
offer for the adoption of new environmental technologies 
([3], p.1194; [4], p. 178).

The purpose of the present study is to examine the same 
comparison of emission and performance standards analyzed 
by [2] but in the context of a one-stage version of their two-
stage game. Thus, in the present perspective, firms simulta-
neously choose both abatement R&D and output levels. In 
other words, relative to the two-stage game model, the aim 
of the present paper is thus to assess how the performance 
comparison between the two instruments would change 
without firms’ strategic commitment in R&D.6

In order to discuss the appropriateness of a one-stage for-
mulation, it is useful to first recall that the usual meaning of 
simultaneous moves in game theory need not refer to decisions 
taken at the same instant of time, but rather to the fact that 
one player’s decisions are taken without any knowledge of the 
rival’s actions, even in settings where the decisions are actu-
ally taken at possibly very different instants of time. Thus the 
key determinant of whether a one-stage game or a two-stage 
game formulation is more appropriate is mutual observability 
of actions. In the present context, the key question is whether 
the players make their output decisions with the observation/
knowledge of the rival’s R&D decision or not. The answer 
depends on many industry characteristics, such as the geo-
graphical distance between the firms, the extent of labor mobil-
ity and other sources of knowledge spillovers, the institutional 
prevalence of R&D and other strategic announcements in the 
industry, and their contextual empirical reliability.7

We now preview the main results of the present paper. For 
a level playing field comparison of equilibrium abatement 
R&D, industry output and social welfare in the one-stage 
game, we continue to assume that the regulator chooses the 
pollution constraints so as to generate the same level of final 
emissions under both policy instruments (as in [1] and [2]). 
Unlike the firms, the planner takes into account the pollu-
tion externality, which is captured by the inclusion in social 
welfare of a damage function that is quadratic in emission 
levels.8 The first result is that a performance standard gener-
ates higher R&D investments and industry output, and less 

2 The abatement technology that is tacitly referred to in this literature 
is end-of-pipe. For different variants of modeling R&D in an environ-
mental setting (see, e.g., [7]).
3 Another study with similar motivation as ours in an international 
context is [28].
4 These instruments enjoy widespread use in environmental regu-
lation [29–31]. These two instruments also lend themselves to an 
easy comparison since they give rise to easily comparable two-stage 
games.
5 These results underscore the complexity that often arises when 
questions with otherwise clear-cut conclusions are addressed in set-
tings with strategic behavior, even when restricted to just two com-
mand-and-control instruments. Indeed, industrial organization and 
strategic trade theory are replete with examples of reversals and com-
plex conclusions upon the introduction of strategic behavior.

6 There is a strand of literature that considers the incentives firms 
have to disclose their R&D levels to each other, using spillovers lev-
els (i.e., the interval [0, 1]) as decision variables; see [32–34].
7 For analogy purposes, we point out that in the extensive literature 
on process R&D in industrial organization, both one-stage and two-
stage models have been considered. While the latter forms the domi-
nant framework, the one-stage version was adopted in some impor-
tant early work, such as [5, 10, 35], as well as recent work, [36]. An 
alternative for possible future work is to consider intermediate levels 
of observability that would lead to a model in between the one and 
the two-stage games.
8 We follow the dominant strand of literature in environmental eco-
nomics in positing a quadratic damage function. However, this is to a 
large extent an educated guess, as little scientific basis exists for any 
general shape and properties of damage functions (see [37] for a sur-
vey of this critical issue).
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profit, than the pollution-equivalent emission standard. The 
second conclusion is a complete characterization, via a sin-
gle condition on market parameters, that determines when 
a performance standard is welfare superior or inferior to an 
emissions standard. The economic interpretation is that high 
demand (relative to cost) favors the performance standard, 
while the opposite holds for low demand.

In the second part of the paper, we compare the equilib-
rium levels of abatement R&D, industry output and social 
welfare across the one-stage and the two-stage models. The 
two-stage model leads to higher levels of R&D and industry 
output for both the emissions and the performance standards. 
We also show that, with the same emissions limit across the 
two game forms as a normalization, social welfare is always 
higher in the two-stage game than in the one-stage game for 
the emissions standard. In order to understand our conclu-
sions in what follows, it will be useful to observe that this 
same-emissions normalization makes the welfare compari-
son similar to the analogous exercise in industrial organiza-
tion (where emission damages are not taken into account). 
Thus these results are closely related to the findings of [5] 
in their comparison of the two different game forms for a 
general formulation of a model of process R&D and Cournot 
competition. The economic intuition for our R&D and out-
put comparisons is similar to theirs. In the two-stage game, 
as firms foresee that lower abatement costs will generate a 
larger market share in the product market competition, they 
tend to engage in excessive levels of R&D, beyond what is 
needed to minimize the total cost for the equilibrium output 
produced. Since the intuition is similar to [5], we refer the 
reader to that study for further discussion. These authors 
refer to the induced differences in firms’ behavior in the two-
stage game as the impact of firms’ strategic commitment in 
R&D (in the two-stage game).

However, for the performance standard, with the same 
standard across the two games as a normalization, we pro-
vide a full characterization, wherein the two-stage game is 
welfare superior to the one-stage game if and only if the 
damage parameter is low enough (with a closed-form thresh-
old value). This conclusion becomes intuitive once one real-
izes that a higher output for the two-stage game will directly 
imply more pollution under the performance standard. Since 
pollution is now penalized in the social welfare function, an 
upper bound on the damage parameter is then needed for the 
welfare superiority of a performance standard.9 These intui-
tive considerations will be elaborated upon below.

In the third part of the paper, we endogenize the regulatory 
standards for each of the two instruments by a social planner 
maximizing welfare. This scenario involves a two-stage game 
wherein the planner selects the pollution constraint level that 
maximizes social welfare prior to firms’ simultaneous R&D 
and output decisions. While the comparison outcome now 
highly parameter-dependent, this part still leads to an unambig-
uous conclusion: the performance standard is welfare superior.

In conclusion, in industry settings for which a one-
stage model is more appropriate, the performance standard 
emerges as the superior command-and-control instrument, 
with some qualifications. This is in line with conventional 
wisdom, as reflected in theoretical research as well as in the 
widespread use of this tool in real-life environmental policy-
making (e.g., [6]). The standard intuition for the superiority 
of performance standards is that they are less intrusive to 
the firms’ operations, and allow for more flexibility in the 
firms’ responses to environmental regulation. On the whole, 
our results provide some novel support for the view that a 
performance standard tends to be superior to an emission 
standard. However, under low demand in a small parameter 
region, the welfare and the abatement R&D results yield 
conflicting recommendations.

As to the possible policy implications of the comparison 
between the two game forms, one may attribute another poten-
tial role for a social planner, that of inducing a two-stage or a 
one-stage interaction for a particular industry, whenever this 
might be possible. For instance, to give rise to a two-stage 
game, the planner may conceivably mandate that the firms 
make credible announcements of their abatement or pollution 
levels, or provide incentives for them to do so. One form of 
such incentives are matching grants to subsidize abatement 
R&D. One implication of Proposition 4  of interest is that a 
two-stage game would be welcome whenever the pollutant for 
the industry at hand is relatively less polluting. A noteworthy 
reversal is the fact that the one-stage game is welfare superior 
whenever the damage function is steep enough, or the under-
lying pollutant is highly harmful to the environment.

The rest of the paper is as follows. Section 2 sets out the 
basic model, Sect. 3 the comparison of equilibrium R&D, 
output and welfare for the two instruments. Section 4 com-
pares the incentives for adoption in the one- and two-stage 
games. Section 5 endogenizes the regulatory standards and  
Sect. 6 concludes. All the proofs are in Appendix A, and  
Appendix B presents a numerical analysis on the endogenous 
instruments that complements Sect. 5.

2  The Model Preliminaries

Consider a duopoly market with two ex-ante symmetric and 
profit maximizing firms indexed i and j, with i, j ∈ {1, 2} , 
and i ≠ j . These firms produce a homogeneous good and 

9 Unlike the other results, which have analogs in industrial organiza-
tion, this welfare comparison is thus specific to environmental eco-
nomics in that the specification of the damage function plays a crucial 
role whenever the compared industry outputs (and thus pollution lev-
els) are not the same.
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engage in Cournot competition in the output market, where 
their production generates pollution in the environment. Spe-
cifically, in the absence of any environmental regulation, 
each unit of output produced by firm i, qi , yields exactly 
one unit of polluting emissions. Thus, the aggregate quan-
tity produced in the market equals Q = qi + qj , which also 
reflects the aggregate level of emissions prior to any envi-
ronmental regulation. As is commonly done for such mod-
els, we assume w.l.o.g. that production is costless to focus 
solely on the effects of abatement costs on firms’ incentives 
to innovate. The inverse demand function in this market is 
taken to be linear, P(Q) = a − bQ for Q ≤ a∕b where a > 0 
is the demand intercept.

The aim of the regulator in this market is to reduce the 
level of pollution in the environment. This can be achieved by 
means of either of two command-and-control policy instru-
ments: an emission standard or a performance standard. The 
emission standard constrains the level of pollution generated 
by firm i to be under an upper limit ei , so that when environ-
mental regulation is put in place, each firm must abate the 
excess emissions, qi − ei , and incur the corresponding abate-
ment cost. The latter is given by (c − xi)(qi − ei) for firm i, 
where c > 0 is the initial unit cost of abatement (prior to any 
innovation), and xi < c is the R&D investment, or the reduc-
tion in the unit cost of abatement.

Unlike the emission standard, the performance standard 
imposes a restriction on firm i’s maximal ratio of emis-
sions per output, hi = ei∕qi . Hence, under the performance 
standard, the level of emissions abated is given by qi(1 − hi) , 
where hi ∈ (0, 1) . The special cases of hi = 0 and hi = 1 cor-
respond respectively to zero emissions by the firm and the 
original level of emissions (or no abatement). The corre-
sponding abatement cost is then given by (c − xi)qi(1 − hi).

The R&D technology used by firms is deterministic and 
aims to reduce the cost of abating excess pollution beyond 
what the regulatory scheme would allow through end-of-
pipe abatement. Firms choose this method of compliance 
with environmental regulation to reduce their costs of pol-
lution abatement. However, alternative ways of modeling 
R&D in abatement technology may be more appropriate for 
firms whose objective is to reduce the ratio of emissions per 
output (see, e.g., [7]).10

We assume that firm i’s cost of reducing the constant mar-
ginal abatement cost by xi ≥ 0 is given by a quadratic function 
g(xi) = �x2

i
∕2 , where 𝛾 > 0 is a parameter inversely related to 

the efficiency of R&D. This specification reflects the standard 
property of diminishing returns to R&D expenditures.11

With either of the two command-and-control instruments, 
the regulator can meet the objective of restricting the total 
emissions generated in the market, E = ei + ej , and thus 
reduce the resulting environmental damage. The latter is 
postulated to be

which implies that damage increases at an increasing rate 
with the aggregate emission level.

In the specification of damage functions (expressed in 
monetary terms) for environmental regulation, both linear 
and strictly convex relationships are commonly adopted in 
environmental economics, in particular when dealing with 
specific pollutants. We follow the more commonly adopted 
strictly convex strand, which includes theoretical studies as 
well as empirical/policy studies. Yet, both of these curvature 
assumptions ought to be seen only as educated postulates in 
that substantial uncertainty and disagreement persist about 
key aspects of the relationship between pollution and social 
damage (for a detailed survey, see, e.g., [8]). This is obvi-
ously a key issue for environmental and climate policies.

The one-stage game and assumptions are outlined next.

2.1  The One‑Stage Game

For each policy instrument, the one-stage game under con-
sideration postulates that both firms choose their environ-
mental R&D levels and outputs simultaneously to maximize 
individual profit. Hence, the game is static (or one-shot) but 
has a two-dimensional action space (R&D effort and output) 
for each firm.

In the strategic R&D literature, both one-stage and two-
stage games have been considered, with the latter being 
more prevalent. Both types of games are appropriate under 
the right industry conditions. As noted in the Introduction, 
the one-stage version is more appropriate when firms can-
not observe each other’s R&D investment or when firms 
cannot commit to their R&D choices. These features may 
be determined by industry characteristics such as a long dis-
tance between the firms, their inability to hire each other’s 
employees, a tendency to operate under trade secrets, etc.12

For each of the two command-and-control policy instru-
ments, we assume that the regulator sets the same appropriate 
exogenous pollution constraint for each firm. We then charac-
terize the performance of each the two instruments by solving 
the corresponding one-stage Nash equilibrium levels of R&D 
and output in closed-form and analyzing the outcomes.

D(E) = sE2∕2, with s > 0.

10 When environmental R&D serves the purpose of reducing the ratio 
of emissions per output, the firms will tend to prefer to use cleaner 
technologies to comply with environmental regulation.
11 Quadratic R&D cost is commonly assumed in the literature due to 
its tractability (e.g., [9, 38]).

12 Since both firms face the same characteristics, it makes sense that 
both firms decide both variables at the same time. For further justifi-
cation of the one-stage set-up, the reader is referred to other studies 
that have adopted it such as [35, 36].
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In line with common practice in the literature on oligopo-
listic R&D, we impose the following parameter restrictions 
to ensure that the solutions to the one-stage games for both 
policy instruments are interior and thus in particular eco-
nomically meaningful.

Assumption (A1) (i) a > 2c, (ii) 3b𝛾 >
a

c
 , (iii) 0 < e <

a−c

3b
.

A discussion of the specific role of each of these assump-
tions is now given. (A1)(i) ensures that the market is large 
enough compared to the abatement unit cost, similar to the 
classical Cournot model with linear demand and produc-
tion costs. A significant side benefit of (A1)(i) is that it 
ensures both firms will remain in the market even if one 
firm chooses maximal R&D and the other firm no R&D at 
all, thereby dispensing with the need to worry about a cum-
bersome possible R&D-induced move to monopoly.

(A1)(ii) imposes a lower bound on the cost of abatement 
R&D in terms of market size, in line with similar second-
order conditions in standard R&D models (see, e.g., [9]). 
This condition leads to an interior R&D level, which is 
convenient for comparative analysis but not really essential 
in the sense that, without such an assumption, equilibrium 
would call for maximal abatement R&D, i.e., x∗ = c , render-
ing many of our desired comparisons of limited interest [9] 
and their statements more cumbersome.

Finally, (A1)(iii) limits the emissions limit e to be 
bounded above by the pre-regulation Cournot equilibrium 
per-firm output given by a−c

3b
, so as to avoid uninteresting 

situations where the emissions limit is not binding, and thus 
with no effect on the firms’ behavior.

Besides ensuring that the firms’ equilibrium variables cor-
respond to interior solutions as well as standard second-order 
conditions, these parameter restrictions also guarantee that, at 
equilibrium, abatement costs (after investment) are positive 
and output is strictly larger than the level of pollution.

Given Assumption (A1), we now outline the precise 
structures of the one-stage games that obtain when the reg-
ulator imposes a binding exogenous emission standard or 
performance standard on firms’ production.

2.2  The Emission Standard

Under the emissions standard, the aggregate level of pollution 
in the duopoly market is capped from above by E = ei + ej . 
As firms are symmetric, the regulator imposes an equal emis-
sions cap e for each firm, so that E = 2e . To avoid uninterest-
ing situations, as noted above, we assume that the emission 
standard is binding, i.e., that the emissions cap e is lower than 
the firm’s equilibrium output in the absence of regulation.13 
This is the role of Assumption (A1)(iii).

Then firm i ( i = 1, 2 ) simultaneously determines its envi-
ronmental R&D investment xi , its level of output qi , and the 
final level of emissions after abatement ei that maximize its 
profit given the pollution constraint e and its rival’s output, 
qj . Hence, the payoff of firm i is given by its Cournot profit 
function net of its R&D cost, i.e.,

This objective function is increasing in ei . Hence, in light 
of Assumption (A1), firm i always sets e∗

i
= e.

The payoff of firm i is thus: choosing the two variables 
qi and xi so as to

The first-order conditions w.r.t. qi and xi are, at a sym-
metric Nash equilibrium

The second-order condition is easily seen to be verified 
under Assumption (A1).14

Solving the system of equations yields the unique and 
symmetric Nash equilibrium levels of environmental R&D 
xe , and output qe , under the emission standard

By Assumption (A1), it is easy to check that (2) is an 
interior and valid Nash equilibrium of the game, i.e., one 
that satisfies 0 < xe < c , and 0 < e ≤ qe.

A natural comparative statics property of some interest is 
seen by inspection of (2): as long as our parameter restric-
tions continue to hold, we have

In other words, as the emissions regulation gets less tight 
(i.e., e increases), the firm conducts less abatement R&D 
and produces less output.

We now provide the solution to the one-stage game under 
the performance standard.

max
qi,xi,ei

{

[a − b(qi + qj)]qi − (c − xi)(qi − ei) −
1

2
�x2

i

}

subject to ei ≤ e.

(1)
max
qi,xi

Π(q1, q2, x1, x2) = [a − b(qi + qj)]qi − (c − xi)(qi − e) −
1

2
�x2

i
.

{

a − 3bq − c + x = 0

q − e = �x.

(2)xe =
(a − c) − 3be

3b� − 1
and qe =

�(a − c) − e

3b� − 1
.

(3)
𝜕xe

𝜕e
< 0 and

𝜕qe

𝜕e
< 0.

13 In other words, if e ≥ qe , the regulation would not modify the behav-
ior of the firms.

14 Indeed, recalling that due to the two-dimensional action space here, 
one needs joint concavity of the objective function, note that, with sub-
scripts denoting partial derivaties, we have Πqiqi

= −2b < 0, Πxixi
= −� , 

Πqixi
= 1, and Πqiqi

Πxixi
− Π2

qixi
= 2b𝛾 − 1 > 0 by (A1).
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2.3  The Performance Standard

Unlike the emissions standard, the performance standard 
does not impose restrictions on the absolute level of output 
generated by firms, but rather on the ratio of pollution to 
output, h = e∕q . Thus for instance, if the regulator chooses 
h = 0.6 , the firm’s emissions can at most amount to 60% of 
its output. If this firm’s output is given by q = 100 , then this 
firm must abate q(1 − h) = 40 units of pollution.

Given a choice of h by the regulator, the payoff or profit 
function of firm i is

Here firm i chooses its abatement R&D level xi and out-
put qi simultaneously, and qj is the output produced by the 
rival firm. The first-order conditions for firm 1 (say) w.r.t. 
qi and xi are, at a symmetric and interior Nash equilibrium,

As in the previous case, the second-order condition is 
easily seen to hold under Assumption (A1) and the fact that 
0 < h < 1 , i.e., the Hessian matrix of (4) is negative definite.

Solving the system of equations yields the unique and 
symmetric Nash equilibrium levels of environmental R&D 
xh and output qh , under the performance standard

It is easy to verify that 0 < xh < c and qh > 0 as a direct 
consequence of Assumption (A1) and the fact that 0 < h < 1.

A comparative statics property of interest is that, under 
Assumption (A1),

It can be verified that �qh∕�h in (6) cannot be uniformly 
signed over the entire parameter region. Therefore, as the emis-
sion regulation gets less tight (i.e, h increases), the firm con-
ducts less abatement R&D but may produce more or less output.

Remark 1 Recalling that output is always reduced in the case 
of a higher emissions limit e (see (3)), the possibility that equi-
librium output may react in either direction as h-regulation 
tightens (up if a is low and down if a is high) reflects the well-
known intuitive fact that a performance standard allows the 
firm more flexibility in its response to environmental regula-
tion that an emissions standard.15 This simple but important 

(4)max
qi,xi

[a − b(qi + qj)]qi − (c − xi)qi(1 − h) −
1

2
�x2

i
.

{

a − 3bq − (c − x)(1 − h) = 0

q(1 − h) = �x

(5)xh =
(1 − h)[a − c(1 − h)]

3b� − (1 − h)2
and qh =

�[a − c(1 − h)]

3b� − (1 − h)2
.

(6)
𝜕xh

𝜕h
< 0 and

𝜕qh

𝜕h
= 𝛾

3b𝛾c − 2a(1 − h) + c(1 − h)2

[

3b𝛾 − (1 − h)2
]2

.

observation will be invoked below when providing intuitive 
accounts for some results.

The next section compares the equilibrium solutions 
under the two policy instruments.

3  Comparison of the Standards 
in the One‑Stage Game

In this section, we compare the two policy instruments in 
terms of the equilibrium propensities to invest in abatement 
R&D, to produce more output and to generate profits. We 
also provide the corresponding comparison for the resulting 
social welfare levels. Finally, we contrast our results with 
related findings from the literature.

To ensure that the results of the comparison of the R&D 
incentives under the two regulatory regimes are meaningful, 
we assume that the regulator chooses the pollution constraints 
e and h so as to obtain the same level of final emissions under 
both instruments. That is, we set e = qhh , where qh is defined 
in Eq. (5). As a consequence, the equilibrium values of R&D 
and output under both regulatory instruments can be 
expressed in terms of the same h, which makes the compari-
son more transparent. Thus, we have e = qhh =

�h[a−c(1−h)]

3b�−(1−h)2
 . 

To have a binding emissions standard e, we thus need (see 
Assumption A1)

As pollution regulation without (7) would not have any 
effect on firms’ behavior, making the problem uninteresting, 
the parameter restriction in (7) is henceforth assumed.

3.1  R&D and Output Incentives

This subsection treats the key question: which of the two 
policy instruments yields higher levels of environmental 
R&D and industry output at the respective one-stage Nash 
equilibria, under the normalization that the regulator picks 
the levels of the two instruments so as to ensure that the 
final pollution levels generated are identical in the two cases.

The results of this comparison are summarized in Propo-
sition 1, the proof of which is given in Appendix A (along 
with all proofs for this paper).

Proposition 1 Under Assumption (A1) and the equal-pollution 
normalization e = qhh , relative to the emissions standard, the 
performance standard leads to

(i) more abatement R&D (i.e., xh > xe),
(ii) more industry output (i.e., qh > qe ), and thus a higher 
consumer surplus and a higher level of abatement,

(7)
𝛾h[a − c(1 − h)]

3b𝛾 − (1 − h)2
<

a − c

3b
.

15 Dijkstra and Gil-Moltó [16] consider similar comparative statics effects 
induced by emission taxation by a social planner in a Cournot market.
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(iii) a lower profit per firm (i.e., 𝜋h < 𝜋e).

We now argue that the results of Proposition 1 are quite in 
line with common economic intuition about the two stand-
ards. As it pertains to a ratio of two variables instead of 
just to a single variable, the performance standard offers the 
firms more flexibility than the emissions standard in com-
plying with a given level of pollution regulation. In addi-
tion, the R&D and output decisions are complements in each 
firm’s payoff function, which is clearly an intuitive (and 
well-known) property. In light of these two observations, 
the comparisons in Proposition 1(i)-(ii) can be intuitively 
expected. Given the normalization of equal pollution lev-
els, a higher output under the performance standard implies 
directly that the level of abatement is larger under this instru-
ment. Finally, the reversal of the profit comparison indicates 
that the extra flexibility inherent in the performance standard 
allows firms to compete more vigorously, thereby lowering 
equilibrium profit.

Thus, a very clear-cut comparison emerges between the 
two standards. In terms of the resulting R&D and outputs, 
and thus consumer surplus, the superiority of the perfor-
mance standard over the emissions standard is fully unam-
biguous. However, in terms of producer surplus, the ranking 
fully reverses. A natural question thus arises, as to which of 
the two standards might dominate in terms of social welfare.

We now compare the resulting welfare levels for the emis-
sions and performance standards.

3.2  Welfare

This subsection provides a comparison of the equilibrium 
levels of social welfare for the two standards under study. 
For this comparison to be on a level playing field, we main-
tain the equal-pollution normalization that e = qhh.

Social welfare is defined in the usual manner in an environ-
mental setting, as the sum of consumer surplus and producer 
surplus, net of a measure of the environmental damage caused 
by the leftover emissions. For the present model, under sym-
metric choices for the two firms, this takes the form

where q, x, and e denote any feasible per-firm output, invest-
ment in R&D, and emissions, respectively. The equilibrium 
output and R&D are given by (2) and (5) for the emission 
and the performance standard respectively. To find the 
expression for equilibrium welfare under an emission stand-
ard, substitute (2) in (8) and use e = hqh =

�h[a−c(1−h)]

3b�−(1−h)2
 to get

(8)

W(q, x) = ∫
2q

0

(a − bt)dt − 2(c − x)(q − e) − �x2 − 2se2,

(9)
W

e
=

(4b� − 1)(�(a − c)2 − 2ae) + eb(9b� − 2)(e + 2c�) − 2e
2(3b� − 1)2s

(3b� − 1)2
.

Similarly, for equilibrium welfare under a performance 
standard, by (5) and (8) (with e ≡ qhh),

The main result here deals with the comparison between 
the performance and the emissions standards in terms of 
resulting welfare.

Proposition 2 Let (A1) hold and e = qhh . The performance 
standard generates more (less) social welfare than the emis-
sions standard, Wh > (<)We if

where A ≡ h(6b𝛾 − 1) + (6b𝛾 − 2) > 0, and B ≡ (4b� − 1)

h(1 − h) + 2b𝛾(3b𝛾 − 1) > 0.

The main clause of Condition (11) may be interpreted as 
saying that the size of the market is sufficiently high. For 
such cases, the performance standard dominates in terms of 
social welfare, while the reverse holds for small market sizes. 
This is in line with the previous results that the performance 
standard yields higher abatement R&D and industry output, 
as R&D is more valuable in a larger market. Conversely, in 
a small market, the performance standard emerges as detri-
mental to welfare by giving rise to a relative excess of R&D.

It is worth stressing that Proposition 2 provides a com-
plete characterization of the welfare comparison between the 
two policy instruments. In addition, the comparison is actu-
ally quite simple and lends itself to a clear-cut and intuitive 
economic interpretation. By contrast, in the two-stage game 
version of this model, the full characterization for the same 
comparison provided by [2] led to a much more complex 
outcome in terms of its dependence on the parameters of the 
model, offering limited scope for an intuitive understanding. 
In [1], the generality of the setting did not allow for a char-
acterization, but only for a qualitative determination that the 
result could go either way.

A careful numerical investigation of Condition (11) 
reveals that the main clause (i.e., > ) is much more likely to 
hold (given our assumptions) than the opposite clause (i.e., 
< ), so that the emissions standard may be welfare-dominant 
only in a restricted parameter region. The following example 
illustrates this point and other aspects of Proposition 2.

Example 1 Consider our one-stage game formulation with 
a = 1.2 , � = 1.8 , and b = c = s = 1 . In addition, assume that 
e = qhh , so that both instruments generate the same level 
of final emissions. We compare the resulting equilibrium 
values of R&D investment, output and welfare under the 
emissions and performance standards.

(10)Wh =
�[a − c(1 − h)]2[2�(2b − sh2) − (1 − h)2]

[3b� − (1 − h)2]2
.

(11)
a

c
> (<)b𝛾

A

B
,
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The results of the comparison are given in Table 1, where 
ES stands for emissions standard, and PS for performance 
standard. The values of h = 0.10 , and h = 0.30 in Table 1 
are selected to show how the comparison varies with the 
inequality (11) in Proposition .

Table 1 shows that the equilibrium levels of R&D and 
output are higher under the performance standard for both 
h = 0.10 and h = 0.30 (the second and third rows in Table 1, 
respectively). This result conforms to Proposition 1.

To illustrate that the welfare comparison can indeed be in 
favor of the emissions standard, consider the case h = 0.30 
(see the fourth row in Table 1). Indeed, the LHS of (11) is 
then easily seen to be lower than the RHS, and the result is 
in line with Proposition .

In the next section, we compare our results to their analo-
gous conclusions in the two-stage game versions of the model, 
where before competing à la Cournot in the second stage, the 
firms commit to their levels of R&D in the first stage.

4  Comparison of the One‑Stage 
and Two‑Stage Games

The incentives to invest in environmental R&D under the 
two command-and-control instruments have been previously 
compared in a Cournot competition setting by [1] and [2].16 
Unlike the present study, both studies adopt a two-stage 
setting, where firms make their R&D and output decisions 
sequentially, with R&D investments chosen in the first stage 
and Cournot outputs in the second stage (upon observing the 
R&D choices). The purpose of this section is to compare the 
Nash equilibrium levels of R&D, output and social welfare of 
the one-stage game and the corresponding two-stage game.

The study that pioneered the comparison between a one-
stage game and the corresponding two-stage game of oli-
gopolistic process R&D is [5]. Using a model with very gen-
eral demand and cost functions, their main result is that the 

equilibrium levels of R&D and output of the two-stage game 
exceed those of the one-stage game. To provide an intuitive 
account of this result, [5] decompose the incentives firms 
have to conduct R&D into two separate components for the 
two-stage game. The first or direct effect refers to a purely 
cost-saving motive that leads the firm to minimize the total 
combined R&D and production costs for a given level of out-
put. The second or strategic effect relates to the anticipation 
of Cournot competition in the second stage and captures the 
impact that one firm’s R&D investment has on its own and 
rival’s outputs and thus market shares and profits. This com-
mitment effect causes firms to undertake more R&D than is 
needed to minimize their total R&D and production costs. In 
this perspective, being absent in the one-stage game, where 
R&D and output choices are simultaneous, the latter effect is 
at the heart of the difference between the two models.

In a two-stage game of abatement R&D/Cournot competi-
tion with general demand and cost functions, [1] compares 
the incentives to invest in abatement R&D for the two instru-
ments at hand (and others), and finds that neither of the two 
uniformly dominates the other. In his intuitive account of 
this conclusion, [1] invokes the direct and strategic effects 
of R&D as adapted from [5].

By specializing Montero’s model to the common speci-
fication of a linear oligopoly, [2] derive simple closed form 
solutions for the equilibrium of the two-stage game under each 
policy instrument. This makes possible a complete characteri-
zation of the parameter regions for which each instrument dom-
inates in terms of equilibrium levels of R&D and/or industry 
output. Specifically, they establish that a performance standard 
generates more R&D incentives when the cost of R&D is suf-
ficiently high (for a given market size). In contrast, when the 
market size is sufficiently large (for a given cost of R&D), they 
find that an emission standard generates more R&D incentives. 
For modest levels of R&D cost and market size, the stringency 
of environmental regulation may also affect the results of the 
comparison. Similar results apply in case of the equilibrium 
output comparison under both regulatory tools. Via this full 
characterization of the comparative properties of the equilibria, 
[2] demonstrates that neither of the two command-and-control 
policy instruments is uniformly superior to the other in terms 
of the final levels of environmental R&D and industry output.

We now contrast the outcomes of the two-stage games in 
[2] with the corresponding solutions to the one-stage game 
discussed in Sect. 3.1. The two-stage game requires the fol-
lowing new assumptions, taken from [2].

(A2) (i) a > 2c , (ii) 9b𝛾 > 4a∕c.

Similarly to the corresponding parts of Assumption (A1), 
these conditions guarantee an economically meaningful solu-
tion in the two-stage game (including the second-order condi-
tion and interiority of solutions). Observe that Assumptions 

Table 1  The comparison of R&D, output and welfare under both pol-
icy instruments for a = 1.2 , � = 1.8 , b = c = s = 1 and two different 
values of emissions allowed

ES
e=0.012

PS
h=0.10

ES
e=0.055

PS
h=0.30

Emissions per firm 0.012 0.055
R&D per firm 0.037 0.059 0.008 0.071
Individual output 0.079 0.118 0.069 0.183
Welfare 0.045 0.049 0.122 0.119

16 A complementary study to Montero [1] is Bruneau [3], who how-
ever investigates R&D incentives in a perfectly competitive output 
market with increasing marginal production cost.
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(A1)(i) and (A2)(ii) are the same, but (A2)(ii) is more restric-
tive than (A1)(i). Specifically, it reduces the upper bound of 
the market size, now 2c∕b < a∕b < 9c𝛾∕4 (under (A1) we 
have 2c∕b < a∕b < 3c𝛾).

When comparing the one-stage and the two-stage games 
under the performance standard, the same (exogenous) value 
of h is used for both models, and this is the relevant level-
playing field for this comparison. A similar statement applies 
to the value of e for the other comparison. In other words, the 
restriction that e = qhh is thus immaterial here.

4.1  R&D and output comparison

We begin by comparing the equilibrium levels of abatement 
R&D and output of the one-stage game and of the two-stage 
game. The former are given in (2) and (5) above. For the two-
stage game, the equilibrium levels of per-firm abatement R&D 
and output are taken from [2]. They are respectively given by, 
for the emissions and performance standards (with a ‘tilde’ 
referring to the variables in the two-stage game)

and

Proposition 3 Under (A2), comparing the subgame-perfect 
equilibrium of the two-stage game with the Nash equilibrium 
of the one-stage game, we have

(i) the R&D levels are higher under the two-stage game 
for both standards (i.e., x̃e > xe and x̃h > xh).

(ii) the output levels are higher under the two-stage 
game for both standards (i.e., q̃e > qe and q̃h > qh).

Proposition 3 confirms that the equilibrium levels of 
R&D and output generated under each of the two instru-
ments are greater in the two-stage game than their coun-
terparts in the one-stage game. The intuition is the same 
as for the process R&D comparison in [5]. In the one-stage 
game, due to the simultaneity of the two choices, firms 
are solely focused on total cost minimization, and do not 
take into account the fact that more R&D in the first stage 
will lead to a bigger market share in the second stage. In 
contrast, in the two-stage game, firms do take into account 
both effects of R&D, and the strategic pursuit of the mar-
ket share objective leads them to overspend in R&D (rela-
tive to one-shot game case). These results are thus fully 
in line with the findings of [5] as described above, and 

x̃e =
4(a − c) − 9be

9b𝛾 − 4
and q̃e =

3𝛾(a − c) − 3e

9b𝛾 − 4

x̃h =
4(1 − h)[a − c(1 − h)]

9b𝛾 − 4(1 − h)2
and q̃h =

3𝛾[a − c(1 − h)]

9b𝛾 − 4(1 − h)2
.

are thus one more contextual instance of the commitment 
effect in game theory.

As [5] noted in their comparison of the two types of 
games, the R&D levels in each of the two two-stage games 
may be viewed as excessive in the following sense. Under 
the emission standard, given the present description of the 
R&D possibilities, if a firm in isolation wished to produce 
the output level qe , it would also choose to conduct the cor-
responding level of environmental R&D xe . However, the 
analogous statement is not true for the output level q̃e and 
the equilibrium level of environmental R&D x̃e from the 
two-stage game. In other words, to produce output level 
q̃e , a firm in isolation would find it cheaper to perform 
less R&D then the level x̃e . A similar remark applies for 
the two separate games under the performance standard.

In conclusion, the sense in which the R&D levels in the 
two-stage games may be viewed as excessive relate to the 
simple criterion of total cost minimization (including both 
R&D and production costs). Indeed, relative to a first-best 
criterion say, the R&D levels of both types of games under 
consideration here will turn out to be insufficient, as is 
well known (see, e.g., [10] or [11]).

4.2  Welfare Comparison

This subsection provides a comparison between social wel-
fare in the one-stage and the two-stage games, under each of 
the two regulatory instruments. The equilibrium welfare for 
the one-stage game under the emissions standard is given by 
(9). For the two-stage game, the equilibrium welfare, taken 
from [2], is

The equilibrium welfare for the one- and the two-stage 
games under the performance standard can be reduced 
respectively to (10) and the following (from [2]),

While each of the two results in the Proposition below 
offers a complete characterization of the welfare compari-
son, the result is parameter-dependent for the performance 
standard, but uniformly valid for the emissions standard.

Proposition 4 Under (A2), at the respective equilibria of the 
one- and two-stage games:

(i) under an emission standard, social welfare is higher in 
the two-stage game than in the one-stage game.

W̃e =
e2(9b + 8s − 18b𝛾s) + e(18bc𝛾 − 8a) + 4𝛾(a − c)2

9b𝛾 − 4
.

W̃h =
2𝛾[a − c(1 − h)]2 [9𝛾(2b − h2s) − 8(1 − h)2]

[9b𝛾 − 4(1 − h)2]2
.
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(ii) under a performance standard, social welfare is higher 
in the two-stage game than in the one-stage game if 

 If (12) is reversed, then social welfare is higher in the 
one-stage game.

In order to arrive at an intuitive understanding of Proposi-
tion 4, it is useful to separate the two parts. Proposition 4(i)  
is easy to grasp intuitively. Under an emission standard, 
the comparison is clear-cut and coincides with the general 
and well-known result in industrial organization described 
earlier [5]. In particular, the presence of a damage term is 
immaterial to this comparison, which follows directly from 
the fact that the same emissions limit is imposed across the 
two games (for a meaningful comparison). The equality of 
the two damage terms leads to the usual notion of social 
welfare in industrial organization (as the sum of consumer 
and producer surpluses) being the relevant one. In light of 
the well-known stylized fact about innovation, that an insuf-
ficient amount of R&D is typically undertaken, one would 
naturally expect the high R&D-high output scenario to lead 
in terms of social welfare (see, e.g., [12] and [11]).17

In contrast, under a performance standard, Proposition 
4(ii) might at first appear counter-intuitive, since better 
performance in R&D and output does not always translate 
into better welfare performance here. However, the result 
becomes quite intuitive once the economic forces at work are 
clearly identified. With only the same emission per output 
ratio h imposed across the two games, the level of emissions 
must be higher under the two-stage game, since output is 
higher (by Proposition 3). Therefore, no matter how much 
higher the net-of-damage welfare is in the two-stage game 
(for the afore-mentioned reasons), for a sufficiently high 
damage parameter s, the ranking will switch in favor of the 
one-stage game. This is exactly the content of Proposition 
4(ii) where the relevant threshold value for the parameter s 
is identified by Condition (12).

Interestingly, there is a tension here between the classical 
measures of welfare in industrial organization and in envi-
ronmental economics. In the latter case, a higher output will 
amount to a negative contribution to overall welfare when 
damage due to pollution is sufficiently high. However, with-
out environmental damage, the (Marshallian) social welfare 
used in industrial organization would always be higher under 
the two-stage game instead, due to a higher output [5]. In 

(12)s <
b

h2

9b𝛾 − 4(1 − h)2

36b𝛾 − 14(1 − h)2
.

this respect, Proposition 4 is of particular interest in that 
it sheds light on conditions under which a two-stage game 
would be socially preferable (whenever the pollutant at hand 
yields mild pollution). A noteworthy reversal is the fact that 
the one-stage game is welfare superior whenever the damage 
function is steep enough, or whenever the underlying pollut-
ant is sufficiently harmful to the environment.

The key condition (12) may also be instructively inter-
preted, for fixed value of s, in terms of the value of (1 − h) , 
seen as a measure of the tightness of environmental regu-
lation. As h decreases, regulation gets stricter and (12) 
is more likely to hold, as the RHS of Condition (12) is 
decreasing in h, as is easily verified by direct computa-
tion. Therefore, for each fixed value of s > 0 , there is a 
unique threshold value of h, say h , such that condition (12) 
holds with equality. It follows that tighter regulation (i.e., 
h below the threshold h ) would always favor the two-stage 
game in terms of social welfare (with damage included), 
since it leads to a lower output and thus to less pollution 
damage (at a given s).18 The opposite holds for less tight 
regulation (i.e., h above the threshold h).

The following example illustrates some aspects of 
Proposition 4(ii).

Example 2 Consider an industry with a = 2.5 , � = 1.8 , and 
b = c = s = 1 . Table 2 shows the equilibrium of the one- and 
two-stage games under the performance standard. Observe 
that when h = 0.62 , the game is equivalent to that of the last 
column of Table 4 in [2]. Here, 1SG stands for one-stage 
game, and 2SG for the two-stage model.

A value of h of particular interest here is h ≈ 0.4979 , for 
which social welfare under the performance standard coin-
cides for both games. In line with Proposition 4(ii), if h is 
lower (so the RHS of Condition (12) is higher), then the two-
stage game provides a higher social welfare; if h is higher, 
the one-shot game does.

5  The Second‑Best Problem 
with Endogenous Standards

In this section we return to the one-stage setting and 
endogenize the choice of the emission and performance 
standards by the social planner or regulator. Specifically, 
for each instrument, we consider a two-stage game wherein 
the regulator precommits to a pollution constraint level in 
the first stage and then each firm simultaneously decides its 
R&D level and output in the second period. The regulator 

17 Although these well-known studies refer to process R&D (or cost-
reducing R&D), we tacitly assume here that many of the classical 
stylised facts will also be shared by abatement R&D, due to the same 
(market-failure-inducing) reasons.

18 In particular, at the extreme case of h = 0 , or zero tolerance for pol-
lution, (12) clearly holds, and we are back to the usual net-of-damage 
welfare comparison, with the two-stage game leading in welfare.
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selects the level of the constraint by maximizing social 
welfare while anticipating the firms’ equilibrium reactions 
under each policy instrument. As such, the aim is to charac-
terize the optimal (second-best) solution to the regulator’s 
problem arising under both policy instruments.

A key observation to understand the upcoming results 
is that, since the two standards are set by the social plan-
ner to maximize welfare, there is no reason a priori to 
expect the resulting levels of emissions to be equal. In 
other words, the normalization rule used so far is not 
meaningful here and thus does not apply, as will be con-
firmed below.

5.1  The Welfare‑Maximizing Emission Standard

As in the one-stage game, we make some assumptions on 
parameters to ensure that our results under the emission 
standard are economically meaningful. In this section, 
in addition to maintaining assumption (A1), we require 
the following:

(A3) (i) s > b(c(9b𝛾−2)−a)

2(a−c)(3b𝛾−1)
, (ii) b𝛾(9b𝛾−2)

4b𝛾−1
>

a

c
.

Condition (A3)(ii) is similar in interpretation, but more 
stringent than, Condition (A1)(ii). Recall that (A1) 
implies that 3b𝛾 > a∕c > 2 and hence, 3b𝛾 >

b𝛾(9b𝛾−2)

4b𝛾−1
 . 

Thus, we are further restricting the possible values of a/c 
to conduct the analysis in this section. Assumption (A3)
(i) plays the role of a second-order condition for welfare 
maimization and is exclusive to this section as we did not 
have endogenous instruments before; it states that social 
damage should be large enough for the environmental 
authority to establish a binding regulation. The proof of 
Proposition 5 provides technical details on (A3). With 
these assumptions in place, we can analyze the social 
welfare-maximization problem of the regulator under the 
emission and performance standards.

The regulator is concerned with maximizing social wel-
fare by choosing the optimal level of the emission stand-
ard. Hence, by accounting for the one-stage equilibrium 
values of each firm’s R&D investment xe and output qe 
(recall Eq. (2)), the regulator solves the following social 
welfare-maximization problem

where the industry emissions are equal to E = 2e.
Plugging in the equilibrium values of R&D investment 

xe and output qe from Eq. (2), the regulator’s problem 
reduces to (upon simplification)

The solution to this problem is given by Proposition 5, 
in which the variables of interest carry a subscript (⋅)∗ , to 
distinguish this solution from that of the one-stage game.

Proposition 5 Under Assumptions (A1) and (A3), there is 
a unique and symmetric second-best equilibrium under the 
emission standard, which entails the social welfare maximiz-
ing level of the emission standard, R&D levels and outputs 
respectively given by

Moreover, 0 < x∗
e
< c and 0 < e∗ < q∗

e
.

We now analyze the regulator’s problem for the perfor-
mance standard.

5.2  The Welfare‑Maximizing Performance Standard

Under the performance standard, the regulator chooses 
h ∈ (0, 1) with the objective of maximizing social welfare given 
the equilibrium values of the R&D investment, xh , and output, 
qh , given in (5). In analogy with (13), the regulator solves

This is the usual sum of consumer and producer sur-
plus, with the latter including R&D costs, which here also 
includes the quadratic environmental damage costs.

(13)max
e ∫

2qe

0

(a − bt)dt − 2(c − xe)(qe − e) − �x2
e
− 2se2,

(14)
max
e

W
e
(e) =

(4b� − 1)(�(a − c)2 − 2ae) + eb(9b� − 2)(e + 2c�) − 2e2(3b� − 1)2s

(3b� − 1)2
.

e∗ =
cb�(9b�−2)−a(4b�−1)

2s(3b�−1)2−b(9b�−2)
, x∗

e
=

2(a−c)(3b�−1)s−b(c(9b�−2)−a)

2s(3b�−1)2−b(9b�−2)
, and

q∗
e
=

(3b�−1)(2(a−c)�s−a)

2 s(3b�−1)2−b(9b�−2)
.

(15)

max
h ∫

2qh

0

(a − bt)dt − 2(c − xh)qh(1 − h) − �x2
h
− 2s(hqh)

2.

Table 2  Equilibrium R&D, 
output and social welfare 
for the one- and two-stage 
games under the performance 
standard; a = 2.5 , � = 1.8 , and 
b = c = s = 1

1SG 2SG 1SG 2SG 1SG 2SG

Performance standard h=0.120 h=0.4979 h=0.80
R&D per firm 0.308 0.435 0.195 0.264 0.086 0.115
Individual output 0.630 0.668 0.699 0.710 0.772 0.774
Welfare 1.407 1.429 1.642 1.642 1.609 1.607
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Given the equilibrium values of R&D investment xh and 
output qh in Eq. (5), the regulator’s problem reduces to

Unfortunately, the solution to the social welfare maximi-
zation problem of the regulator in Eq. (15) is analytically 
non-tractable, but based on many numerical simulations, we 
establish some important observations in the next section.

5.3  Comparison of the Second‑Best Solutions 
for the Two Standards

Before comparing the second-best solutions under the two 
standards, we provide a comparative statics analysis of the 
socially optimal standards.

Proposition 6 Assuming interior solutions, the comparative 
statics of e∗ and h∗ with respect to changes in the key param-
eters are the same:

(i) e∗ and h∗ are decreasing in a.
(ii) e∗ and h∗ are increasing in � .
(iii) e∗ and h∗ are decreasing in s.

These results are fairly intuitive. Under both policy 
instruments, the regulator would choose lower effective 
pollution limits when the willingness to pay or market size 
a increases (at constant b), in anticipation of a higher output 
and thus pollution level, as well as when pollution causes 
more environmental damage; but higher pollution limits 
when R&D is more costly so as not to overburden firms.

For the rest of the analysis, we provide numerical insights 
into the equilibria, since a closed-form solution under the 
performance standard is not possible. To do so, we assume 
values for parameters b = c = 1 holding throughout and 
we obtain the solution to the game under the performance 
standard computationally. Observe that b = 1 implies that a 
accounts exactly for market size, and the demand slope is 
1. When c = 1 , the initial abatement cost corresponds to the 
level of emissions abated. Using the same restrictions on the 
parameters we compute the equilibrium variables under the 
emission standard from Proposition 5.

Thus, we compute the solution for representative sets 
of parameters, where we choose to vary one variable at a 
time while keeping the other parameters constant. Specifi-
cally, we investigate how changes in the market size a (given 
b = 1 ), the unit cost of R&D � , and the extent of damage s 
affect the comparison of the equilibrium values of R&D, 
output, emissions, abatement and welfare generated under 
the emission and performance standards in the two games. 

max
h

Wh(h) =
�[a − c(1 − h)]2[2�(2b − sh2) − (1 − h)2]

[3b� − (1 − h)2]2
.

Some examples of the calculations made are presented in 
Appendix B.

From several numerical simulations, we retain that (i) 
the results concerning the comparison of R&D, output, 
and abatement levels are highly parameter-dependent 
(the comparisons can go either-way) and (ii) the resulting 
(socially optimal) welfare is consistently higher under the 
performance standard.

The strong dependence of the comparison on parameter 
values (part i above) stands in sharp contrast to the clear-cut 
results derived in Proposition . This is due to the endogene-
ity of the two standards in this section, i.e., to the absence 
of the normalization of equal final emissions under the two 
instruments, a key assumption of Proposition 1. These dis-
crepancies in the results of the one-stage game and the sec-
ond-best problem are clearly to be attributed to the actions 
of the regulator, who takes an active role in the second-best 
game and selects the pollution constraints under each instru-
ment so as to maximize social welfare. In other words, for 
the second-best problem, the final pollution level generated 
by each firm is different across the two policy instruments 
(for instance, see Table 3 in Appendix B). Consequently, 
the results obtained in the presence of the passive regula-
tor no longer hold, and neither of the two instruments uni-
formly leads in terms of equilibrium R&D, output and level 
of abatement.

Finally, in contrast to our earlier conclusions, the uniform 
welfare comparison result supports earlier findings by [2], 
who also conclude that the performance standard should be 
the preferred environmental instrument of the regulators 
(with a social welfare objective). The latter is clearly the 
most comprehensive criterion for the comparison of the two 
command-and-control policy instruments.

6  Conclusion

This study has examined the comparative performance of 
emission and performance standards in a one-stage game-
theoretic model of abatement R&D and Cournot product 
market competition, in terms of R&D, industry output and 
social welfare. Firms simultaneously select R&D and output 
levels, given exogenous pollution constraints leading to the 
same emission levels for a meaningful comparison. While 
less prevalent than the two-stage version, the one-stage game 
was adopted in several well-known studies on innovation.

The first result is that a performance standard generates 
higher R&D investments and industry output, but lower 
profit, than the pollution-equivalent emissions standard. 
A similar conclusion extends to social welfare only under 
a mild condition of high demand (relative to cost). These 
results are far more clear-cut than their counterparts in the 
two-stage version of this model analyzed by [1] in a general 
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setting and by [2] under the present specification, which 
were highly parameter dependent.

We also conduct a similar comparison for each of two 
instruments across the one-stage and the two-stage models. 
We find that the two-stage model leads to higher levels of 
R&D and industry output than the one-stage game for both the 
emissions and performance standards. The same conclusion 
applies to the social welfare comparison for the emissions 
standard. However, for the performance standard, the same 
conclusion on welfare extends if and only if the environmen-
tal damage parameter is below an identified threshold. We 
argue that these conclusions are in line with economic intui-
tion when one takes into account the role of the damage term 
in the welfare function in environmental economics.

When the instruments are endogenized via welfare maxi-
mization by a social planner, the results concerning the com-
parison of R&D, output, and abatement levels turn out to be 
highly parameter-dependent, but nevertheless a key conclu-
sion obtains: The performance standard always leads to a 
higher final social level than the emission standard.

On the whole, our results provide some novel sup-
port for the view that a performance standard tends to be  
superior to an emission standard. However, under low 
demand in a small parameter region, the welfare and the 
abatement R&D results yield conflicting recommenda-
tions. As to the possible policy implications of the com-
parison between the two game forms, one may attribute 
another role for a social planner, that of inducing a two-
stage or a one-stage interaction for a particular industry. 
For instance, to give rise to a two-stage game, the planner 
may conceivably mandate that the firms make credible 
announcements of their abatement or pollution levels, or 
alternatively provide incentives (such as R&D matching 
subsidies) for them to do so in an irrevocable manner. One 
implication of Proposition 4 of interest is that a two-stage 
game would be welcome whenever the pollutant for the 
industry at hand is relatively mild, with the opposite hold-
ing for strong pollutants.

As possible future work on this topic, one may consider 
a new game intermediate between the two polar cases of 
one-stage and two-stage game, wherein observability of 
R&D choices takes place with exogenous probability p (in 
which case the game is two-stage) and non-observability 
with probability 1 − p (one-stage game).

Appendix A. Proofs

This section provides the proofs for all the results of the 
paper. Since the proofs are based on simple but sometimes 
involved computations, only the main lines are presented 
to allow the interested reader to follow the steps; details 
are thus mostly left out.

Proof of Proposition 1 

(i) Provided that e = qhh =
�h[a−c(1−h)]

3b�−(1−h)2
 , we have 

 and 

 which is clearly (strictly) positive by (A1) and the fact 
that 0 < h < 1.
(ii) Similarly, 

(iii) The profit result follows from the following inequalities: 

 The first inequality follows by the Nash property, the sec-
ond one, by qe < qh (part ii) and e = qhh . The equalities 
are given by definition of the two equilibrium profit levels.
This completes the proof of Proposition 1.   ◻

Proof of Proposition 2 Since we fixed e = qhh =
�h[a−c(1−h)]

3b�−(1−h)2
 , we 

can write We in terms of h, and then compute the difference

where
A = h(6b𝛾 − 1) + (6b𝛾 − 2) > 0, 

B = (4b𝛾 − 1)h(1 − h) + 2b𝛾(3b𝛾 − 1) > 0,

C = 𝛾(3bc𝛾 − a(1 − h))h > 0,  a n d 
D = [3b𝛾 − 1]2[3b𝛾 − (1 − h)2]2 > 0.

Here the first three inequalities follow by (A1) and the 
last one is obvious. Then, Wh > We if and only if a

c
> b𝛾

A

B
 , 

which leads to the desired result.   ◻

Proof of Proposition 3 Assumption (A2) is required for a 
well-defined, interior and symmetric subgame-perfect equi-
librium in the two-stage games (see details in [2]). To prove 
the four desired inequalities here, we proceed by direct cal-
culations. As the steps are very simple, we leave the details 
to the reader.  ◻

Proof of Proposition 4 First, observe that Assumption (A2) 
is imposed here for the same reasons as in the proof of 
Proposition 3.

xe =
(a − c)

3b� − 1
−

3b

3b� − 1

�h[a − c(1 − h)]

3b� − (1 − h)2

xh − xe =
h[3bc� − a(1 − h)]

[3b� − 1][3b� − (1 − h)2]
,

qh − qe =
𝛾h[3bc𝛾 − a(1 − h)]

[3b𝛾 − 1][3b𝛾 − (1 − h)2]
> 0.

𝜋e = qe(a − 2bqe) − (c − xe)(qe − e) − 𝛾x2
e
∕2

≥ qh(a − b(qe + qh)) − (c − xh)(qh − e) − 𝛾x2
h
∕2

> qh(a − 2bqh) − (c − xh)qh(1 − h) − 𝛾x2
h
∕2 = 𝜋h.

Wh −We = −C(bc�A − aB)∕D,
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(i) Using the expressions for We and W̃e given in the text, 
we have after simplification that W̃e −We =

b(e−(a−c)𝛾)2

(3b𝛾−1)2(9b𝛾−4)
 , 

which is strictly positive since 9b𝛾 > 8.
(ii) Using the expressions for Wh and W̃h given in the 
text, we have after simplification 

 if b

h2s
> (<)

36b𝛾−14(1−h)2

9b𝛾−4(1−h)2

Proof of Proposition 5 The reader can easily verify that the 
FOC for the social welfare maximizing problem (14) is:

which leads to e∗ = cb�(9b�−2)−a(4b�−1)

2 s(3b�−1)2−b(9b�−2)
 . Substituting this result 

into equations (2) leads to x∗
e
=

2(a−c)(3b�−1)s−b(c(9b�−2)−a)

2 s(3b�−1)2−b(9b�−2)
 and 

q∗
e
=

(3b�−1)(2(a−c)�s−a)

2 s(3b�−1)2−b(9b�−2)
.

The SOC of this problem is 2b(9b𝛾−2)−4 s(3b𝛾−1)
2

(3b𝛾−1)2
< 0, equiva-

lent to 2 s(3b𝛾 − 1)2 − b(9b𝛾 − 2) > 0 or s > b(9b𝛾−2)

2(3b𝛾−1)2
, that is, 

the denominator of e∗ , x∗
e
 and q∗

e
 must be strictly positive. (A3)

(i) and (A3)(ii) imply the last inequality, since 
b(c(9b𝛾−2)−a)

2(a−c)(3b𝛾−1)
>

b(9b𝛾−2)

2(3b𝛾−1)2
 . Notice that (A1) implies that a − c > 0 , 

3b𝛾 − 1 > 0 and 9b𝛾 − 2 > 0 . If (A3)(ii) also holds, we have 
that c(9b𝛾 − 2) − a > 0 , otherwise, it must be that 3b𝛾 < 1, 
which contradicts (A1).

Clearly, (A3)(i) and (A3)(ii) imply that e∗ > 0 ; these two 
assumptions also imply that x∗

e
< c . To see this, observe that 

c − x∗
e
=

−ab+2(3b𝛾−1)(3bc𝛾−a)s

2 s(3b𝛾−1)2−b(9b𝛾−2)
> 0 iff s > ab

2(3b𝛾−1)(3bc𝛾−a)
 ; by 

(A1), 3b𝛾 − 1 > 0 and 3bc𝛾 − a > 0 . (A3)-(ii) implies that 
b(c(9b𝛾−2)−a)

2(a−c)(3b𝛾−1)
>

ab

2(3b𝛾−1)(3bc𝛾−a)
 , and thus, (A3)(i) and (A3)(ii) 

guarantee that x∗
e
< c.

Finally, observe that (A3)(i) implies that both the numera-
tor and the denominator of x∗

e
 are strictly positive, hence, 

x∗
e
> 0 . In addition, q∗

e
− e∗ =

𝛾[2(a−c)(3b𝛾−1)s−b(c(9b𝛾−2)−a)]

2 s(3b𝛾−1)2−b(9b𝛾−2)
> 0 

iff s > b(c(9b𝛾−2)−a)

2(a−c)(3b𝛾−1)
 , corresponding to (A3)(i).   ◻

Proof of Proposition 6 The comparative statics results for e∗ 
are straightforward from the (closed-form) expression for 
e∗ . Since a closed-form expression for h∗ is not tractable, 
we shall use [13] theorem for monotone comparative statics 
[13] or Vives, [14].

(i) The idea is to take lnWh(h) to turn it into additively 
separable parts, and then take the cross-partial w.r.t. h and 
the relevant exogenous variable. In the case of a, we get 

W̃
h
−W

h
=

𝛾2(1 − h)2[a − c(1 − h)]2[b(9b𝛾 − 4(1 − h)2) − h2s(36b𝛾 − 14(1 − h)2)]

[9b𝛾 − 4(1 − h)2]2[3b𝛾 − (1 − h)2]2
> (<)0

−2a(4b� − 1) + 2b(9b� − 2)(e + c�) − 4e(3b� − 1)2 s

(3b� − 1)2
= 0,

𝜕2 lnWh(h)

𝜕h𝜕a
=

−2c

[a−c(1−h)]2
< 0 . Hence, by Topkis’s theorem, h∗ is 

decreasing in a.
(ii)-(iii) Similarly, it is easy to check that 𝜕

2 lnWh(h)

𝜕h𝜕𝛾
> 0 and 

𝜕2 lnWh(h)

𝜕h𝜕s
< 0 , which imply that h∗ is increasing in � and 

decreasing in s.   ◻

Appendix B

This Appendix provides a comparison of the equilibrium 
variables of interest in the game with endogenous standards, 
for a given set of parameters. To distinguish the second-
best solution from that of the one-stage game, we will add 
the superscript ∗ to the variables. Thus, e∗(h∗ ) denotes the 
equilibrium level of emission (performance) standard, while 
W∗

e
 ( W∗

h
 ) stands for the corresponding welfare. Throughout 

this section we assume b = c = 1 , meaning that a accounts 
exactly for market size, the demand slope is 1, and the initial 
unit cost of abatement is one.

Varying Parameter a

We first consider the performance of both policy instruments 
assuming a variation in the size of the market a. Table 3 
provides this comparison as the market size a varies.

As seen in Table 3, as higher output leads to more abate-
ment, firms have a higher incentive to invest in R&D (the 
second row in Table 3). Since higher output raises the pol-
lution level, the regulator tightens the standards (decrease 
in the level of standard in the first row in Table 3) in order 
to reduce the damage to the environment. Overall, social 
welfare increases.

Further details concerning the impact that the change in 
parameter a has on the comparison between the equilibrium 
variables under the emission and performance standards are 
given next. Here and in the next two subsections, the given 
parameter values are chosen as representative and in respect 
of Assumption (A3).

Remark 2 Let b = c = 1 , s = � = 2.5 and 1.59 ≤ a ≤ 5.69.19 
Then

(i) for 1.59 ≤ a < 1.79, x∗
e
< x∗

h
 , q∗

e
< q∗

h
 , e∗ > q∗

h
h∗ , and 

q∗
e
− e∗ < q∗

h
(1 − h∗);

19 a ≥ 1.59 and a ≤ 5.69 are set to satisfy (A3)(i) and (A3)(ii), 
respectively.
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(ii) for 1.79 < a < 3.09, x∗
e
< x∗

h
 , q∗

e
< q∗

h
 , e∗ < q∗

h
h∗ , and 

q∗
e
− e∗ < q∗

h
(1 − h∗);

(iii) for 3.09 < a < 5.19, x∗
e
> x∗

h
 , q∗

e
< q∗

h
 , e∗ < q∗

h
h∗ , and 

q∗
e
− e∗ > q∗

h
(1 − h∗);

(iv) for 5.19 < a ≤ 5.69, x∗
e
> x∗

h
 , q∗

e
> q∗

h
 , e∗ < q∗

h
h∗ , and 

q∗
e
− e∗ > q∗

h
(1 − h∗);

(v) W∗
h
> W∗

e
.

Remark 2 shows how R&D investment, output, emis-
sions, abatement and welfare change with market size under 
the two policy regimes. For small market sizes (parts i-ii), 
the performance standard generates higher R&D, indus-
try output and abatement, and lower pollution levels. If 
1.79 < a < 3.09 (part ii), all the variables are higher under 
the performance standard. In part (iii), the performance 
standard leads in terms of output, but lags in R&D and 
in abatement level. For a large market size (part iv), the 
emission standard dominates in terms of R&D, output and 
abatement. One consistent outcome is that the comparison of 
R&D investment mirrors that of the abatement level.

Overall, considering all relevant values of a, the compari-
son of the equilibrium levels of R&D and output under the 
two policy instruments is highly parameter-dependent, but 
the performance standard is uniformly superior for social 
welfare (part v).

Varying Parameter 

We turn to the impacts that an increase in the cost of R&D, 
� , has under both policy instruments. Table 4 demonstrates 
the results of this comparison for different values of �.

As R&D becomes more costly, firms reduce their out-
put (the third row in Table 4) and their R&D efforts (the 
second row in Table ), in order to lower abatement cost. 
In an attempt to limit the resulting consumer surplus loss, 
the regulator weakens the stringency of the pollution con-
straint under each policy instrument (the amount of pollution 
allowed increases as shown in the first row in Table 4). It is 
intuitive that welfare goes down.

Remark 3 summarizes these findings and gives details 
concerning the comparison between the equilibrium variables 

under both policy instruments; s = 2.5 and a = 3 were chosen 
for illustrative purposes.

Remark 3 Let a = 3 , b = c = 1 , s = 2.5 and � ≥ 1.30

.20 Then (i) for 1.3 ≤ 𝛾 < 1.39, x∗
e
> x∗

h
, q∗

e
> q∗

h
 and 

q∗
e
− e∗ > q∗

h
(1 − h∗); (ii) for 1.39 < 𝛾 < 2.33, x∗

e
> x∗

h
, 

q∗
e
< q∗

h
 and q∗

e
− e∗ > q∗

h
(1 − h∗); (iii) for 2.33 < 𝛾 , x∗

e
< x∗

h
, 

q∗
e
< q∗

h
 and q∗

e
− e∗ < q∗

h
(1 − h∗); (iv) e∗ < q∗

h
h∗ ; (v) 

W∗
h
> W∗

e
.

Here, the emission standard delivers more R&D and out-
put at low R&D cost (part i), but less of both at high R&D 
cost (part iii). This occurs because under the performance 
standard the fall in output not only has the desired effect of 
a reduction in abatement cost, but it also leads to a reduction 
in environmental damage (the term 2s(hqh)2 in Eq. (15)). 
This effect is absent under the fixed emission standard, 
where the reduction in output does not directly affect the 
level of environmental damage (i.e., the term 2se2 in Eq. 
(13) does not contain qe ). Then, smaller reductions in output 
are required under the performance standard to mitigate the 
increased R&D cost. Hence, for a high level of R&D cost, 
output is higher for the performance standard.

Once more, the performance standard dominates in terms 
of welfare for all our parameter values, but pollution is lower 
under the emission standard.

Varying Parameter s

This part evaluates the comparative performance of the two 
standards as the damage parameter s varies. The comparison 
is presented in Table 5, in which, in addition to varying val-
ues of parameter s, we also assume different values of � . In 
this way, we are able to capture the range of possible results 
(qualitatively).

Segments A and B of Table 5 compare the equilibrium 
values of R&D, output, emissions, abatement and wel-
fare under both policy instruments for different values of 

Table 3  Second-best solution 
for b = c = 1 , s = � = 2.5 and 
chosen values of a 

Variable ES PS ES PS ES PS
a = 3.0 a = 4.0 a = 5.5

Optimal standard 0.127 0.220 0.080 0.112 0.009 0.022
Individual R&D 0.249 0.251 0.425 0.412 0.688 0.676
Individual output 0.750 0.805 1.142 1.159 1.729 1.728
Emissions 0.127 0.177 0.080 0.130 0.009 0.038
Abatement 0.623 0.628 1.062 1.029 1.720 1.690
Social Welfare 2.203 2.279 4.822 4.867 10.784 10.790

20 � ≥ 1.3 has been chosen consistently with (A3).
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parameters. In Segment A, � = 2.5 and s = 10 have been 
chosen for illustrative purposes. Table 5 shows that for these 
parameter values the performance standard outperforms the 
emission standard in terms of the incentives to generate 
higher output and welfare, but not R&D. Remark 4 comple-
ments these results by showing how the relationship between 
R&D, output, emissions, abatement and welfare under the 
two policy instruments changes with different values of s, 
while � is kept constant.

Remark 4 Let a = 3, b = c = 1 , � = 2.5 and s ≥ 0.68.21 Then

(i) for s < (>)5.86 , x∗
h
> (<)x∗

e
 and q∗

h
(1 − h∗) > (<)q∗

e
− e∗;

(ii) q∗
h
> q∗

e
 and q∗

h
h∗ > e∗;

(iii) W∗
h
> W∗

e
.

Remark 4 confirms that the comparison of R&D levels 
under the two policy instruments depends on the value of 
s. When environmental damage is not significant (part i), 
the performance standard generates more R&D incentives; 
however, high values of s lead to a reversion. This is not 
the case for output and welfare, which are larger under the 
performance standard under the present set of parameters.22

To see that the performance standard does not generally 
provide more incentives to produce output, we now con-
sider the effects of varying s under a different value of � . An 
example is illustrated in part B of Table 5.

Remark 5 Let a = 3 , b = c = 1 , � = 1.3 and s ≥ 0.84.23 Then

(i) x∗
h
< x∗

e
 and q∗

h
(1 − h∗) < q∗

e
− e∗;

(ii) q∗
h
< q∗

e
 and q∗

h
h∗ > e∗;

(iii) W∗
h
> W∗

e
.

Here, output under the emission standard is larger than 
under the performance standard, and so is environmental 
R&D, with the latter reversing the conclusion of Proposition 
1. Hence, once more, this confirms that the results of the 
comparison of R&D and output incentives depends in key 
ways on whether the two regulatory regimes are exogenously 
given (on the basis of equal emissions) or endogenous (i.e., 
set to maximize welfare).
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