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Abstract

We investigate how emission fees affect the effectiveness of competition policy (audits, le-
niency, and whistleblower programs) at deterring collusion. When competition policy is absent,
emission fees do not affect the sustainability of collusion. When competition policy is present,
however, we show that fees amplify the effectiveness of audits, leniency, and whistleblower pro-
grams at deterring collusive practices. Our results suggest that leniency and whistleblower
programs can reduce rewards in regulated industries without diminishing their impact. Our
findings are robust to production costs being convex, differentiated products, industries with
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1 Introduction

Firms investigated for collusive practices often emit various types of pollutants, thus also being
subject to environmental regulation. Recent examples include the European Union’s truck cartel
case involving firms such as Volvo/Renault, Daimler, MAN, and DAF, which colluded from 1997-
2001 and were fined €2.93 billion in 2016, see EC Press Release (2016); with these firms also
being regulated under EU standards for COs and NOx emissions for heavy vehicles. Similarly,
the steel abrasives cartel, involving companies Winoa, Ervin, and MTS, colluded during 2003-2010
and was fined €30 million by the European Commission, see EC Press Release (2014); with these
firms being subject to the EU Industrial Emissions Directive, which limits pollutants from steel
manufacturers. In the United States, the Department of Justice (DOJ) investigated and fined a
group of auto part companies $2 billion for collusion from 2000-2010; see Connor (2013). These
firms are regulated by the Resource Conservation and Recovery Act (RCRA) on hazardous waste,
given their extensive use of metals, plastics, and solvents in manufacturing. Finally, the freight
forwarding cartel, where companies such as Schenker AG, Panalpina, and Kuhne colluded in 2002-
2007, was fined by the DOJ with $50.27 million in 2010; see DOJ Press Release (2010). These firms
are simultaneously subject to the Clean Air Act, regulating the CO2 emissions of freight logistics
and transport vehicles. Other examples abound, including the lysine cartel, the marine hose cartel,
the LCD screen cartel, or the electrolytic capacitor cartelﬂ

The use of competition policy to deter collusion has been extensively analyzed, yet the role of
environmental regulation has been largely overlooked. In this study, we examine if the presence
of emission fees makes competition policy more effective at preventing collusion —acting as a
“booster”— or, instead, hinders its effectiveness. We show that the coexistence of two regulatory
authorities makes competition policy more effective.

Following Aubert et al. (2006), we consider an industry where firms evaluate whether or not to
collude. In this context, every firm chooses whether to communicate with its rival. If at least one
firm does not communicate, evidence of collusion does not exist, so firms cannot be fined by the
competition authority (CA), and compete & la Cournot. If both firms communicate, however, they
start colluding, and evidence exists for the CA to prosecute and fine them.

For presentation purposes, we first study a benchmark setting without competition policy, where
we show that emission fees hinder collusion. To understand this point, note that a per-unit emission

fee acts like a cost increase, reducing profits under all market regimes. However, this reduction is

'In the case of the lysine cartel, Archer Daniels Midland, Ajinomoto, and Kyowa Kakko colluded in 1992-95, and
were fined by the DOJ with $105 million in 1997. Lysine manufacturing produces ammonia emissions and nitrogen
byproducts, which are regulated by the Clean Air Act. In the marine hose cartel, Dunlop Oil & Marine, Trelleborg
Industrie SAS, and Bridgestone colluded in the 1986-2007 period, and were fined by the DOJ with over $131 million.
These firms were subject to the Clean Water Act, which mandates strict controls on oil discharge and volatile organic
compounds. Similarly, in the LCD screen cartel, firms LG Display, Sharp, and Chunghwa Picture Tubes colluded in
2001-2006, and the DOJ fined them with $585 million in total in 2008. These firms were subject to RCRA because of
their use of hazardous substances in the production of LCD screens, such as arsenic, lead, and cadmium. Similarly,
the electrolytic capacitor cartel involved companies such as Panasonic, NEC Tokin, and Rubycon, colluding in 1998-
2014, and were fined by the EU commission in 2023 with €254 million. Capacitor manufacturing is also subject to
the RCRA, along with the Clean Water Act, because of the use of hazardous chemicals and industrial effluents.



asymmetric: a deviating firm increases its output, facing a larger tax burden from the emission fee,
implying that deviation profits fall more significantly than those under collusion or competition. As
a consequence, both the current profit gain and the future profit loss from deviating decrease as the
emission fee becomes more stringent, but the latter decreases more substantially than the former.
This reduces the threat from future punishments, making deviations more attractive. In summary,
environmental regulation per se hampers collusion; as shown by Turner (2022) and Azacis and
Collie (2018) in the context of per-unit and ad-valorem taxes.

We then examine competition policy, considering three programs: audits, leniency, and whistle-
blowing. Under audits, the CA seeks evidence of collusion, finding it with positive probability; as in
Aubert et al. (2006). In this setting, we show that collusion is hindered by emission fees, due to a
direct and indirect effect on collusion. First, an increase in after-tax costs gives rise to a well-known
direct effect, namely, the profit gain from deviating decreases more substantially than that from
continuing collusion, reducing firms’ incentives to collude. However, the presence of environmen-
tal regulation gives rise to a new, indirect effect on collusive incentives. Higher production costs
implies less pollution that, in turn, require less stringent emission fees, lowering firms’ net costs,
and ultimately facilitating collusion. We show that the former (positive) effect dominates, thus
hindering collusion. This effect is, however, smaller when emission fees are present than absent. A
similar argument applies when pollution becomes more severe, requiring more stringent fees, which
hamper collusion. Nonetheless, this finding is not analogous to that from cost increases, due to the
presence of an indirect effect of taxation.

We also find that competition policy becomes more effective with than without emission fees.
In the absence of fees, the profit gain from deviating is unaffected by audits, whereas its profit loss
decreases in the expected fine, making deviations more attractive. When emission fees are present,
audits become more effective at deterring collusion if, intuitively, the profit loss from deviation is
more sensitive to fees than its profit gain, thus making deviations less threatening, and providing
firms with more incentives to deviate.

Then, we consider leniency programs, in which the CA offers reduced penalties, such as shorter
prison sentences or lower fines, to firms that cooperate by providing evidence of collusion. In the EU
truck case, MAN obtained immunity by cooperating with investigators; Daimler, Volvo/Renault,
IVECO, DAF accepted a settlement; while Scania did not settle and received the full fine in a later
decisionE] In this scenario, penalty reduction can be less generous when the industry faces emission
fees than otherwise.

Comparing audits and leniency programs, our results align with existing findings that the
latter are more effective than the former at deterring collusion, producing a “leniency premium.”
Nonetheless, this premium decreases when pollution is more severe. Consequently, the leniency
premium that arises in the absence of emission fees diminishes in highly polluting industries.

In whistleblower programs, the CA offers a reward to employees reporting evidence of collusion

2Similarly, Winoa received a reduced fine in the steel abrasives cartel, Yazaki did in the auto parts cartel, and
Schenker AG did in the freight forwarding cartel.



to the investigators. In this context, emission fees also boost its effectiveness. As with leniency

Y

programs, we find a “whistleblowing premium,” relative to audits alone. When comparing whistle-
blower and leniency programs, however, our results indicate that the former are more effective at
deterring collusion when rewards are high.

For robustness, we consider four extensions. First, we allow for convex production costs, which
provides firms with stronger incentives to collude to ameliorate their diseconomies of scale. The
presence of emission fees, however, makes competition policy more effective at deterring collusion.
In addition, this boosting effect becomes larger as cost convexities are more severe. In other words,
while collusion is more unlikely to arise in markets with diseconomies of scale, our results suggest
that emission fees further hinder collusion in this type of industries. Alternatively, CAs can focus
their monitoring on industries that are not subject to environmental regulation. A similiar argument
applies to the other extensions, namely, differentiated products, more competitive markets, and
price competition.

Our results suggest that CAs using audits to deter collusion can allocate less resources to
monitoring regulated firms, as higher detection probabilities and stricter fines more effectively
deter collusion in these industries. In essence, the CA can strategically shift resources towards
firms that are not being regulated by an environmental agency, perhaps because their emissions are
not too damaging, such as technology, banking, or media industries; while reducing the monitoring
of collusion in highly polluting sectors.

Similar results apply to leniency or whistleblower programs, where CAs can reduce rewards
when environmental regulations are present, relative to cases without regulation. Many countries
have adopted these programs over the past decadesﬂ but they are often politically unpopular
among consumers, who view them as granting leniency to collusive firms choosing to cooperate
with authorities. Our findings imply that targeted reductions in leniency incentives can help ensure

these programs remain effective and more political acceptable.

Related literature. Our study contributes to the literature analyzing the collusion-deterring
effect of leniency and whistleblower programs. Following the seminal work by Motta and Polo
(2003) and Aubert et al. (2006), several articles have examined their effect on firms’ collusive price
path, Chen and Harrington (2007); allow for partial and full leniency programs, Buccirossi and
Spagnolo (2008); allow for different firm characteristics, Harrington (2008); multi-market collusion
(in the “Amnesty Plus” option), Chen and Rey (2013); the maximal collusive price, Houba et al.
(2015); or allow for nonleniency enforcement to be endogenous, Harrington and Chang (2015). For
a literature review, see Borrell et al. (2014) and Marvao and Spagnolo (2018). While these studies

focus on different extensions from Aubert et al. (2006), they consider that firms are not being

3Examples include South Korea (leniency program in 1997, whistleblower program in 2011); Japan (2006 and 2009,
respectively); Brazil (2000 and 2016); Australia (2005 and 2019); Canada (2000 and 2019); China (2008 and 2015);
India (2009 and 2021); the United Kingdom (2003 and 2017); and South Africa (2003 and 2017). Many of these laws
follow the model of the DOJ Corporate Leniency Program (established in 1993) and the Criminal Antitrust Anti-
Retaliation Act (2020) in the United States, as well as the EU Leniency Notice (1996) and the Directive 2019/1937
on Whistleblower Protection (2019).



regulated by other government agencies, such as the Environmental Protection Agency (EPA). We
examine how the overlap of competition and environmental policy can lead to complementarities,
making antitrust policy more effective. Empirical studies have also examined the US leniency
program, Miller (2009); the EU program, Brenner (2009) and Hoang et al. (2014); and other
features, such as how organizational characteristics of cartels affect cartel duration and resilience
against leniency policies, see Levenstein and Suslow (2()11)E|

Our paper also contributes to the environmental economics literature studying how emission
fees in polluting oligopolies facilitates or hinders competition, see Levinson (1996), Amir et al.
(1999), and Holland and Moore (2003); how environmental standards raise firms’ costs, promoting
market concentration, Katsoulacos and Xepapadeas (1996) and Greaker (2006), or hindering it,
Porter and van der Linde (1995); how emission fees and standards affect decisions to invest in
green R&D and relocate, see Ranocchia and Lambertini (2021); or how environmental R&D joint
ventures cartels facilitate firms’ ability to collude in their output decisions, see Chiou and Hu (2001)
and lida (2020)E| This literature, however, does not explicitly consider competition policy, such
as audits or leniency programs, thus overlooking the interaction between an environmental agency
and CA in the same industry, potentially complementing each other; as recently suggested in the
literature review by Inderst and Thomas (2023).

To our knowledge, only Damania (1996) explicitly considers polluting firms colluding in their
output decisions. While Damania (1996) examines the interaction between pollution taxes and
firms’ incentives to adopt abatement technologies in an oligopolistic supergame, his analysis does
not incorporate any form of competition policy. Instead, he focuses on how emission taxes may
sustain collusion by reducing the profitability of deviation, potentially discouraging investment in
pollution control. In contrast, our framework explicitly models the presence of a CA and shows
that emission fees, rather than facilitating collusion, can amplify the deterrent effect of antitrust
tools.

Other studies explore the effect of taxation on collusion. Azacis and Collie (2018) show that
under constant marginal costs, ad valorem and specific taxes have the same impact on the crit-
ical discount factor; but with increasing marginal costs, ad valorem taxes facilitate collusion. In
contrast, Turner (2022) finds that with asymmetric costs, ad valorem taxation raises the critical
discount factor, hindering collusion. These articles, however, treat taxes as exogenous cost shifters,
ignoring the interaction of taxation and CA. By contrast, we allow for endogenous regulation (emis-

sion fees) and examine how this regulation interacts with competition policy tools.

4Similarly, other studies test the effectiveness of leniency programs at deterring collusion in controlled experiments,
such as Bigoni et al. (2012) and Hinloopen and Onderstal (2014), which measure how the probability of firms being
audited and the generosity of the rewards affect their decision to collude; or Andres et al. (2021), which allows for
firms to openly communicate, showing that they are more likely to collude, even when facing leniency programs.

®Other articles analyze how subsidies for green technology adoption may increase firm competition, although
disproportionally benefiting large incumbents; see Requate and Unold (2003), Jaffe et al. (2005), and Ambec and
Barla (2006). Similarly, other articles study how environmental quality standards can lead to product differentiation,
providing an advantage to firms able to comply with higher standards, see Erikson (2004), Conrad (2005), and Greaker
and Midttomme (2016).



The paper is organized as follows. Section 2 presents the model and section 3 identifies equi-
librium behavior without competition policy, with audits, leniency programs, and whistleblower
programs. Section 4 extends our analysis allowing for convex production costs, several firms, prod-

uct differentiation, and price competition. Section 5 concludes.

2 Model

Consider an industry with two firms playing an infinitely repeated game, facing inverse demand
function p(Q), where @ denotes aggregate output, p’'(Q) < 0 and p”(Q) > 0, and cost function
C(q), where C'(¢;) > 0 and C”(g;) > 0. When firms compete, every firm 4 chooses output
¢ (t), earning profit 7¢(t), where superscript C' denotes competition and ¢ > 0 represents emission
fees. When firms coordinate their output decisions to maximize joint profits, every firm selects
gM(t), yielding individual profit 7 (¢), where superscript M denotes monopoly. Finally, if a firm
unilaterally deviates from the collusive agreement (denoted with D), choosing output ¢”(t), it
earns a deviating profit 77 (¢) during one period, and then firms revert to competition profits 7 (t)
thereafter, i.e., grim-trigger strategy. Profits satisfy 72 (t) > 7™ (t) > 7¢(t).

We assume that collusion cannot occur without communication among firms, and that this
communication generates hard evidence that the CA finds with probability p € [0, 1], yielding a
fine F' > 0. This evidence can also be provided to the CA by one of the colluding firms, depending
on the revelation mechanism that we consider. Finally, the stream of profits is discounted by
d € [0,1]. The time structure follows Aubert et al. (2006) where, for presentation purposes, we

first consider environmental regulation as exogenous and later relax this assumption.
1. In the first stage, every firm chooses whether to communicate.

2. In the second stage:

(a) If both firms choose to communicate, evidence is generated and an infinitely-repeated
game of output competition ensues, where every firm chooses, in each stage, its output

level and whether to bring evidence to the CA.

(b) If at least one firm chooses not to communicate, evidence does not exist, and firms

compete a la Cournot in every periodﬁ

3. If no firm brings evidence to the CA, this agency can still find evidence with probability p.

3 Exogenous regulation

Profit sensitivity. Before analyzing collusive incentives, we examine how more stringent emission

fees produce a different effect on collusive and Cournot profits, 7 (t) and ¢ (t) respectively, where

Following Aubert et al. (2006), a cartel requires mutual communication to agree on the collusive allocation. Only
when both firms communicate does hard evidence exist, which the CA detects with probability a. If at least one firm
refuses to communicate, no hard evidence is generated and the (repeated) Cournot outcome ensues.



subscript ¢t denotes the first-order derivative with respect to emission fee ¢.
Lemma 1. An increase in fee t satisfies 0 > n¥(t) > wM(t) if and only if

9q5 () _ af (1) — (1)

Q1) e

(C1)

Intuitively, a more stringent fee produces a price effect under Cournot (left-hand side) that
exceeds the percentage output reduction that firms experience when colluding (right-hand side).
The price effect captures the positive externality that a more stringent fee generates on firm 4’s
profits by forcing its rival to reduce its output, thus increasing prices. When this positive externality
is large enough, firms are less affected by an increase in the emission fee when they compete a la
Cournot than when they collude. We consider condition C1 throughout the paper.

We next analyze the sensitivity of profits to emission fees when firms deviate, thus providing a

full ranking.
Lemma 2. An increase in fee t satisfies 0 > wM(t) > nP(t) if and only if

00)"(t) _ aP(t) — ' (t)

p/(QD(t)) ot qZD(t)

(C2)

implying that 0 > ©¢(t) > 7} (t) > 7P (t).

Therefore, a more stringent fee yields a price effect that is lower than the percentage output
increase from deviation. Condition C2 implies that the positive externality that firm j generates on
firm 4’s profits is small, entailing that a higher fee affects profits the most when firm ¢ unilaterally
deviates from collusion. Our next analysis considers that C2 holds, guaranteeing a full ranking in
profit sensitivity to emission fees.

Example 1 illustrates that conditions C1 and C2 are satisfied in common modeling settings.

Example 1. Consider an inverse demand p(Q) = 1 — @), a marginal cost ¢, where 1 > ¢ > 0;

and a per-unit emission fee t. In this setting, output levels are qu = 17§7t, qZM = %, and

qiD = 3(17804/), and profits are 7rC(t) = (qic(t))2, WM(t) =2 (q{”(t))Q, and WD(t) = (qiD(t))2, which

satisfy 70 (t) > 7M(t) > 79(t); see Appendix 1 for more details. A marginal increase in emission
2(1—c—t) (1—c—t) 9(1—c—t)

fee t entails that 7¢(t) = — 9> M (t) = ==, and 7P (t) = — 32

0> n¢(t) > 7M(t) > 7P (t) holds.

The same argument extends to other settings, such as industries with convex costs (Appendix

, implying that

2), firms selling differentiated products (Appendix 3), more than two firms (Appendix 4), or firms
compete in prices (Appendix 5), where 0 > ¢ (¢) > 7M(t) > 7P (t) is also satisfied.

As we show below, Lemmas 1 and 2 do not necessarily imply that more stringent environmental

regulation hinders collusion. While deviations are the most affected by emission fees, the sustain-



ability of collusion depends on whether profit gains from deviation, 77 (t) — 7™ (t), are more affected

by a marginal change in the emission fee than the associated profit loss, 72 (t) — 7 (t).

3.1 No competition policy

As a benchmark, we first study a setting where firms face no probability of being caught colluding,
p = 0. Then, we analyze how their behavior is affected by audits, leniency, and whistleblower
programs, focusing on the role of environmental regulation at hindering collusion.

In this setting, collusion can be sustained in the infinitely-repeated game if

L m D e
> _
35" t)y>m (t)+1—57T (t)
since audits do not exist. After rearranging, yields
o
7P () - 7 (1) < 7 [ (1) - 7O(0)] (1)

where the left-hand side measures the profit gain from deviating, PG(t) = 7P (t) — 7™ (t), which
is positive since 7”(t) > 7M(t); while the right-hand side captures the discounted profit from
continuing collusion, which is also positive because 7 (t) > 7¢(t). In addition, let PL(t) =
7P (t) — 7% (t) denote the profit loss from abandoning collusion.
Differentiating PG(t) and PL(t) with respect to t, yields PGy(t) = P (t) =7 (t) and PL4(t) =
7P (t) — 7€ (t), respectively, where
0 > PG(t) > PL(t)

since 0 > ¢ (t) > M (t) > wP (t). Therefore, a more stringent environmental regulation decreases
both the profit gain from deviations and the future profit loss from abandoning collusion (i.e., both
PGy(t) and PL4(t) are negative). The profit gain, however, is less hurt than the profit loss, which
occurs because collusion profits decrease more significantly than Cournot profits after regulation
becomes more stringent, that is, 0 > 7% () > 7M(t).

Alternatively, the above result shows that a one-percent increase in ¢ produces a larger per-

centage decrease in PL(t) than in PG(t). In particular, let epg; = %t((f))t denote the profit-gain

elasticity and, similarly, epr; = %"(%)t represent the profit-loss elasticity to a marginal increase
in ¢; both being unambiguously negative since 0 > PGy(t) > PL;(t). Therefore, elasticities satisfy

0> epgt > eprt- We next identify the minimal discount factor that solves equation (1).

Lemma 3. Without competition policy, collusion can be supported if & > d(t) = ;;f((g, where

6(t) satisfies 0(t) € (0,1). In addition, §(t) increases in t under all admissible conditions.

Therefore, collusion can be supported if firms assign a sufficiently high value to future payoffs,
§ > §(t); a well-known result in the literature. As expected, cutoff 4(¢) increases when the profit

gain from deviating becomes more attractive, i.e., higher 7”(¢) and, in turn, a higher PG(t); or



when reverting to competition becomes less threatening, i.e., higher 7¢(¢) and lower PL(t). In
both cases, collusion is hindered.

The comparative statics of cutoff §(¢) indicate that collusion is hindered by more stringent
environmental regulation, which holds because 0 > epg; > epr;. Intuitively, an increase in ¢
produces a smaller reduction in the profit gain from deviation, epg, than in the profit loss, epy, ;.
As a consequence, deviations become less threatening (smaller profit loss), ultimately making them
relatively more attractive, and hindering incentives to collude.

Our above result embodies the case of epg: > epr+, implying that regulation strictly increases
3(t), thus hindering collusion; and the case where epg; = epr, entailing that regulation does not
affect 0(t), and collusive incentives are unaffected. The latter arises in several types of markets and

cost functions, as Example 2 illustrates.

Example 2. Consider the setting in Example 1 with linear costs. In this context, the profit
2
gain from deviation is PG(t) = (17544) , its derivative is PG(t) = — 022D and its associated
PG¢(t)

32
elasticity is epg, = ot =~ 2t Similarly, the profit loss is PL(t) = =g, its derivative

17(1—c—t)?
l—c—t*

is PL(t) = —%, where PL.(t) < PG(t) < 0. Its associated elasticity, epr ¢, coincides

with epg s, since epr; = I;LLt((tt)) = — 172; 7, implying that collusive incentives are unaffected by an

increase in the emission fee. Indeed, collusion holds in this setting if and only if § > § = 1%.

A similar argument applies to settings where firms experience convex costs (Appendix 2), they
sell differentiated products (Appendix 3), multiple firms are active (Appendix 4), or they compete
in prices (Appendix 5). In all cases, elasticities coincide with those under linear costs, that is,

EPGt = EPLt = — 1_2ct_ 7, implying that collusion is unaffected by environmental regulation.

3.2 Audits

Consider now a setting where the CA uses audits to detect collusion, i.e., no revelation mechanism.
If at least one firm chooses to not communicate, they both earn 7 (¢). If both firms communicate,
firm ¢ earns 7 (t) — pF when both collude, but increases its profit to 72 (t) — pF if it unilaterally
deviates to ¢”(t). The fine is not large enough to deter collusion, i.e., 7™ (¢) — pF' > 7% (t) holds,
or PL(t) — PG(t) > pF. In this context, collusion is sustained if

(7P (t) = pF) — (z™(t) — pF) < % (7™M (t) — pF) — 79 (1)] - (2)

7D (t)—mM(t)

While profits under collusion, M, and deviation, D, are affected by the expected fine, the
instantaneous gain from cheating, in the left-hand side of equation (2), is unaffected, 7 (t) — 7™M (t),
thus coinciding with that in equation (1). The discounted profit from continuing collusion, however,
decreases because of a probable audit, i.e., the right-hand side of (2) is smaller than that of (1).

Therefore, collusion is less likely to arise with than without auditsm

T As expected, equation (2) is analogous to equation (2) in Aubert et al. (2006), except for profits in each scenario
being a function of ¢.



Proposition 1. Under audits, collusion can be sustained if § > da(t) = %)(—%F’ where §A(t)
satisfies 6 4(t) € (0,1), 04(t) > 6(t), and unambiguously increases in p, F, and t. Furthermore, the

derivatives aéé‘p(t) and B%“;t) increase in t for all admissible parameters.

As expected, the presence of audits make collusion less likely to arise, i.e., §4(t) > &(¢), as in
Aubert et al. (2006). Proposition 1 also shows that § 4(t) increases in the stringency of the emission
fee, as in Lemma 3.

The effectiveness of audits at deterring collusion is measured by aég‘p(t) and 8(56*‘17@, that is,

the increase in 04(t) when audits are more likely (higher p) or fines become more severe (higher

F). Proposition 1 shows that this effectiveness is increasing in the stringency of environmental

25 25
regulation, i.e., the cross-partial derivatives 9 a(if?(tt) and aa%‘a(tt ) are both positive. Intuitively, these

cross-partials represent the “boosting” effect that emission fees have on competition policy, as they

can complement the latter by making it more effective at hindering collusion.
Example 3. In the context of Example 2, collusion can be sustained if

9(1—c—1t)?

§>64(t) = ,
2 94(0) 17(1— c— )2 — 576pF

which satisfies §4(t) > 6(t) = =%, increases in p and F, in the stringency of emission fee ¢, and

derivatives 855‘;” and 865}@ are increasing in ¢, yielding a booster under all parameter conditions.

A similar argument applies to all extensions in Appendices 2-5.

3.3 Leniency programs

Consider now that the CA offers a reduced fine to the firm reporting collusion, R, which satisfies

0>R>—pF E| In this setting, the sustainability condition for collusion is
4]
(7P () + R) — (7™ (t) — pF) < 1% [(7™(t) - pF) — 71'0(12)] (3)

which is more demanding than equation (2) since R > —pF'. In particular, the discounted value of
collusion is unaffected by the leniency program, and the right-hand side of equation (3) coincides
with that in (2). The instantaneous gain from defection, however, is now more attractive due to

the reduced fine, implying that the left-hand side in equation (3) is higher than that in (2).

Pr(lposition 2. qnder leniency programs, collusiozz can be sustained if § > 01(t) = %,
where Or,(t) satisfies dr,(t) € (0,1), 6r(t) > da(t) > 0(t), and unambiguously increasing in p, F,

R, and t. Furthermore, the derivatives 858Lp(t) and %p increase in t under all conditions.

Therefore, the leniency program makes deviation more appealing because the reporting firm pays

a smaller fine, relative to audits alone, implying that d7,(t) > 6.4 (¢). The presence of emission fees

81f, instead, 0 > —pF > —R, a firm reporting collusion would experience a more severe punishment than when it
does not report collusion; not being a corporate leniency program.

10



amplify this effect: as shown under no competition policy, emission fees produce a larger reduction
in the profit loss than in the profit gain from deviation, making the latter more attractive, hindering
collusion under all parameter conditions. The introduction of leniency programs increase the profit
gain from deviation, while leaving its profit loss unaffected. As a consequence, emission fees, which
unambiguously hinder collusion under no competition policy, emphasize this effect with leniency

programs, making cheating even more attractive.

Example 4. Continuing with Example 3, the minimal discount factor sustaining collusion with
leniency programs is
9 [(1 —c— )2+ 64(R+ pF)

17(1 — ¢ — )2 + 576R

§>01(t) =

which unambiguously increases in p, F', R, and t. Furthermore, the derivatives adglft) and B%LF(”

are increasing in ¢, implying that more stringent emission fees boost the effectiveness of competition
policy, and suggesting that both policies are complementary (see Appendix 1 for more details).
For illustration purposes, figure la depicts §(¢) and §4(t) as a function of the emission fee, t,
evaluated at c=R=0and p=F = 2—10E| While both 6,(t) and §4(¢) increase in the stringency of
the emission fee, ¢, thus hindering collusion, their difference d1,(¢) — d 4(¢) increases in ¢ if and only
if t < 0.44; as illustrated in the left-hand side of figure 1b. Therefore, a more stringent fee expands
the “leniency premium,” i.e., the advantage of leniency programs at deterring collusion relative
to audits alone, as measured by the difference d,(t) — §4(¢). In particular, the leniency premium
is positive in the absence of emission fees, §7(0) — d4(0) > 0, in the vertical intercept of figure
1b; then increases when emission fees are present but not stringent, and finally decreases. Hence,

audits and leniency programs become similarly effective at preventing collusion when emission fees

2
?In this context, the initial condition 7 (t) — pF > 7 (t) becomes 535 = pF < 7™ (t) — 7°(t) = % or, after
rearranging, t < 1— 53—\/5 ~ (.57, which is the upper bound on the horizontal axis. Otherwise, the expected fine is large
enough to deter collusion, and both §4(¢) and dz(t) exceed 1, as shown in the figure, indicating that collusion cannot
be sustained for any values of 4. In addition, condition R > —pF holds in this setting since 0 > implying that
the CA’s reward eliminates fines.

L
400°
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Fig 1a. 67(t) and §4(t). Fig. 1b. Leniency premium, &1, (t) — 6.4(t).

3.4 Whistleblower programs

Whistleblower programs typically provide a positive reward, B, to employees reporting evidence
to the CA. The colluding firm needs to compensate with a “bribe” B the n employees who know
about its collusive practices and could be reporting it to the CA, for a total bribe of nB in each
period, as in Aubert et al. (2006).

As a consequence, the per-period profits under audits are reduced by nB when firms collude,
aM(t) — pF — nB, and when one deviates, 7" (t) — pF' — nB; whereas competition profits are
unaffected, 7¢(t). As in section 3.2, we consider that the expected fine and total bribes are not
large enough to deter collusion, 7 (t) — pF' —nB > 7°(t), or pF +nB < PL(t) — PG(t).

Then, collusion can be sustained if

1

1-6 ()

((t) = pF = nB) > (x"(t) = pF ~nB) + 1=

or, after rearranging,
)
7P () — 7 (1) < < [(7M(5) ~ pF — nB) — x°(1)] (4)
which is more stringent than with audits, in equation (2), thus hindering collusion.

Proposition 3. With whistleblower programs, collusion can be sustained if & > oy (t) =

#/%. Cutoff Sw(t) satisfies ow (t) € (0,1), and unambiguously increases in p, F, n, B,

and t. In addition, oy (t) satisfies Sy (t) > da(t) > & for all parameter values, and Sw(t) > 6.(t)
if and only if nB > [PL(t);giga)r;ﬁTgFJrR). Finally, the derivatives %aLp(t) and aéaLF(t) mcerease in
t for all admissible parameters.

12



Results are, then, analogous to audits, but now collusion can be further deterred with new policy
tools, i.e., increasing n and B. More stringent environmental regulation still hinders collusion (i.e.,
Sw (t) unambiguously increases in fee t) and can boost the effectiveness of competition policy.

While whistleblower programs are more effective than audits at deterring collusion, &y (¢) >
64(t) > 0, its performance relative to leniency programs depends on the magnitude of bribes, nB;
as shown in Proposition 3. When they are sufficiently high, whistleblower perform better than
leniency programs, but the opposite ranking holds otherwise. The following example illustrates

this result.

Example 5. Continuing with Example 3, collusion can be sustained under whistleblower

programs if
_ 9(1—c—1)?

17(1 —c—t)* — 576(pF + nB)

which increases in p, F', n, B, and t. In addition, derivatives %p(t) and % also increase in
the stringency of the emission fee, ¢, implying that competition policy becomes more effective at
deterring collusion.

In addition, oy (¢) lies above 6.4(t) for all parameter values, and the “whistleblower premium,”
Sw(t) — 6.4(t), increases in the fee stringency, implying that y(¢) is more sensitive to emission
fees than 04(t). Proposition 3 shows that, in contrast, dy (¢) lies above 8 (¢) only when total

bribes, as captured by nB, are sufficiently high. In our ongoing example, dy () > 01 () if and
8[(1—c—t)2—72pF|(pF+R)
9[(1—c—t)2+64(pF+R)]

sufficiently stringent, t >ty = (1 —

only if nB > or, alternatively, after solving for ¢, when the emission fee is
C) . 24(pF+nB)(R+pF)
[(8(R+pF)—9nB)(pF+nB)(R+pF)|'/?’

Sw(t) on figure la, considering n = 1 and B = 1345, where 67(t) and 4(t) are unaffected by

Figure 2a superimposes

parameters n and B E

Cutoff oy (t) is, however, lower than §(t) when ¢ < tyw,z, which includes the case of ¢t = 0,
where emission fees are absent, thus indicating that leniency programs are more effective at deterring
collusion than whistleblower programs, at least when bribes and fees are low (as depicted in figure
2a). When emission fees are stringent, however, the opposite ranking holds since &y () lies above
0r(t) for all t >ty = 0.32. The same argument applies when bribes are high (figure 2b, B = ﬁ),

since 0y (t) lies above &1(t) for all emission fees, t.

1080lving for ¢ in initial condition pF + nB < (1_;72_”2 = PL(t) — PG(t), yields t < (1 — ¢) — 6y/2v/pF + nB,

which in this context becomes ¢t < 1 — Lg/w ~ 0.49 when B = ﬁ in figure 2a, and t < 1 — 3573/2 ~ 0.27 when

B = ﬁ in figure 2b. Figure 2a should, then, have an upper bound of ¢ < 0.49 on the horizontal axis. For comparison

purposes, we consider the same domain as in figure la. A similar argument applies to figure 2b.

13



!
00 01 02 03twz=0.3204 05 4 00 01 02 03 04 05 !

Fig 2a. Sy (t), 01(t) and 0.4 (t) - Low bribes. Fig 2b. oy (t), 61(t) and §4(t) - High bribes.

4 Endogenous regulation

In this section, we introduce an environmental protection agency (EPA) and examine its impact at
deterring collusion. The time structure of the game coincides with that in previous sections, but
considers that the environmental agency sets emission fee ¢ > 0 in the first stageH

For tractability and to provide more precise comparisons, we hereafter focus on the setting
with linear production costs, as examined in our ongoing example. Section 5 relaxes this context,
allowing for nonlinear costs, product differentiation, several firms, and price competition.

When the regulator chooses emission fee t, she anticipates aggregate output and emissions. If

l—c—t
3

yielding aggregate output Q°(t) = 2¢(¢). In this context, the EPA sets an emission fee ¢ that

Cournot competition unfolds, § < 0y (t), where k = {A, L, W}, every firm produces qu =

solves the following welfare-maximization problem

max W=CS+PS+T-Env (5)

where CS = (QC%))Q denotes consumer surplus; PS = 27ric is producer surplus; T = tQC(t)
measures total tax collection, to make the emission fee revenue neutral; and Env = d (Qc(t))2 is
the environmental damage from pollution, where d represents pollution severity and d > 1/2 to
guarantee positive emission fees. This welfare function follows that in Poyago-Theotoky (2007) and

Lambertini et al. (2017), among others.

(1—c)(4d—1)
2(142d)
increasing in pollution severity, d, but decreasing in marginal production cost, c.

Lemma 4. The requlator sets an emission fee t€ = , which is unambiguously positive,

L An alternative timing where the EPA sets the emission fee in the third stage is uninteresting. In particular, the
emission fee is more stringent when firms compete a la Cournot than when they collude to address a larger amount
of pollution. In both settings, however, the EPA would induce the same aggregate socially optimal output.
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As expected, the regulator sets a fee that becomes more stringent when pollution is more
damaging (higher d). In contrast, when firms’ costs increase (higher ¢) the regulator anticipates
less aggregate output and emissions, requiring a less stringent fee.

The next proposition evaluates the minimal discount factor &4 (¢) at the socially optimal fee ¢,

obtaining &(tc), along with cutoff aW, 1; which are presented, for compactness, in the appendix.

Proposition 4. Minimal discount factor gk(tc) s unambiguously increasing in c, d, p, and

. . . 96 (t° 95, (t¢ 05, (t¢ 05, (t¢
F, and its cross-partials satzsfy 8kp(8c) ? 8’;)((%) ? 0 and 8%(8«:) > 78%(8d) > (ifor ever;g program
k= {A,L,W}. In addition, Sy (t9) > 61,(t9) > 04(t°) for all d < dwp,, but 51,(t9) > dw (t¢) >

04(t%) otherwise.

Technically, a marginal increase in ¢ gives rise to two effects on 04(t%): (i) a direct effect, since
c increases 6 4(t) at a generic fee ¢, as shown in Proposition 1; and (ii) an indirect effect, since an
increase in ¢ leads the EPA to set a less stringent fee t©, see Lemma 4, which, in turn, decreases
34(t9). The direct effect dominates, yielding an overall positive effect, implying that higher costs
hinder collusion, as found in Proposition 4 and summarized in Table I. However, the presence of
emission fees ameliorates the effect of ¢ at deterring collusion.

Changes in other parameters give rise to direct or indirect effects alone. An increase in the
expected fine, pF, only entails a direct effect, but does not impact the emission fee ¢, thus not
bringing indirect effects on collusion. As a consequence, the overall effect is positive, implying that
collusion is hindered; as shown in Proposition 4 where we found that EA(tC) increases in both p
and F. In contrast, an increase in pollution severity, d, gives rise to a positive indirect effect, via a
more stringent fee t© without affecting the minimal discount factor,  4(¢). In this case, the overall
effect is also positive, thus hindering collusion. A similar argument applies to the direct, indirect,
and overall effects of 07, (t¢) and Sy (t©), both exhibiting the same signs as those presented in Table
L.

’ ‘ Direct effect ‘ Indirect effect ‘ Overall effect on 0 4(t%) ‘

Higher ¢ + — +
Higher p + N/A +
Higher F + N/A +
Higher d N/A + +

Table I. Direct and indirect effects on 64(t%).

We next evaluate how production costs and pollution severity interact with emission fees to

influence antitrust effectiveness. Under exogenous emission fees, an increase in ¢ and ¢ gives rise to

the same effect in %(t), implying that both are equally effective at preventing collusion. However,
o

under endogenous emission fees, our above results show that an increase in ¢ yields a larger effect on

S ¥y C ¥y C
%/St) than d, i.e., 868’; (atc) > 8?)’; (g d) > 0, since more severe pollution induces a less-than-proportional

increase in the emission fee t. Intuitively, higher costs not only affect profits structurally, even in
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the absence of emission fees, but also through a change in ¢. In contrast, an increase in pollution
intensity only affects profits via emission fees, making the former more useful at boosting the

effectiveness of competition policy than the latter.

Comparison. Figure 3a depicts minimal discount factors 64 (t%), 01 (t¢), and Sy (t¢), con-
sidering the same parameter values as in figure 2a, with pollution severity, d, on the horizontal
axis, where d > 1/2 by definition. As in section 3.4, where dy(t) was more sensitive to increases
in ¢ than its counterpart under leniency programs, d7(t), now Sy (t©) is more affected by severe
pollution than 67,(t¢) is. As a consequence, 61, (t) > dy (t%) when pollution severity is low (con-
dition d < va r in Proposition 4 becomes d < 0.61 in the figure), but the opposite ranking holds
for higher values of d; implying that oy (t©) > 01 (t%) > 6.4(t%) holds for most pollution severities.

o

L i e e ' 74ldl) '/-'Md)
; a‘nuj/)/ () 6 a4

/

L ) a4

.

08

'S

7’ /1
07 1 3 //-/
06 1
of 8 10 12 14 d 0 08 | 0 1.2 1 d
0.61 0.844
Fig 3a. 65(t%) as a function of d. Fig 3b. 7, (d) as a function of d.
S C
Figure 3b illustrates the derivative v 4 (d) = aé“ég ) considering the same parameters as previous

figures. Since 74 (d) increases in d, it indicates that more severe pollution (higher d) induces
the EPA to set a more stringent emission fee, t¢, making competition policy more effective at
deterring collusion. Graphically, the slope of 7,4 (d) captures the “boosting” effect that more
stringent emission fees have on competition policy. A similar argument applies to the derivatives

v (d) = 83%550) and vy (d) = agvgf(fc), which are also increasing in d; as shown in Proposition 4.

While figure 3a indicates that whistleblower programs are the most effective at limiting collusion
for most environmental damages, d, figure 3b shows that the boosting effect of emission fees is more

significant with audits than with the other programs when pollution is severe.

4.1 Emission fees inducing collusion?

If the EPA anticipates that collusion will ensue in subsequent stages, § > 6.4(t), it solves problem

(5) evaluated at aggregate output QM (t) = %, obtaining an emission fee tM = (17%73371),
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which is positive given that d > 1/2 by definition. Since §4(t) is increasing in ¢, and fees satisfy
t¢ > tM we find that 04(t¢) > 6 4(t™), giving rise to three regions, depicted in figure 4: (i) when
§ < 04(tM), collusion does not arise in equilibrium regardless of whether the regulator sets emission
fee t¢ or tM; (ii) when 04 (tM) < 6 < 64(tY), collusion cannot be sustained if the regulator sets
emission fee t€, but can be supported if she sets t; and (iii) otherwise, collusion can arise with

emission fee t¢ and tM.

[
13 7777777777777777777777777777777777777777 C, ,,,,,,,,
Region (iii) o4()

08} .
Region (ii) —
. e 3.

06

04| Region ()

02

06 T 10 12 14 d

Fig. 4. 64(tM) and 6 4(¢°).

Therefore, emission fees induce no changes in firm’s collusive behavior when discounting is
relatively low or high, as shown in regions (i) and (iii). For intermediate discounting, however,
setting the stringent fee t¢ prevents collusion whereas the lower fee tM facilitates it.

In region (ii), the EPA can induce collusion, which sounds as “good news” since it reduces ag-
gregate output and emissions; or prevent collusion, which seems “bad news” because firms produce

larger emissions. However, collusion in this region only arises after fee t | leading firms to produce

the first-best aggregate output Q™ (t") = 11+_2Cd, which coincides with that emerging after setting
fee t© and deterring collusion, Q€ (t%), thus yielding the same welfare level with both fees. In

summary, the EPA sets emission fee t¢ in regions (i) and (ii), and fee t* only in region (iii)E

4.2 Welfare comparisons

As discussed above, in region (i), firms compete regardless of the emission fee. Therefore, if the
EPA (incorrectly) sets emission fee tM instead of t¢, where tM < t©, regulation would be too lax,

yielding a socially excessive level of pollution. Formally, we measure this inefficiency (regulatory

20ther emission fees are suboptimal. To see this point, consider, for instance, a fee t' # t™ # ¢t. Starting
from t€, a fee t' satisfying t© > ¢’ > t™ implies that 54 (t') < §.4(t%), thus expanding region (iii), which facilitates
collusion. However, anticipating collusion, fee ¢’ is not welfare maximizing; instead, fee t™ is. A similar argument
applies if the EPA sets a fee t” > t°, entailing that 5.4 (¢”) > 6.4 (t°), hindering collusion. Conditional on competition

ensuing in this industry, fee t© is welfare maximizing, while t” is not.

17



error) with

AWC = WY — wC M),

where WC() indicates that firms compete. Similarly, in region (iii), firms collude regardless of
the emission fee. Hence, if the EPA sets fee t© instead of ™, environmental policy would be too

stringent, giving rise to an inefficiency
AWM = WM My _ M@,

where W™ (-) denotes that firms collude. Finally, in region (ii), firms do not collude when facing
fee t¢ but do when facing tM. Therefore, the welfare change from the EPA setting fee t™ instead
of t% is AWEM = W (tY) — WM (tM). The next corollary examines these three inefficiencies.
Corollary 1. Inefficiency AWC = % is unambiguously positive and increasing in pollu-
tion severity, d. Inefficiency AWM = 3&1_74?22) 1s also positive, but decreasing in pollution severity,
d; and AWEM s nil for all parameter values.

Intuitively, the inefficiency from setting a too lax fee, AW, increases as pollution becomes
more severe; while that arising from a too stringent fee, AWM decreases in this severity. Finally,
welfare levels W (t¢) and WM (M) coincide, indicating that the EPA seeks to induce the same

aggregate socially optimal output in both market structures, Q¢ (t¢) = QM (tM) = 11+_20d, thus

yielding the same welfare level.

5 Extensions

We now examine how our above results are affected by changes in the modeling assumptions,
allowing for convex production costs, product differentiation, more than two firms, and for firms

competing in prices.

5.1 Allowing for non-linear costs

Consider that every firm faces non-linear production costs,

Clgi) = cq; + ngg,

where 5 > 0 measures the extent of convexity. In this context, marginal costs are ¢+ 3¢;, implying
that when 8 = 0, marginal costs are constant, as in previous sections; otherwise, they are increasing
in output (i.e., firms suffer from diseconomies of scale).

Appendix 2 identifies equilibrium conditions to sustain collusion under audits, leniency, and
whistleblower programs. For compactness, we next focus on how convexity, as captured by para-

meter 3, affects our previous results["]

(1—c—1t)?

3 For simplicity, we consider that pF < WQ(‘BW’

as in previous sections; and that expected penalties from
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Under no competition policy, collusion can be sustained if

J

Y]

<o (3+P)?
o(B) = 17+ 28(6 + 8)’

which originates at §(0) = 1% when costs are linear, 8 = 0, and decreases in 3, indicating that firms
have more incentives to collude when facing convex costs (i.e., collusion ameliorates diseconomies
of scale). As in the linear cost setting, §(3) is unaffected by the emission fee, t.

When the CA uses audits to deter collusion, Appendix 2 shows that it can be supported if
§ > 54(B,t), where 6 4(3,t) coincides with that in Example 3 when costs are linear, §4(0,t) = 6.4(¢),
satisfies 64(8,t) € (0,1) and 54(3,t) > §(B). In addition, 64(8,t) exhibits similar comparative sta-
tics as 6 4(t), increasing in ¢, p, and F. A similar argument applies under leniency and whistleblower

programs, 7,(3,t) and oy (3,t); as reported in Appendix 2.

Emission fees. The EPA sets an emission fee ¢ to maximize social welfare, as in problem

(5), but evaluated at Q°(t) = 2(1:;0[3_ Y since equilibrium output is ¢ (t) = 1;? in this context.

Differentiating with respect to t, yields

1—c)(4d —1
tc(ﬁ) — ( )( )
2(14+2d)+p
This fee coincides with that in the baseline model when 8 = 0, since t©(0) = %; but

decreases in cost convexity, 8. Intuitively, a marginal increase in the emission fee ¢ produces a

larger reduction in aggregate output under convex than linear costs, that is, 8&2(;) =0 fﬁ)Q > 0,
making the fee, essentially, more effective at curbing pollution. As a consequence, the regulator
can set a less stringent fee when 3 increases@

More convex costs (higher [3) give rise to a direct and indirect effect on the minimal discount
factor §4(3,t) evaluated at the equilibrium fee t“(3), similar to those discussed in section 4 and

Table I. As shown in Appendix 2, an increase in § yields the total derivative

d3a(B,t%(8) _ 93a(B,t(B)) . 93a(B,t) 9t°(B)

dg 0B ot op
+ Direct effect + -

— Indirect effect

On one hand, more convex costs lower the stringency of the emission fee t“(3), which decreases
64(B,1), facilitating collusion (i.e., negative indirect effect). On the other hand, convex costs
also reduce firms’ profits from continuing their collusion, as captured by the right-hand side of

equation (2), thus hindering collusive practices (i.e., positive direct effect). To identify which effect

(1—c—t)?
> (3+8)3(4+8)(8+38) *
B8 = 0 and decreases in 3, thus becoming less demanding when firms’ costs are more convex.

"Otherwise, t°(8) exhibits the same comparative statics as t© in the main body of the paper, namely, decreasing
in ¢, but increasing in d.

collusion are non-negligible, pF' > This lower bound on pF originates at pF > % when
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dominates, figure 5a depicts minimal discount factor §4(3,t(/3)) considering the same parameter
values as figure 3a and 3 = 1/2. Discount factor 6 4(3,t%(8)) shifts upwards relative to figure 3a,
where 8 = 0, implying that the direct positive effect dominates, ultimately hindering collusion.

A similar argument applies to leniency and whistleblower programs where, as shown in figure 5a,
01(8,t9(B)) and oy (B,t%(B)) also shift upwards relative to figure Sa

F) 3-'rc(ﬂ.-d)
1k ///3 1% /"‘; ]'J:'(U,S,d) )
09 //(SII{O.S, ch 12 12(0.5.d)
4 10
08l 3,05:7) | . _
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07 ] 6
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& ) 4/
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06 D 101 12 14 d s 081 10 12 14 d
0.74 104 0576 0645 0339
Fig. 5a. 05(6,t%) as a function of d. Fig. 5b. v.(B,d) as a function of d.

Figure 5b evaluates the derivative v, (5,d) = %(%7;0(6)) at the equilibrium fee t“(53) found
above. This figure is analogous to figure 3b, but considers 5 = 1/2, to compare our results against
those under linear costs. Relative to figure 3b, 7, (5, d), shifts upwards as firms experience more
convex costs (higher (), implying that the boosting effect of emission fees is emphasized by cost
convexities. In summary, while firms have stronger incentives to collude when their costs are convex
than linear (to ameliorate diseconomies of scale), the presence of environmental regulation makes

competition policy more effective at deterring collusion.

Economies of scale. Our model also applies to settings where firms face concave cost func-
tions, B < 0, thus benefiting from economies of SC&]GE In this context, more significant economies
of scale (i.e., more negative () yields similar results as a reduction in £ in our above discussion,
namely, 0(83) decreases, thus facilitating collusion. A similar argument applies to 64(8,t%(5)),
0r(B,t%(B)), and Sy (B,t9(B)). Likewise, the booster becomes smaller when economies of scale
are more significant, i.e., v4 (8,d), v, (5,d), and vy, (5, d) decrease as [ is more negative. Intu-
itively, these findings go in the opposite direction as those above: while firms have less incentives
to collude when they benefit from economies of scale than otherwise, the presence of emission fees

make competition policy less effective at deterring collusion. In consequence, collusive practices in

Figure 5a considers low bribes, B = ﬁ, as in figure 2a. Allowing for high bribes, B = ﬁ, as in figure 2b,
produces a downward shift in dw (3,t%(8)), while leaving 64 (83,t°(8)) and 6r(3,t°(8)) unaffected.

Y6To ensure that output is bounded, we need economies of scale to not be excessive, specifically, 3 > —3.
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industries with strong economies of scale, while uncommon, may become harder to monitor and

prosecute when firms are being regulated by the EPA.

5.2 Allowing for product differentiation

Consider the same setting as in sections 3-4, but with inverse demand function p(g;,q;) =1 —¢; —
vq;j, where v € [0,1] denotes product substitutability, that is, when v = 0 goods are completely
differentiated, while when v = 1 they become homogeneous, as in previous sections. Appendix 3
shows output and minimal discount factors sustaining collusion, while here we focus on the role of
parameter 7.

Under no competition policy, collusion is supported when

_ 2 2
§>3(y) = &7
8+v(8+17)
which increases in 7, and reaches its maximum at &(1) = 1% when products are homogeneous.

Consequently, when products become more differentiated (lower ), cutoff () decreases, implying
that collusion is facilitated. This is a well-known result: when goods are more differentiated, every
firm has less incentives to deviate from the collusive agreement, since its sales are less impacted by
its rival’s output. As a consequence, collusion can be sustained under larger parameter conditions.

The following lemma identifies how the minimal discount factors sustaining collusion are affected

by parameter ~.

Lemma 5. Cutoff 64(v,t) increases in ~y if and only if pF < 4815)_(2_?;;2 2(275;7), cutoff

&1.(7,t) unambiguously increases in vy, and cutoff dw (v,t) increases in v if and only if pF +nB <
(I—c=t)?y* 1
4(1+7)(2+7)% 2(2+7)

every program k = {A, L, W}; increases in t, ¢, p, and F; and the derivatives

In addition, §i(,t) coincides with §i(t) in Propositions 1-3 when v = 1 for
85%(/')7,t) and 35;:9(;%)

are increasing in t.

When expected penalties are sufficiently low, cutoffs in every program, 6x(v,t), are increasing in
. Alternatively, more differentiated goods (lower ) decreases these cutoffs, facilitating collusion.
When expected penalties are relatively high, however, more differentiated goods hinder collusion
under audits and whistleblower programs, but still facilitate it under leniency programs. Intuitively,
the “collusion-destruction” effect of rewards is ameliorated when firms sell differentiated products,
ultimately facilitating collusion. This does not occur with the other two programs, where higher
expected penalties make deviation more attractive under differentiated products.

In addition, 0(7,t) exhibits similar comparative statics as 6(t), increasing in ¢, ¢, p, and F};

83]6 (’th) 8Sk (’Yat)
oF

and the “booster” effects are still positive, since ~op and increase when emission fee ¢

becomes more stringent.

Emission fees. The regulator sets an emission fee ¢ to maximize social welfare, as in problem
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(5), which in this context yields
(I1—-¢)(4d—-1)
t9(y) =
4d+ 1+~
This fee coincides with that in the baseline model when products are homogeneous, v = 1, but
increases as goods become more differentiated (lower 7). As under convex costs, a marginal increase

in the emission fee ¢t produces a larger reduction in aggregate output when goods are homogeneous

than differentiated, that is, 83;;,(;) = ﬁ > 0, making the fee more effective at curbing pollution.
As a consequence, a less stringent fee is required when ~ increases or, alternatively, a lower fee is
needed when goods are more differentiated.
We next disentangle the direct and indirect effect of more homogeneous goods (higher ) on
the minimal discount factor 0 4(7,t) evaluated at the equilibrium fee t%(v),
d3a(1,t7() _ alr () | 99aly,t) X ()

dy 0y ot oy
+ or — Direct effect + —

— Indirect effect

As shown above, fee tC(’y) is decreasing in v and, as found in Lemma 5, §4(,t) increases in
fee t, yielding a negative indirect effect. Intuitively, this indicates that more homogeneous goods
facilitate collusion or, alternatively, more differentiated products hinder collusion. The sign of the
direct effect is, however, ambiguous. As shown in Lemma 5, it is negative when expected penalties
are relatively high, reinforcing the indirect effect, making the overall effect unambiguously negative,
and facilitating collusion. In this case, more differentiated goods hinder collusion. In contrast, when
expected penalties are low, the direct effect becomes positive, potentially exceeding the indirect
negative effect, leading to an overall positive effect. A similar argument applies under leniency and

whistleblower programs.

5.3 Allowing for more firms

We now consider m > 2 firms in the industry. Appendix 4 identifies equilibrium output, profits,
and the minimal discount factors sustaining collusion, while here we analyze how more firms (higher
m) affects the sustainability of collusion.

Under no competition policy, collusion is supported when

(m+1)?

528(m)5m(m+6)+1’

which satisfies 6(m) € [0, 1], originates at 6(2) = - when m = 2, increases in m, and approaches
1 when m — +oo. This is a well-known result, namely, as more firms are active in the industry,
collusion is more difficult to be sustained. As in section 3.1, 6(m) is not a function of ¢, implying

that, in the absence of competition policy, collusion incentives are unaffected by the emission fee.
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When the CA uses audits, Appendix 4 shows that collusion can be supported if

(m? —1)2(1—c—1t)°
(m—1)2(1 —¢—t)? [m(m + 6) + 1] — 16m2(m + 1)2pF’

§>04(m,t) =

where § 4(m, t) exhibits similar comparative statics as that in Example 3, namely, Sa(m,t) > d4(m)

under all parameter values; increasing in ¢, ¢, p, and F'; and its derivatives %ﬁ:ﬂ’t) and %

are unambiguously increasing in the stringency of the emission fee, . A similar argument applies
to the other programs, d1,(m,t) and Sy (m,t), presented for compactness in Appendix 4.
Regarding the comparative statics of §4(m,t) with respect to m (direct effect), our results go

in line with those in the previous extension, finding that d4(m,t) increases in m if and only if

m—1)4(1—c—t)?
Pl < ( 8771)(7’EL+1)3)

m—1)2(1—c—t)?
M (1) — O (g) = (mpliloect?”

collusion, if the expected penalty pF is relatively low; but becomes negative, facilitating collusion,

, with this condition being more demanding than the initial assumption pF' <

. Therefore, the direct effect of m on 04(m,t) is positive, hindering

otherwise. Similar conditions on the expected penalty apply to the leniency and whistleblower

programs, as reported in Appendix 4.

Emission fees. The regulator sets an emission fee ¢ to maximize welfare, as in problem (5),

yielding
1—¢)(2dm —1)
m(1 + 2d)

t%(m) = (

which is positive since d > 1/2 by definition. This fee coincides with that in Lemma 4 when m = 2

firms, t(2) = %, and becomes more stringent when more firms are active (higher m).

Therefore, the indirect effect of m on 04(m,t), via the emission fee, is unambiguously positive,

¥y C
i.e., %ataign) > 0 since both terms are positive, ultimately hindering collusion. Overall,

considering the direct and indirect effect of m, we obtain

doa(m,t%(m))  96a(m,tC(m)) n 95 4(m,t) 8tc(m)'

dm om ot om
N —
+ or — Direct effect + +

+ Indirect effect

implying that, when the direct effect is positive, which occurs when expected fines are relatively
low, the direct and indirect effect reinforce each other. In this context, a more competitive industry
(higher m) produces an overall increase in 6 4(m, t%(m)), hindering collusion. A similar argument
applies when the direct effect is negative, but small, still yielding a positive overall effect. When
the direct effect is negative and large in absolute value, however, which occurs when expected fines
are high, the negative direct effect may dominate, implying that a more competitive market (higher

m) facilitates collusion.
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5.4 Allowing for price competition

If firms compete in prices (& la Bertrand), collusion can be sustained under no competition policy if
equation (1) holds, which in this context implies that 6 > 50 (t) = %, where superscript B denotes
Bertrand competition. This result coincides with that in standard models with firms competing in
prices, and confirms our finding in section 3.1, namely, firms’ incentives to collude are unaffected
by the presence of emission fees, t.

Appendix 5 identifies conditions sustaining collusion with audits alone, § > Sﬁ (t) = (Let)?
showing that it exhibits the same properties as that when firms compete in quantities. In particular,

<B, .. . . . e 9h() 854 (1)
we confirm that § 4(¢) is increasing in t, ¢, p, and F'; and its first-order derivatives é“p and g%

are both increasing in the stringency of emission fee ¢, indicating that environmental regulation

makes competition policy more effective.
(1—c—t)%+2(R+4pF)
2[(1—c—t)*+R]

. . . =B
A similar argument applies to leniency programs, where § > 67 (t) = , and

(1—c—t)?
2[(1—c—t)*—4(nB+pF)]
results. Both minimal discount factors are increasing in competition policy variables (such as R, n,

to whistleblower programs, o > 35[, (t) =

; thus going in line with our previous

and B) and the marginal effect of these policies is emphasized by the stringency of emission fee, ¢.

Emission fees. The regulator solves problem (5), which in this context yields an equilibrium
2d(1—c)
1+2d
statics as that under quantity competition, namely, increasing in pollution severity, d, but decreasing

emission fee t8 = (see Appendix 5 for more details). This fee exhibits the same comparative
in cost, c. Comparing this fee against that under Cournot competition, t©, we find that t% > t¢ for
all parameter values. Intuitively, the regulator anticipates more aggregate output and emissions

under Bertrand than Cournot competition, requiring a more stringent fee.

For illustration purposes, figure 6a depicts Si (t?), gf (tB), and 55[, (t?) evaluated at the equi-
librium fee t& found above and considering, for consistency, the same parameter values as in figure
3a (low bribes). Like with output competition, the figure shows that 55(753 ) increases in d for every
program k = {A, L, W} and that leniency programs more effectively deter collusion than whistle-
blower or audit programs, 5f(tB ) > Eﬁ/(tf’ ) > Si(tB ). In addition, comparing figures 3a and 6a,
cutoffs satisfy 35 (tP) < 81 (t9) for every program k, implying that collusion can be sustained under

larger conditions when firms compete in prices than quantities, which holds for all values of d.
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Fig. 6a - Discount factors ng (t5). Fig 6b - Booster effects, 75 (d).

Figure 6b illustrates the booster effects, ’yf (d) = %SB) evaluated at the equilibrium fee ¢t
found above. Like in figure 3b under output competition, boosters are increasing in pollution sever-
ity, d, implying that, as emission fees become more stringent, competition policy (e.g., increasing
the expected fine, pF') is more effective at deterring collusion. The boosting effect is, however,

generally smaller when firms compete in prices than quantities, 72 (d) < 7 (d) for all values of d.

6 Discussion

Production costs and emission fees. Our results show that, when taking emission fees as given,
their effect on collusive behavior is identical to a cost increase, i.e., ¢ and t increase x(t) by the
same amount. When emission fees are endogenous, however, we find that an increase in pollution
severity, d, is no longer symmetric to that arising from a cost increase. This is due to the presence
of direct and indirect effects on 5 (¢) when evaluated at the equilibrium emission fee. While more
severe pollution only gives rise to indirect effects (i.e., a more stringent fee hinders collusion), an
increase in production costs induces a positive direct and a negative indirect effect: the former
arising regardless of whether the industry is regulated, the latter stemming from a less stringent
fee. This result is consistent across our four extensions, implying that it holds when production
costs are linear and convex, firms sell homogeneous and heterogeneous products, two or more firms
compete in the industry, and competition is in quantities or prices.

Emission fees enhancing competition policy. Our findings suggest that CAs may require
fewer resources for monitoring and prosecuting colluding firms within industries facing emission
fees, compared to unregulated markets. The mechanism behind this result is not pollution itself but
rather the environmental policy in place. As environmental damage increases, so does fee stringency,

which weakens cartel stability and strengthens competition policy’s ability to deter collusion, even
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in scenarios where collusion might otherwise emerge in the absence of environmental oversight.
Hence, our results provide a novel, unintended role to the EPA, namely, making competition policy
more effective.

This “boosting” effect of emission fees is amplified in settings where firms face highly convex
production costs, enabling CAs to further reduce monitoring efforts and reduced fines to firms
cooperating with investigators. Conversely, when the production process benefits from economies
of scale, our results indicate that competition policy must be more robust to effectively prevent
collusion. A similar argument applies when products become more differentiated, where firms have
stronger incentives to collude under no competition policy, but these incentives are hindered thanks
to the interaction of emission fees and competition policy if expected penalties are high.

Political challenges of leniency programs. Leniency programs often face public opposition
due to the perception that they reward firms that have previously exploited consumers. Our findings
contribute to this debate by indicating that, in regulated industries, CAs can reduce leniency
rewards and whistleblower compensations, which could make these programs less contentious and
more politically sustainable.

Prioritizing antitrust efforts. Our results also offer guidance on prioritizing antitrust en-
forcement efforts, such as monitoring and investigating potential collusion, by suggesting a shift
towards unregulated industries. In these contexts, while the probability of detection does reduce
the likelihood of collusion, it is generally less effective without concurrent emission fees. This insight
also applies to offering incentives for firms or employees assisting investigations within leniency or
whistleblower programs, since these measures become less effective in the absence of emission fees.
In summary, environmental regulation could allow the CA to reduce antitrust efforts in regulated
markets and, instead, concentrate them in unregulated sectors.

Further research. Our model can be extended along several dimensions. First, one could
model firms producing in different countries, each subject to different emission fees, but monitored
by the CA of the country where both firms sell their products. Second, allowing for asymmetries
in firm production costs could yield insightful results; under linear costs, such asymmetry might
lead to corner solutions following collusion, where only the most efficient firm remains active,
whereas nonlinear costs might sustain multiple active firms. Lastly, the EPA could be uninformed
about production costs, setting fees based on expected costs, which can potentially affect collusive

patterns.
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7 Appendix

7.1 Appendix 1 - Linear production costs

Competition. When firms compete, every firm ¢ chooses its output ¢; to solve

max mi(t) =1 —aq —q))a — (c+t)q

where j # i, and £ > 0 denotes the per-unit emission fee. This problem yields the well-known output

level ¢%(t) = 1_§_t, where superscript C' denotes “competition,” and profits 7€ (t) = (qio(t))Q,

which are decreasing in the stringency of the emission fee, ¢.

Collusion. When firms collude, they seek to maximize their joint profits, as follows

(t (1),
Jhax mi(t) + (1)

yielding individual output qZM (t) = 1_j_t, where superscript M represents that firms choose the

monopoly output. In this context, profits are 7 (t) = 2 (qlM (t))2, which are decreasing in t.

Deviation. When a firm unilaterally deviates from the collusive output qZM (t), choosing

qP(t) = w, where superscript D denotes deviation, it earns profits 77 (t) = (qiD (t ))2, which
are decreasing in t. As expected, profits in the above three scenarios satisfy 72 (t) > 7™ (t) > 7% (t).

No competition policy. Inserting profits 7€ (t), 7 (t), and 7P (t) in equation ( ), yields

(=) () s ) (5]

(1—c—)(1756—9)
1

which simplifies to > 0. Since t < 1 — ¢ by definition, this inequality holds if
176 —9>0, 0or § > L.

Audits. Inserting profits 7€ (t), 7™ (t), and 7 (t) into equation (2), and solving for §, yields

e 9(1—c—1t)?
17(1 — ¢ —t)? — 576pF’

Cutoff §4(¢) > 0 for all pF < W, which holds since condition 7™ () — pF > 7% (t) implies

pF < U= pg M0_et)® (1‘;;’*)2 In addition, 34(t) < 1 for all pF < 1=50% which holds

by definition. Comparing cutoffs § = ﬁ and d4(t), we find that

5,184pF
289 (1 —¢c—t)* —9,792pF’

da(t) — 5=

17(1—c—t)?

which is positive for all pF' < ——=c—", which holds since pF' < (- C ik

by definition.
85 A(t) 9 4(t) 10,368pF (1—c—t)

In addition, the comparative statics of 6 4(t) are the following: Z41% = 2242 = 71—t 576 ]’
—e—1)?—576p
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0 85a(t) _ 5,184F(1—c—t)?
T Op [17(1—c—t)2~576pF]
925 4(t) _ 10,368F(1—c—1)[17(1—c—t)*+576pF |

95A(t) _ 5,184p(1—c—t)?
> 0, and =
2 ’ oF [17(1—c—t)2~576pF]

> > 0; while its cross-partial deriv-

. . 25 10,368p(1—c—t)[17(1—c—t)2+576pF
ative is =525~ = 3 3 > 0 and, similarly, 88(;;‘8(5) = P 2( c 1) 3 il >
P [17(1—c—t)>—576pF] [17(1—c—t)>—576pF)]

2
0, because pF' < % by definition.

Leniency programs. Inserting profits 7¢(t), 7™ (t), and 7 (t) into equation (3), yields

9 (1—c—t)2—|—64(R+pF)]

§>0r(t) =
= 0u(t) 17(1 — ¢ — t)2 + 576R
— 2
The numerator of cutoff d7(¢) is positive for all R > —(17574%) — pF = Ry, its denominator is
2
positive for all R > —% = Rs. Comparing cutoffs R; and Rs, we can see that R; decreases
(1—c—t)?

in the expected fine, pF', and satisfies Ry > Ry for all pF' < 5, which holds by definition.
Therefore, R; > Ry under all admissible parameters, entailing that condition R > R; is more

demanding than R > Ry. However, condition R > R; must hold by assumption: since R > —pF
(1—c—t)?

by definition, then R > —* =~ — pF' as well, ultimately implying that R > R; is also satisfied.
Furthermore, cutoff d7,(¢) satisfies 61,(t) < 1 when pF < (1_;2_ t)2, which holds by definition.
9(1—c—t)?

Comparing cutoffs 64 (t) = and 0p,(t), we find that

17(1—c—t)% —576pF

4,608 [(1 —c—t)? — T2pF] (R + pF)

op(t) —oa(t) = [M7(1 —c— )2 1 576R| [17(1 — ¢ — )2 — 576pF]’

(1—c—t)?
72
by definition; (ii) the second term in the numerator is positive because R > —pF by definition;

2
% = R,, but this condition

which is positive since: (i) the first term in the numerator is positive given that pF <

(iii) the first term in the denominator is positive for all R > —
is satisfied when R > R; holds, which is true as shown above; and (iv) the second term in the
denominator is positive because pF < W holds given that pF < (1_572_'5)2 by definition.
Therefore, §1,(t) > d4(t) for all admissible parameters. Since d4(t) > ¢ from Proposition 1, we
obtain the ranking &1, (t) > §4(t) > 6.

In addition, the comparative statics of §,(¢) are the following: aggc(t) = $p(t) _ L152(1-c-)8R+17pF)

ot T [17(1—c—t)2+576R)?
. s o (¢ . . 17(1—c—t)> _

0 since R > —pF by definition; aLp( ) = 17(1_05_7?)5%76}2 > 0 if and only if R > —% = Ro,
but this condition is satisfied when R > Ry holds, which is true for all admissible parameters,
as shown above. By the same argument, a%ﬁét) = 17(1_05_783 Ts76r 1S also positive. Finally,
93.(t) _ 4608[(1—c—t)>—T2pF| . (1—c—t)* . S .
9F = T7(1_c—1)? 1 576R > 0 since pF < = by definition. The cross-partial deriva;
) < 9%5p(t) _ 19,584F(1—c—t) %5, (t) _ 19,584p(1—c—t)
tives of cutoff d.(¢) are =55~ = 70— 02157607 0, %par = (e 12157607 0, and
925, (t) _ 9,216(1—c—t)[17(1—c—t)2—576 R—2448pF |

SEI = 70l —c 12+ 5767 , where the denominator is positive if and only if

2
R > —% = Ry, but this condition is satisfied when R > R; holds, which is true for
all admissible parameters, as shown above. Similarly, the numerator is positive if and only if

—C— 2_ p—
R>— 171 5?6 144PF], which also holds because R > Rsy. Therefore, 8;%8(5 ) > 0 for all admissi-
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ble parameters.

Whistleblower programs. Inserting profits 7€ (¢), 7 (t), and 7 (t) into equation (4), yields

= 9(1 —c—1t)?
17(1 — ¢ — t)*> — 576(pF +nB)’

The numerator of cutoff dy(t) is unambiguously positive, while its denominator is positive since

2 2
pF +nB < %, which holds given that pF + nBQ< (17;24)
(1—c—t)

cutoff dyy (t) satisfies oy (t) < 1 because pF'+nB < “—--, which holds by definition; and satisfies

by definition. Furthermore,

_ . 5,184nB(1 — ¢ — t)?
ow(t) = 9alt) = [17(1 — ¢ = )2 = 576(pF +nB)] [17(1 — ¢ — t)2 — 5T6pF]’

2
which is positive since pF' + nB < (177627 ) by definition, making both terms of the denominator

unambiguously positive. Therefore, Sy (t) > d4(t) > §. In addition, the difference Sy (t) — 0.4(t)

increases in ¢ since

9 (dw(t) —0a(t))  10,368nB(1 —c—t) [289(1 — ¢ — t)* — 331, T76pF (pF + n.B)]
ot © {[17(1 — ¢ — t)2 = 576(pF + nB)] [17(1 — ¢ — )2 — 576pF]}*

which is positive since term [289(1 — ¢ — t)* — 331, 776pF (pF + nB)] > 0 if and only if pF +nB <

4 2
%. Comparing this condition against the initial assumption pF'+nB < %

4 2 2
that 222(117_766;2 > (1_;:2_ O simplifies to 289(416;068_” > pF, which is less stringent than the initial

2
assumption pF + nB < (17;27 Oy

Comparing cutoffs dyy(¢) and 0, (¢), we find that dyw (t) > §,(¢) for all

, we obtain

24(pF + nB)(R + pF)

B2 twe ={1=0) = [(8(R + pF) — 9nB) (pF +nB) (R + pF)'/*

Sw(t) _ ddw(t) _  10,368(1—c—t)(pF+nB)

In addition, the comparative statics of dyy (¢) are the following: o T 0l T [(_c-0f—st0(o+ B)]2
—c—t)“— pF+n

Ay (t) 5,184 F (1—c—t)? by (t) 5,184p(1—c—t)> Ay (t)
0, =5 = [17(1—c—1)?~576(pF+nB)]’ 0, Zor~ = [17(1—c—t)?~576(pF+nB)] >0, as well as =52 =
5,184 B(1—c—t)2 Bdw(t) 5,184n(1—c—t)? . . .
[17(lfcft)27576(pF+nB)]2 > 0, and =55~ = [17(1767t)27576(pF+nB)]2 > (0. Finally, the cross-partial
.. = . . %8y (t) _ 10,368F(1—c—t)[17(1—c—t)24+576(pF+nB)]
derivative of oy (t) with respect to p and ¢ is op0t . [17(1—c—t)2~576(pF+nB)]” > 0,
2
where the denominator is positive because pF'+nB < %, which holds given that pF'+nB <
(1—c—t)? ... .. 3y (t) _ 10,368p(1—c—1)[17(1—c—1)2+576(pF+nB)] 25w (t)
5 by definition. Similarly, =575~ = (71 —c—0? 576 F B 0, 55 =
10,368 B(1—c—t)[17(1—c—t)24+576(pF+nB)| 925w (t) 10,368n(1—c—1)[17(1—c—t)2+576(pF+nB)]
= >0, and —5p5~ = 3 > 0.
[17(1—c—)?~576(pF+nB)] t [17(1—c—~t)*>~576(pF+nB)]
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7.2 Appendix 2 - Non-linear production costs

Competition. When firms compete, every firm ¢ chooses ¢; to solve
_ B
max 7;(t) = (1 — ¢ — ¢;)¢ — | ci + 5a7 | — tai
;>0 2
yielding best response function ¢;(¢;) = 12jﬁt 2}r 545> which shifts downward and becomes flatter

when costs become more convex (higher 5). In a symmetric equilibrium, every firm produces output

level ¢ (t) = 13;515’ earning profits 7€ (t) = # (qic(t))2, which satisfy 872“) =— (2+é)$ﬁ_)§_t) <0
ﬂc —c—
and 2 (t) = —7(125()3(41_@3 t < 0.

Collusmn. When firms collude, they seek to maximize their joint profits, as follows

max 7;(t) + m;(t)

4i,4;20
2
which yields ¢ (t) = qu (t) = 1Z+ 5, earning profits oM (t) = % for every firm 4, which satisfy
omM@t) _  1—c—t orM(t) _ _ (1—c—1)?
5 4ﬁ6 < 0 and 98 = ~ 2(a1p)? < 0.
Deviation. When a firm unilaterally deviates from the collusive output qZM (t), choosing

(3+6)*(1—c—t)?

I onP(t) _ _ (3+8)2(1—c—t)
+ + )

which satisty =57~ = @B (AT B)?

qiD(t) _ (B+8)(A—c-t) <

= “GiAaTs)  earning profits P (t) =

0 and 8”6135(” = —(3+B)2((12_ fﬁ_)tz)ai—;%Mm} < 0. As expected, output levels and profits in the above
three scenarios coincide with those in Appendix 1 when costs are linear, 5 =0
. o C o M p) D o C p) M o
Comparing Wat(t), Wat(t), and ﬂat(t), we find that Wat(t) - Wat(t) = (34(:5)0(42/8) > 0 and
oM onD e . . or¢® oM 877
’Tzat(t) — ﬂét(t) = (QJSB)(c@f,)B)? > 0, implying that 0 > Wat(t) > Wat(t) > () thus being
2
consistent with Lemma 2. As a result, PG(t) = 7nP(t) — 7M(t) = % Wlth derivative
PGy(t) = —mlﬁf)(%w, and associated elasticity epg s = P%((tt))t — 2L < 0. Similarly, PL(t) =
17+28(6 1—c—t)2 . . 17+28(6 l1—c— .
aP(t) — 7 (t) = [2(;+g§(;fg})(2(4_,’c_5§) with derivative PLy(t) = —[(215((315));((“%);), and associated
PLy(t)

elasticity eppt = 5 90 t= 1 —— <0, implying that both elasticities coincide.

No competition policy. Without competition policy, the sustainability condition is given by
equation (1). Inserting profits 7€ (¢), 7 (¢), and 7 (t) into equation (3), we find that collusion

can be sustained if

(3+8)°

020(8) = 17+26(6+3)’

which is unambiguously positive; originates at §(0) = % when costs are linear; decreases in 8 since
9(B) _ __ 2(3+8)? . ‘18 POSIHE : ‘m 8(B) = L :
35 = TTTreser BT < 0; and remains positive for all 3 since ﬁETooé(B) = 5. As in the case of
linear costs, this minimal discount factor is unaffected by environmental policy, ¢
Audits. When the CA uses audits alone to deter collusion, firms have incentives to sustain

collusion according to equation (4). In this context, the initial condition pF < 7M(t) — 7%(¢)

2
becomes pF' < %, which becomes more stringent as costs are more convex (i.e., the profit
M (t)—7nC —c—t1)?
gain 7 (t) — 7% (t) decreases in 3 since o (gﬁ ®) _ —(;gjgggiﬁﬁg )
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Inserting profits 7€ (t), 7 (t), and 7P (t) into equation (2), yields

B+ 8 (1—c—t)

§>0a(B,t) 17+ 2806+ 8)] (1 —c—t)* —2(2+4 B8)(3+ B)2(4+ B)2pF’

9(1—c—t)?

. In
17(1—c—t)*>—576pF

which coincides with that in Appendix 1 when costs are linear, 64(0,t)
[L7+26(6+5)](1—c—1)?
2(2+8)(3+P)2(4+5)?

—e—1)2 . 2 2
against the initial assumption pF' < %, we obtain that [12833%?; f g})gl( 4i 51)2 —5 (:& 5; (i)Jr 7 =

2((2%)&126) > 0, implying that condition pF' < [128'52)(?; f ﬁ)])(gl(;ig;f is less demanding than the initial
assumption, and thus being satisfied by definition. Cutoff § 4(8,t) also satisfies d 4(8,t) < 1 for all
(1—c—t)?
PE < airapiars) Which
Furthermore, cutoff d 4(f3,t) increases in [ if

addition, cutoff 6 4(8, t) is positive for all pF' < . Comparing this condition on pF

which coincides with the initial assumption on pF'.

85a(B,t)  2B+B)(L—c—1)*[(3+B)3(4+B)(8+38)pF — (1 —c—t)?] 0
- 2

O [N 26(6+ ) (1 e~ )2 22+ B)(3+ B4 + B)0F |

(1—c—t)?

(3+B)3(4+B)(8+3B)

which holds when pF' > Comparing this condition on pF' against the initial as-
(1—c—t)? (1—c—t)2 (2+8)(11+38) (1—c—t)?

- (1ct)? - B
sumption p < 5 gy gy, We obtain that smgmr oo — mrasm s EEs = 231 )18

(1—c—t)2 . (1—c—t)?
BIA@ip)Eag) 1S lower thj‘n 2B1A)7(ATA)
1—c—t

non-negligible expected penalties, pF' > 6 +B)(3( 7 +B))(8 35 04(B,t) increases in B under all admis-

Since this section focuses on

0, implying that cutoff

sible parameters.
In addition, 6.4 (3, t) satisfies

Pa(Bt) _ 42+ B)B+A) (A +H)?(1—c—1)*pF =0
o 174266+ B)] (1 —c—1)° =22+ )3+ B2(4 + B2pF|
BaBt) 22+ 53+ ) (4 +8)2 (1 —c— 1) F .
o 174286+ 8)] (1 — ¢ — 1) — 22+ )3+ B4+ B70F|
BaBt) 22+ 5B+ )+ B) (L~ 1)2p L
oF 174206+ A (1 —c—1)> — 22+ BB+ B2+ B2pF|
and cross-partial derivatives are
954(B,t)  _ 424+ B8)B+B) 4 +p)?(1—c—t)F x A 0. and
Opdt 22+ B)3+ B2+ B2pF — 1T 4286+ B (1 —c 12|
d3A(B,t) _ 42+ 8)B+p) (1—c—1)px A -
OF ot 3

22+ B)(3 + 824+ B)20F — [17+2B(6+ B)] (1 - ¢ — £)?]
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where term A = [17 + 26(6 + )] (1 — ¢ — ) + 2(2 + B)(3 + 8)%(4 + B)?pF > 0. The denominator

in both aggp(gt,t) and 6%}%;” is positive for all pF' < [12@52)(?; fg%gﬁi};f Comparing this condi-

2
tion on pF against the initial assumption pF' < %, we obtain that %E;fg;?; f 5)])(21(;%;%2 —

(1—c—t)2  (1—c—t)?
2(3+8)2(4+8) ~ 202+P)(4+B) ,
s [17428(6+8)](1—c—t)
dition pF < 55 5)G+p)2 @)
Therefore, § 4(3,t) increases in t, p, and F'; and the marginal effects of p and F' at deterring collusion

7 > 0, meaning that the initial assumption is more demanding, so con-

holds by definition; ultimately yielding that 835‘;5;’5), a%};(g;t) > 0.

are emphasized by emission fee, ¢, as under linear costs in the main model.
Finally, comparing §4(3,t) and 6(3), we obtain that

(B+8)*(1—c—1) . (3+p)
[17+28(6+B)] (1 —c—1t)* =22+ B)(3+ B)2(4+ B)2pF  17+25(6+ 5)

6a(B,t) —0(B) =

which is positive if and only if (1 — ¢ — )% [17 + 268(6 + )] > [17+28(6 + 8)] (1 — ¢ — ) — 2(2 +
B)(3+ B)%(4 + B)%pF, that, after rearranging, yields (24 3)(3 + 8)(4 + 8)pF > 0, which holds for
all admissible parameter values, entailing that §4(3,t) > 6(3) holds.

The total derivative of §4(3,t) evaluated at t“ () with respect to 3 is

dia(B,t9(8) _ 93a(8,t(B)) . 93a(B,1) 9t°(B)

3 B ot B
+ Direct effect + -

— Indirect effect

. _ _
where ata/gﬁ ) < 0 is shown in the main body of the paper, %Aa(tﬁ 4 5 0 and 86*‘87(6’8’” > 0 as shown

above.
Leniency programs. When the CA uses leniency programs, equation (3) provides the sus-

tainability condition. Inserting profits 7€ (¢), 7™ (t), and 7P (t) into equation (5), yields

(3+8)%[D+2(2+B)(4+ B)*(R+ pF)]
(2+B)B+0)%(4+B)2+ D17+ 26(6 + 5]

o> g[,(ﬁ,t) = R

where term D = (1 —c¢— t)z. In the case of linear costs, f = 0, cutoff 0.(3,t) simplifies to
= _ 9[(1—c—1)*+64(R+pF)]
5L(O7tzz 17(1—c—1)2+576R

cutoff 0 (f,t) decreases in j if

, which coincides with that in Appendix 1; but when costs are convex,

95,(8,1) _ 2D +B)[(4+5) [R2+B*(4+A)(11+38) +G] — D] _
op 2R(2+ B)(3+ B)2(4 + H)? + D17+ 26(6 + )]

where term G = pF [392 + 8565 + 8 (301 + 708 + 65%) ], which holds if R < 757 ﬂ)eég?;)ggﬁ TR

Whistleblower programs. When the CA uses leniency programs, collusion can be sustained
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if equation (4) holds, which in this context yields

B+pB)>2(1—c—1t)?
17 — 34c + 576nB — 34t + 17(c + t)2 — 576pF + H

where term

H = 28%[c® —2c¢(1—t)+ (1 —t)* — 314(pF + nB)]
+128 [c[c — 2(1 — t)] + (1 — t)* — 80(pF + nB)]
—283(pF +nB)(101 + 165 + 52).

9(1—c—t)?
17(1—c—t)*=576(pF+nB)’
which coincides with that in Appendix 1; but when costs are convex, cutoff dy(3,t) decreases in

3 if

In the case of linear costs, 3 = 0, cutoff oy (3,t) simplifies to oy (0,t) =

w(B,t) _ 2B+B)A—c—1)* [ = (3+P)*(4+ B)(8 +3B)nB — J]

— 57— <0
op [17 — 34c + 576nB — 34t + 17(c + )2 — 576pF + H|
where term J = 2¢(1 — ) + (1 — t)2 — (3 + 8)3(4 + B8)(8 + 38)pF.
7.3 Appendix 3 - Product differentiation
Competition. When firms compete, every firm ¢ chooses ¢; to solve
max 7; = (1 — ¢ — ;) 4 — (c+ 1) ¢
q;>0
yielding a best response function g¢;(¢;) = 17207"/ — 2q;. Then, more differentiated goods (lower
v) have a flattening effect on the best response function, indicating that every firm becomes less
affected by its rival’s output decisions. In equilibrium, output is qic (7,t) = 1;?, which coincides
with qic(t) = % in the main body of the paper when goods are homogeneous, v = 1, but

increases when goods are more differentiated (lower 7). In this setting, profits are 7{(v,t) =

(1(2::;2)2 = (qic('y,t))2, which collapse to 7¢(1,t) = w when goods are undifferentiated,
. .. . . . ol (vt) _ 2(1—c—t)
v = 1. In addition, a marginal increase in fee ¢ produces —5; < 0.

@)
Collusion. When firms collude, they seek to maximize their joint profits, as follows

(T (T
Jhax mi(t) + ()

l1—c—t
2(1+7)
products are homogeneous, qlM (1,t) = I_Z_t, but increase when products become more differenti-
(1—c—t)2
) 4(1+7)
aM(1,t) = % when v = 1, but increase when products become more differentiated (lower 7).
M
In addition, a marginal increase in fee ¢ produces om; agv,t) = — 21(12:)"/2 < 0.

Deviation. When a firm unilaterally deviates from the collusive output ¢ (v,t), it chooses

which coincides with that in section 3 when

which yields output qZM(’y,t) = qJM(%t) =

ated (lower 7). In this context, profits are M (v,t) = for every firm ¢, which collapse to
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P (v,t) = w, which simplifies to ¢P(1,t) = w when 7 = 1, earning profits

4(14+7) b
D  (l—c—1)2(2+7)2 om(vt) _ _ (I=e—=t)*(24)
™ (1) = gy 5y = saE)

ing that profits increase when goods become more differentiated (lower 7). In addition, a marginal
; in fee t vrod omP(nt) _ _ 249 (—ct) _
increase in fee ¢ produces —'5 " = (1172 .

c M D c M 201
aﬂiag'y,t)j 671'1-857,15)7 and 8Triag'y,t)’ we find that Bﬂia(tfy,t) _omM(vt) _ (249) (1—c—t) >0

, which are decreasing in v because

< 0, imply-

Comparing ot B(147)2

oM it 87D,t 2(1—c—t . . 8$7t 8{-” y alp,t .
and W’aiv ) ﬂ'@? ) — vggHi)z) > 0, implying that 0 > wa(tv ) 5 o al(ﬁ ) > Wa(tw ), being

Y2 (1—c—t)?
16(1+)2

< 0. Similarly,

consistent with Lemma 2. As a consequence, PG(t) = 7P (v,t) — 7M(v,t) = with
derivative PGy(t) = —%, and associated elasticity epg; = };%t(%)t =—3

2(1—c—t)2 . . . 2(1 e
PL(t) = 7P (1,1) = 78(1,1) = Zgisatye L with derivative PL(t) = —Grogm i,

and associated elasticity epr; = ?JLLt((tt))t = — 1_2Ct_ ; < 0, entailing that both elasticities coincide.

2t
—c—t1

No competition policy. Without competition policy, the sustainability condition is given
by equation (1). Inserting profits 7% (v,t), 7 (v,t), and 7P (7,t) into equation (3), we find that

collusion can be sustained if
(2+7)°

8+ (8+7)

§>6(v)

which is unambiguously positive; originates at 6(0) = % when products are completely differen-

: — 0 : : () _ _4v(2+y)
tiated, v = 0; increases in parameter y since 97 T Br(3)]

at 6(1) = 1% when products are homogeneous, v = 1. Therefore, when products become more

> > 0; and reaches its maximum

differentiated (lower «), cutoff 6(vy) decreases, implying that collusion is facilitated. Like in the

case of homogeneous products, this minimal discount factor is unaffected by emission fee, ¢.

Proof of Lemma 5
Audits. When the CA uses audits alone to deter collusion, firms have incentives to sustain

collusion according to equation (4). In this context, the initial condition pF' < 7M(y,t) — 7% (v, t)

becomes pF' < 48;3)_%, which simplifies to the condition pF < (1_572_”2 when goods are undif-
ferentiated, v = 1, as in the main body of the paper. Otherwise, this condition is less demanding
(1—c—0)%1? )
when goods become more differentiated (lower ) since (4(1+g)7(2+w2 = (1_:(_1227;5;“1;2);7)] > 0.
Inserting profits 7’ (v,t), 7 (v, ), and 7P (7,t) into equation (2), yields
. l—c—1 2.2 9 2
525A(7’t)5 22( ° )PY( +7> 2 29
(L—c—t)*¥?[8+7(8+7)] — 16pF(1+7)*(2+7)
9(1—c—t)?

which coincides with that in Appendix 1 when goods are homogeneous, §4(1,t) = 70— 1)? 5760

In addition, cutoff §4(v,t) satisfies

Doa(rt) _ A —c— 112+ [1—c—1)** —8pF(1+7)(2+1)"]

0 [(1—c—1)272[8 +7(8 +7)] — 16pF (1 +7)2(2 + 7))

)

(I—c—t)2y2 A2

which is positive if the last term in the numerator is positive, which holds if pF’ < )02 2079)
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(1—c=t)*+* +?
4(14+7)(247)2 2(2+7)

Therefore, when pF <

Ratio 2(277_;) < 1 for all admissible values of v, implying that condition pF <

2.2
is more demanding than the initial assumption, pF < %.
(1—c—t)*y> 42

(1) 212 20259) holds, cutoff §4(7,t) increases in v, entailing that collusion is facilitated when

. . l—c—1t)2~2 1—c—t)2~2 2
products are more differentiated (lower 7). In contrast, when % > pF > 451 +§)(2) ng)z 5577

holds, cutoff §4(7y,t) decreases in v, implying that collusion is hindered when goods are more dif-

ferentiated.

Furthermore, the comparative statics of cutoff §4(v,t) are

0oa(v,t) _ 0da(v,t) _ 320F (1 —c— )’ (1 +7)*(2 +9)* =0
e O (1o~ 1728+ A8 +7)] — 16pF (1 + 72 + )7
doa(v,t) _ 16F(1 —c—1)22(1+7)2(2 +7)* > 0. snd
p (1—c=t)>2[8+7(8+7)] — 16pF(1+7)22+7)%*
a(v,t) 16p(1 — c — 1)*y*(1 +7)*(2 +)*
OF [ —c—1)292[8+7(8+7)] — 16pF(1 +7)%(2 + 7))

and its cross-partial derivatives satisfy

da(y,t) 32F(1 —c—t)y?(1+7)%(2 +7)%A
0tdp  [(1—c—t)22[8 + (8 +7)] — 16pF (1 +7)2(2 + 7)2]

where term A = (1 — ¢ — t)292[8 + (8 + )] + 16pF (1 + 7)?(2 + v)?, implying that the numerator
(1—c=1)%7® 8+7(8+7)
(147)(24+7)*  4(1+7)

is positive. The denominator is also positive for all pF' < , which holds since

SZ&(_?_;F; ) > 1 for all admissible values of 7, entailing that pF' < 4E};$;(2i772)2 8;:(71(_?_:)7 ) is satisfied by
c s e Ce—1)2~2 o
the initial condition pF' < %. Similarly,
9oa(1,t) _ 32p(1 —c—t)y*(1+7)*(2+1)*A

OOF  [(1—c—1)292[8+ (8 +7)] — 16pF (1 +7)*(2 +7)?’
which is also positive by the above discussion.
Leniency programs. When the CA uses leniency programs, equation (3) provides the sus-

tainability condition. Inserting profits 7$ (v, t), 7 (v,t), and 7P (v,t) into equation (3), yields

2+7)?2[1—c—1t)*y? +16(R+ pF)(1+7)?]
(1 —c=t)>y2 B+ 78+ )] + 16R(1 +7)*(2 +7)?

] > SL(W) t)

9[(1—c—t)>+64(R+pF)]
17(1—c—t)2+576R

and in the case of homogeneous goods, v = 1, cutoff 61, (v, t) simplifies to d7,(1,t) =
coinciding with that in Appendix 1. In addition, cutoff &1 (v,t) satisfies
050(v,t) _ Al —c—=1)*1(2+7) [(1 —c— 1)’ =16R(1 +7)*[4 +7(2 — 7)] = 8pF(1 +7)D]

0y [(1—c—1)292[8 +7(8 +7)] + 16R(1 + 7)2(2 + 7)2)”

)

where term D = 16+ [24 + v (8 — )]. This derivative is positive if the last term in the numerator

35



(1—c—t)2~44+16 R(1+7)%[4+7(2—7)]
_ 8(1+~)D
0r,(7,t) decreases in 7y or, alternatively, more differentiated products hinder collusion.

is positive, which holds if pF" < — , which is not satisfied, meaning that

Furthermore, the comparative statics of cutoff 61 (v,t) are

9op(v,t)  _ &&WJL:%ﬂ—C—Qfﬂ+vf@+vfHRﬂ+w+wFB+W8+wH>0
de ot [(1—c—1)292[8 +v(8 + 7)) + 16R(1 +7)2(2 + )%
9or(v,t) _ 16F(14+9)*(2 +7)? =0
Op [(1— ¢ —£)292[8 + (8 + )] + 16R(1 +7)2(2 + 7))
9or(v,t) _ 16p(1 +7)*(2 +1)? >0 and
OF [(1—c— 2928+ 7(8 + )] + 16R(1+ )22 +7)2* =
Ap(y,t) 641 +7)22+7) [(1 —c—t)*y? —4pF (1 +7)(2+7)?]
OR — — [(1—c— 928+ (8 +7)] + 16R(1+7)2(2 + 7))
since pF < % by definition. Its cross-partial derivatives satisfy
Np(n,t) _ 2P —c— (1 +9)?C+)* B+yB+0]
Otdp [(1— ¢ — 2728 + (8 + )] + L6R(1 +7)2(2 + 7))
9or(v,t) _ 32p(1—c—t)y*(L+9)*(2+7)*[8 + (8 + )]
OtoF [(1—c—1)292[8 + (8 + )] + 16R(1 +7)2(2 + 7)2]”

Whistleblower programs. In this context, the initial condition pF+nB < 7 (y,t)—7%(v,t)
(1—c—t)2y (1— c t)
(1+v)(2+v)2 ’

are undifferentiated, v = 1. When the CA uses whistleblower programs, collusmn can be sustained

becomes pF' +nB < which simplifies to the condition pF +nB < when goods

if equation (4) holds, which in this context yields

- 1—c—1)29%(2+ )2
ERMCE ( Fr2 )

(1—c=t)*?[B+v(8+7)] —16 (oI + nB) (1 +7)?(2+7)?

(1—c—t)2y? 8+7(8+7)
A+y)(2+7)? 4(1+y) -

> 1 for all admissible values of 7, implying that cutoff

(1—c—t)2~y
4(1+“/)(2+7)
9(1—c—t)?
17(1—c—t)?—576(pF+nB)’

coinciding with that in Appendix 1. In addition, cutoff dy (7, ) satisfies

which is positive if the denominator is positive, which holds if pF' + nB < ;

8+(8+7)
4(1+7)

Sw (7,t) is unambiguously positive given the initial condition pF +nB <

This condition is satisfied since

In the case

of homogenous goods, v = 1, cutoff dy(v,t) simplifies to Sy (1,t) = thus

Dow(v,1) _ 41 —c—t)*1(2+9) [(1 —c = 8)** = 8 (pF + nB) (1 +7)(2 +7)°]
0y [(1—c=1)29%B 478 +7)] = 16 (oF +nB) (1 +7)%(2 + )%

)

(I—et)?y® 1

which is positive if the last term in the numerator is positive, which holds if pF'+nB < 7)) 20
(I—e=t)®+* 1
4(147)(2+7)% 2(2+7)

is more demanding than the initial assumption, pF' + nB < %' Therefore, when pF +

nB < 8 +2)(t?) +7y)2 e +,y) holds, cutoff dyy(7y,t) increases in v, entailing that collusion is facilitated

Ratio ( 5 < 1 for all admissible values of v, implying that condition pF'+nB <
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2.2
when products are more differentiated (lower ). In contrast, when %
(I—c—t)®y* 1

T 305) holds, cutoff §yy(7y,t) decreases in v, implying that collusion is hindered when

goods are more differentiated.

> pF +nB >

Furthermore, the comparative statics of cutoff oy (7, ) are

Pow(v.t) _ Bdw(y,t) _ 32(1 — ¢ — t)y*(1 +7)*(2 + 7)*(pF + nB) -
dc ot [(1— ¢ = )28 +7(8+7)] = 16 (oF + nB) (1 +7)%(2 +7)?)?
Oow (7, 1) _ 16F(1 —c— )22 (1 +7)2(2 +7)* -
9p [(1—c—1)>72[8+7(8+7)] — 16 (oF +nB) (1+7)2(2+7)?* ~
Pow(v.t)  _ 16p(1 —c —t)*7*(1 +7)*2 +)* =0
oF [(1—c—1)292[8+7(8+7)] — 16 (oF +nB) (1+7)2(2+7)?* ~
Dow (v,) 16B(1 —c—1)**(1+7)*(2+7)* 5 0. snd
on [(1—c—= )28+ 7(8+7)] =16 (oF + nB) (1+7)2(2+7)2* ~
dow (v,t)  _ 16n(1 —c—t)272(1 +7)%(2 + 7)* =0
0B [(1 == )>2B+7(8+7)] = 16 (oF + nB) (1 +7)2(2 + 7))’

and its cross-partial derivatives satisfy

dw (v,t) _ 32F(1 —c—t)y* (1 +1)*(2 +)*E
0tdp (1 —c—t)22[8 + (8 + )] — 16 (pF +nB) (1 +7)2(2 + 7)2]®

where term E = (1 — ¢ — t)?4%[8 + v(8 + )] + 16 (pF +nB) (1 + v)3(2 + v)2. The numerator

is positive for all admissible parameters. The denominator is positive if and only if pF' + nB <

—c—1)2~2 .. . . 5
48 - (tg) +1)2 81&(_??7 ). Term SZ&(_?;“; ) > 1 for all admissible parameters, implying that 655‘;&’” > 0.
Similarly,
9w (v,t) _ 32p(1 —c—t)*(1+)*(2+)'E ~0
OOF  [(1—c—1)>2[8+v(8+7)] — 16 (oF +nB) (1+7)2(2 +7)?°

which is also positive by the above discussion.

Emission fees. The regulator chooses an emission fee ¢ that solves problem (5), where C'S =

—c— 2 —Cc— 2 —Cc— —Cc— 2 . . .
“(Qiiw, PS = w, T =tQ¢ = t2((12+w)t), Env = d(Q%)? = %. Differentiating
with respect to ¢, and solving, yields

tc(’y) _ (1—c)(4d—1)
4dd+ 1+~

which is positive since d > % by definition, coincides with that in Lemma 2 when products are homo-

1—c)(4d—1 . atc 1—c)(4d—1 atc 4(1—c)(2
gencons, 7 =0, 1°(0) = U= and satisios 2500 = (o0t o Wo0) _ Mo
atc d—
0, and acﬁ) = _4;+141r7 <0.
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7.4 Appendix 4 - Allowing for m > 2 firms

Competition. When firms compete, every firm ¢ chooses ¢; to solve

max 7;(t) = (1 —q; — Q—)q — (c+ 1) q;
q;>0

where Q_; = > i 0 denotes the aggregate output from firm ¢’s rivals. Differentiating with respect

to ¢;, we obtain best response function ¢;(g;) = 1_§_t —% _;. In a symmetric equilibrium, every firm

l—c—t
24+m

m. In addition, a marginal increase in the stringency of emission fee ¢ yields 7rtC (t)=—

, earning profits 7% (t) = (¢f (t))z, which are decreasing in ¢ and

2(1—c—t
((2+m)2) <0.

Collusion. When firms collude, they seek to maximize their joint profits, as follows

produces output level ¢ (¢) =

max 7;(t) + m;(t)

4i,4; 20
2
which yields ¢ (t) = qj”(t) = L5&t  earning profits 7 (¢) = % for every firm 4, which are
decreasing in ¢ and m. In addition, a marginal increase in the stringency of emission fee ¢ yields
m(t) = -5t <.

Deviation. When a firm unilaterally deviates from the collusive output qZM (t), choosing

D
P (t) = W, which is decreasing in the number of firms, m, since 8%7777::) = —% < 0.
2
In this context, the deviating firm earns profits 7 (t) = % = (¢? (t))z, which satisfy

D A )2
87;977?) = —(mH;(nllgc D% < 0. As expected, output levels and profits in the above three scenarios
coincide with those in Appendix 1 when only two firms are active in the industry, m = 2. In

. (1—c—t)(m+1)2

addition, a marginal increase in the stringency of emission fee ¢ yields 77 (t) = Zn2 < 0.
Comparing 7§ (), 7 (t), and 7P (t), we find that 7§ (t)—mM (t) = % > 0and M (t)—

P (t) = (m=1P(-c=) - o implying that 0 > 7&(t) > mM(t) > 7P (t), thus being consistent with

8m?
Lemma 2. As a consequence, PG(t) = nP(t) — 7M(t) = (n=1°0c=t? with derivative PG(t) =

16m?2
—7(”1_1)8277(112_0_'5), and associated elasticity epg; = ]}:;%(%)t = —1_25_,5 < 0. Similarly, PL(t) =
24m2—m)(1—c—t)2(24+m2+7 . .. 24+m2—m)(1—c—t)(2+m2+7
TP (8) = (1) = B I with derivative PLy(t) = — gl e,
and associated elasticity epr,; = };%((tg)t = — 1_26'5_ ; < 0, entailing that both elasticities coincide.

No competition policy. Without competition policy, the sustainability condition is given by
equation (1). Inserting profits 7€ (t), 7 (t), and 7P (t) into equation (1), we find that collusion

can be sustained if
(m +1)?

528(m)5m(m+6)+1’

which is unambiguously positive; originates at 6(2) = 1% when only m = 2 firms are active; increases
in m since o(m) _ _4(m?—1)
Im " [m(m+6)+1]

since (m + 1)2 < m(m + 6) + 1 simplifies to —4m < 0, which is true for all admissible parameters,

> > 0; and approaches 1 since lilil d(m) = 1. In addition, d(m) < 1
m—-00

m > 2. As in the case of duopoly, this minimal discount factor is unaffected by environmental

policy, t.
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Audits. When the CA uses audits alone to deter collusion, firms have incentives to sustain

collusion according to equation (4). In this context, the initial condition pF < 7M(t) — 7¢(t)
(m—1)2(1—c—t)?

4m(m+1)2
Inserting profits 7€ (t), 7 (t), and 7P (t) into equation (2), yields

becomes pF' <

(m?—1)2(1—c—1t)°
(m—1)2(1—c—t)* [m(m + 6) + 1] — 16m2(m + 1)2pF"

§>04(m,t) =

9(1—c—t)?

. In ition
17(1—c—t)%2—576pF addition,

which coincides with that in Appendix 1 when m = 2 firms, 64(2,t) =

(m+1)2(1—c—1t)[m(m+6)+1]
16m2(m+1)2
(m—1)2(1—c—t)?

Am(m+1)?

cutoff 0.4(m,t) is positive for all pF < . Comparing this condition on pF

against the initial assumption pF' < , we obtain that

(m+12(1—c—t)?[mm+6)+1 (m—121—c—1)°> (1—c—t)>[1+m[d+m(22+m(4+m))]
16m2(m + 1)2  dm(m+1)?2 16mn2

> 0,

(m+1)2(1—c—t)?[m(m+6)+1]
16m2(m+1)2

tion, and thus being satisfied by definition. Cutoff §4(m,t) also satisfies 64(m,t) < 1 for all

m—1)2(1—c—t)?
pF < ( 4771)(7”2—&-1)2)

Furthermore, cutoff § 4(m,t) increases in m if

implying that condition pF' <

is less demanding than the initial assump-
, which coincides with the initial assumption on pF'.

doa(m,t)  (m*—1)(1—c—1)? [4(m—1)*(1 —c— )% — 32m(m + 1)°pF ]

o = >0
m [(m —1)2(1—c— )% [m(m +6) + 1] — 16m2(m + 1)2pF}

which holds when pF' < % Comparing this condition on pF' against the initial assump-

: (m+1)*(1—c—t)* (m-1)*(1—c—1)>  (m-1)2(1—c—t)* _ (m-1)*[m(m—4)-1](1—c—t)*
tion pF < m4m(m+1c)2 m8m(m+1c)3 B m4m(m+lc)2 == Tréﬂerl)?’ : ’
which is positive if m(m — 4) — 1 > 0, which holds if and only if m > 2 + /5 ~ 4.23 firms. There-

2
fore, when m iQ + /5, condition pF < %
implying that §4(m,t) is unambiguously increasing in m. In contrast, when m < 2 + /5, condi-

2
tion pF < %

(m—1)*(1—c—t)?
8m(m+1)3
In addition, 6 4(m,t) satisfies

, we obtain that
is less demanding than the initial condition,

is more demanding than the initial condition. In this case, if condition

pF < holds, 0 4(m,t) is increasing in m; but otherwise, d4(m,t) is decreasing in m.

doa(m,t) _ 0da(m,t) _ 32pF(m —1)2m2(m + 1)*(1 —c — 1) -
ot Oc (m—1)2(1—c—t)*[m(m+6)+1] - 16m2(m+1)2pFr ’
doa(m,t) _ 16F(m — 1)?2m2(m + 1)*(1 — ¢ — t)? -0
Op [(m—1)2 (1= c—t)?[m(m +6) + 1] — 16m2(m + 1)2p }2 ’
doa(m,t) 16p(m — 1)*m?(m + 1)4(1 — c — ¢t)? -0
OF [m =12 (1 ¢~ [m(m + 6) + 1] — 16m2(m + 12pF]
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and cross-partial derivatives are

dda(m,t) _ 32F(m —1)?>m?(m+ 1)1 —c—t)A 0. and
Opot [(m— 1)2(1 —c¢—t)? [m(m +6) + 1] — 16m2(m + 1)2pF T
déa(m,t) 32p(m —1)2m*(m+ 1) (1 —c—t)A .
OF ot [(m —1)2 (1 — c— t)% [m(m + 6) + 1] — 16m2(m + l)zpF} ’

where term A = (m — 1)2 (1 — ¢ — t)* [m(m + 6) + 1] 4+ 16m(m + 1)?pF > 0. The denominator
N N 2
in both 2almb ,nq Palmt) o positive for all pF' < (mA1)*(I—c—t) [m(m+6)+1] Comparing this

Opdt OFat 16m?(m+1)2
2 2
condition on pF' against the initial assumption pF < %, we obtain that the initial

2
assumption is more demanding, so condition pF < (mA1)* (et [mm+6)+1] 1) 4 by definition;

- ~ 16m?(m—+1)2
ultimately yielding that 853;:;;’@, %gf(ﬂ?t’t) > 0. Therefore, § 4(m, t) increases in ¢, p, and F; and the

marginal effects of p and F' at deterring collusion are emphasized by emission fee, ¢, as under the
duopoly in the main model.

Finally, comparing §4(m,t) and §(m), we obtain that

(m? —1)2(1 —c—1t)? _ (m+1)?
(m—1)2(1 —c—t)* [m(m + 6) + 1] — 16m2(m + 1)2pF  m(m+6) +1

S4(m,t) —6(m) =

which is positive if and only if pF < (m_l)(m2_126)1§112_(;j§£m(m+6)+1].

(m—1)2(1—c—t)?
4m(m+1)2

(m—1)2(1—c—t)> _ (I—c—t)*[2+m(6+m(m(m?>+m—3)-7)]
4m(m+1)2 - 16m2(m+1)3

Comparing this condition

(m—=1)(m2=2)(1—c—t)*[m(m+6)+1] _

, we find that TomZmT 1)

against the initial assumption pF' <

> 0 since m(m?+m—3) > 7 for all admissible val-

(m—1)(m2—2)(1—c—t)%[m(m+6)+1]
- - - 16m?(m+1)3 ’
implying that cutoff d 4(m, t) satisfies 0 4(m,t) > 6(m) holds for all admissible parameters.

ues of m > 2. Therefore, the initial assumption is more demanding than pF <

Leniency programs. When the CA uses leniency programs, equation (3) provides the sus-

tainability condition. Inserting profits 7€ (¢), 7™ (t), and 7P (t) into equation (3), yields

(m+1)2[(m—1)%(1 —c—t)* + 16m?*(R + pF)]

#2000 = G T — e = 02 £ 6) 1] + Tom2(m + 1R

9[(1—c—t)>+64(R+pF)]
. 17(1—c—t)2+576R  °
which coincides with that in Appendix 1. Otherwise, cutoff 01 (m,t) increases in f if

In the case of only two firms, m = 2, cutoff 6, (m, ) simplifies to §1,(2,t) =

6. (m,t) 41 —c—t)2(m?*=1) [(1 —c—t)*(m — 1)* + 8mD|

om [(m —1)2(1 — ¢ — )2 [m(m + 6) + 1] + 16m2(m + 1)2R)”
where term D = 2mR [m(m —4) — 1] + pF [m[m(m — 11) — 5] — 1]. % > 0 holds if and only

(1—c—t)2(m—1)*+16m2R[m(m—4)—1]

if pF' < Sm[I—m(m(m—11)—5)]

40



Furthermore, the comparative statics of cutoff d7,(m,t) are

dr(m,t)  dép(m,t)  32m*(m? — 1)*(1 — ¢ — t) [AmR + pFm(m + 6) + 1]
de B ot [(m—1)2(1—c—t)2[m(m+6)+ 1] + 16m2(m + 1)2R]>
dbr(m,t) 16Fm2(m + 1)?2
dp  [m=1)2(1 = c— )2 [m(m + 6) + 1] + 16m2(m + 1)2R]> >0
901, (m,t) _ 16pm?2(m + 1)? -0, and
OF [(m —1)2(1 — ¢ — )2 [m(m + 6) + 1] + 16m2(m + 1)2R]?
dor(m,t) 64m3(m + 1) [(m — 1)*(1 — ¢ — t)* — 4mpF (m + 1)?]
OR [(m—1)2(1—c—t)2[m(m+6)+ 1]+ 16m2(m + 1)2R]>
since pF' < % by definition. Its cross-partial derivatives satisfy
93, (m,t) 32Fm?(m? — 1)?[m(m +6) + 1] (1 —c—1)
o0p (120 —c—t2m(m+6)+ 1] + 16m2(m + 12RE 2
dor(m,t) 32pm?(m? — 1)2 [m(m +6) + 1] (1 —c — t)
HOF  [(m—1)2(1—c—t)2[m(m—+6) + 1] + 16m2(m + 1)2R]?

Whistleblower programs. When the CA uses leniency programs, collusion can be sustained

if equation (4) holds, which in this context yields

(m? —1)2(1 —c—t)?
(m —1)2(1 — ¢ —t)? [m(m + 6) + 1] — 16m2(m + 1)2 (pF + nB)

§ > oy (m,t) =

9(1—c—t)?
17(1—c—t)?—576(pF+nB)’

In the case of two firms, m = 2, cutoff dy(m,t) simplifies to oy (2,t) =
which coincides with that in Appendix 1; but otherwise it satisfies
by (m,t) 4(m? —1)2(1 —c—1t)2J 50
= 2
om (m—1)2(1 - c— )% [m(m +6) + 1] — 16m2(m + 1)2 (oF + nB)

85W (m,t)
om

where term J = (m—1)*(1—c—1)2—8m(m+1)? (pF + nB). Then, the derivative is positive

if term J is positive, which holds if pF'+nB < () Qe t)”

SmmID® Furthermore, the comparative statics
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of cutoff oy (m, t) are

dow(m,t) _ Oow(m,t) _ 32m%(m — 1)%2(m + D)*(1 —c—t) (obF +nB) =0
Oc ot (m—1)2(1—c—t)* [m(m + 6) + 1] — 16m2(m + 1)? (pF—i—nB)r
OB (m,t) 16Fm?(m — 1)%(m + 1)4(1 = c — 1)? o
Op [(m — 12 (1 — ¢ — £)2 m(m + 6) + 1] — 16m2(m + 1)2 (pF + nB)] "
B (m,t) 16pm2(m — 1)2(m + 1)*(1 — ¢ — 1)2 _ o
OF [(m — 12 (1 — ¢ — £)2 [m(m + 6) + 1] — 16m2(m + 1)2 (pF + nB)]"
Dow(m,t) _ 16Bm?(m —1)*(m + 1)*(1 — c — t)? _ < 0. and
on (m — 12 (1 — ¢ — )% [m(m + 6) + 1] — 16m2(m + 1)2 (pF +nB)|
dow (m,t)  _ _ 16nm?*(m — 1)*(m + 1)*(1 — c — ¢)? _ -0
OB [(m = 1)% (1= ¢ £)2 [m(m + 6) + 1] — 16m2(m + 1)% (oF + nB)]|
and its cross-partial derivatives satisfy
9w (m,t) 32Fm?*(m —1)*(m+ 1Y 1 —c—t)H © 0 and
otdp [(m —1)2(1—c—t)2 [m(m + 6) + 1] — 16m2(m + 1) (pF + nB)} ’
9w (m,t) _ 32pm2(m —1)2(m+1)*(1—c—t)H -0
OtoF [(m = 1)2(1 = =) [;m(m + 6) + 1] — 16m2(m + 1)2 (oF + nB)| ’

where term H = (m — 1)2(1 — ¢ — t)? [m(m + 6) + 1] + 16m2(m + 1)2 (pF +nB) > 0, and the

—1)2(1—c—t)%[m(m+6)+1]

denominator is positive for all pF' +nB < (m=1) T6mZ(m+1)2 . As shown in the section of

(m—1)2(1—c—t)?
4m(m+1)2

audits above, this condition is less demanding than the initial assumption pF' <
which implies that both cross-partial derivatives are unambiguously positive.
Emission fees. The regulator chooses an emission fee ¢ that solves problem (5), where C'S =
2(1—c—t)? 1—c—t)? 1 t dm(1—c—t)? . s .
%, PS = %, T =t" ( T ) Env = d(Q°)? = % Differentiating with
respect to ¢, and solving, yields

(1 —-¢)(2dm —1)
m(1 4+ 2d)

t%(m) =

which is positive if d > ﬁ, which holds since d > = by definition. In addition, this fee coincides

with that in Lemma 2 when m = 2 firms, t©(2) = % and satisfies 8tgr(nm) = mg(%;_:%d) >0
0t%(m) _ 2(1=c)(m+1) 9t%(m) _  2dm-—1
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7.5 Appendix 5 - Price competition

If firms compete in prices (& la Bertrand), every firm 7 sets its price equal to marginal costs after

taxes, ¢ + t, earning zero profits, 7¢(¢t) = 0. If, instead, firms collude, they both set monopoly

2
price pM = %, earning a profit 7™ (t) = %. Finally, if firm ¢ unilaterally deviates from
the collusive price, setting a deviating price p? = pM — ¢, where € — 0, it captures all the market,
2
earning profit 77 (¢) = %. As under output competition, profits satisfy 72 (t) > 7M(t) >

C

7y (t), which holds for all parameter values.

In addition, a marginal increase in emission fee ¢ produces 7{'(t) = 0, 71 (t) = :=¢-t, and
TP (t) = =5, entailing that 7§ (¢) -7} (t) = ==L > 0 and 7 (t)—7P (1) = 2=¢=% > 0. Therefore,

0 > 7¢(t) > aM(t) > 7P (t) holds, thus belng consistent with Lemma 2. As a consequence,

PG(t) = 7P@t) — nM(t) = % with derivative PGy(t) = —1=2=L and ass2ociated elasticity
epGt = I;%t(%)t = _17254 < 0. Similarly, PL(t) = 7P(t) — n¢(t) = % with derivative
PL(t) = —1_§_t, and associated elasticity epr; = };%((tg)t = —1_2§_t < 0, entailing that both

elasticities coincide.

No competition policy. Inserting profits 7¢(t), 7™ (t), and 7P (t) into equation (1), we find
that collusion can be sustained in the absence of competition policy if and only if § > 57 = %,
which is unaffected by the stringency of the emission fee.

Audits. When allowing for audits, recall that the latter must not be too large, as otherwise it
would deter collusion, i.e., we need 7 (t) — pF' > 7€ (t); which in this context yields pF < u

Using equation (2) in this context, we obtain that collusion can be supported if and only if

(1—c—t)?
2(1 —c—1t)* —8pF’

§>55(t) =
—-B —e— 2
Cutoff 6,4 (t) M

7%(t) implies pF < (1_%_“2, and (1_Z_t) > (l_cs_t) . In addition, gﬁ(t) < 1 for all pF < %,
which holds by deﬁnition
Comparing cutoffs i =1 and 5 4, we find that 5 A— 5"

(1= T 1)? , which holds since condition 7 (t) — pF >

> 0 for all pF' <

%, which is positive for all

(lct) (1ct)

pF < , which holds since pF' < by definition. Therefore, for all parameter values
for which 5A( ) < 1, we can guarantee that 5A (t) > 5”.
. _B _p
In addition, the comparative statics of 55 (t) are the following;: %gt(t) = 8§§C(t) = _Aprlzesh)

[(1—0—15)2 —4pF]
85A ) _ 2p(1—c—t)?
[(1—c—t)2—4pF]

=B e )2
> 0 and, similarly, ag%(tt) _ 4p(l—e—)[(1—c—t)*+4pF]

MLt 2FP(1—c—t)?
0, b = [(1_C_t)2_4pF]2 > 0, and

9235(t) _ 4F(1—c=)[(1—c—1)*+4pF]

> > 0; while its cross-partial derivative is

> 0, because

dpdt [(1—c—t)>—4pF]’ [(1—c—t)2—4pF]°
pF < M by definition.
2 2
Lenlency programs. Inserting profits 7¢(t) = 0, 7™ (t) = (1_68_t) ,and 70 (t) = ( - ) into
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equation (3), yields that
(1—c—1)* +2(R + 4pF)

1) gB =
Z0r ) 2[(1—c—t)2+R

The numerator of cutoff gf (t) is positive for all R > —@

4pF = RP, its denominator
is positive for all R > — (1 —c— t)2 = RQB. Comparing cutoffs Rl and R , we can see that
RP decreases in the expected fine, pF, while R? is unaffected, and satisfy R > R for all
pF < M, which holds by the initial assumption. Therefore, leg > R2B under all admissible
parameters, entailing that condition R > RP is more demanding than R > R. However, condition
R> R{B must hold by assumption: since R > —pF by definition, then R > —4pF as well, ultimately
implying that R > RP is also satisfied. Furthermore, cutoff gf(t) satisfies 5f(t) < 1 when pF <
%, which holds by definition.

. <B /N _ (1—c—t)? <B
Comparing cutoffs 4 (t) = e 1) 85F and 07 (t), we find that

B (1 —c—t)* = 8pF] (R + 4pF)
2[(1—c—t)2+R} [(1—c—t)2 — 4pF]

which is positive since: (i) the first term in the numerator is positive given that pF < % by
definition; (ii) the second term in the numerator is positive because R > —pF by definition; (iii)
the first term in the denominator is positive for all R > — (1 — ¢ — t)2 = RP, but this condition
is satisfied when R > RP holds, which holds as shown above; and (iv) the second term in the
M holds given that pF < (=et)” C ik by definition.
Therefore, gf(t) > gi(t) for all admissible parameters. Since 0 A( ) >0, we obtam the ranking
SL(t) > 85(t) > 5"

denominator is positive because pF <

.. . . <B L0895 (1) _ (1—c— )(R+8pF)
In addition, the comparative statics of §; (t) are the following: =5~ = =5 (et + 1
. " 5% . .
0 since R > —pF by definition; gp(t) = (1_cig2+R >0ifand only if R > — (1 —¢— t) = RB.,
but this condition is satisfied when R > R¥ holds, which is true for all admissible parameters,
_B —~B
as shown above. By the same argument, 858LF(t) = 045) R is also positive. Finally, B%R(t) =
H > 0 since pF < M by definition. The cross-partial derivatives of cutoff § L( )
C
9250 (t) _  8F(1—c—t) %2t _ 8p(l—c—t) 8257 (1) _ (1—c—t)[(1—c—t)*+R—16pF|
are dpot [(1—c—t)2+R]2 07 oFot — [(1—c—t)2+R]2 > 07 and oRot — [(1—c—t)2+R]3 ’
where the denominator is positive if and only if R > — (1 —c— t) = RQB , but this condition is

satisfied when R > RP holds, which is true for all admissible parameters, as shown above. Simi-
larly, the numerator is positive if and only if R > — (1 — ¢ — t)2 — 16pF, which also holds because

=B
R > RQB . Therefore, agi%(tt) > 0 for all admissible parameters.
(1—c—t)?

Whistleblower programs. Inserting profits 7 (t) = 0, 7™ (t) = —, and 7P(t) =
(1—c—t)?
4

into equation (4), yields

44



(1—c—t)?
2[(1—c—t)2—4(nB+pF) '

5> 00 (t) =

The numerator of cutoff 55[, (t) is unambiguously positive, while its denominator is positive since
2
pF +nB < M , which holds given that pF'+nB < % by definition. Furthermore, cutoff
5W( ) satisfies 5W( ) < 1 because pF +nB < M which holds by definition; and satisfies

B B, 2nB(1 —c—t)?
owlt) = 0al) = [ e (o F + nB)[[(1 = = 02 = 4pF]’

(1ct)

which is positive since pF' + nB < by definition, making both terms of the denominator

unambiguously positive. Similarly, comparing 55/(75) and gf(t), we obtain that SLB(t) > gfv(t) if

and only if ¢ < ), = (1 - ¢) — 22UBE UG EnBILR) T

the complete ranking of cutoffs is SLB(t) > gfv(t) > 35@) > 5”7 when ¢t satisfies ¢ < t%} 1; but
S (t) > 00 (1) >84(t) > 3" otherwise.

In summary, we find that

Oy (t) _ 95p(t) _ _ 4(l—c—)(pF+nB)

In addition, the comparative statics of 35[, (t) are the following:

ot Oc 7 [(1—c—t)?—4(nB+pF))’
0 By (t) _ 2F(1—c—t)> (1) 2p(1—c—t)? N B () 2B(1—c—t)2
T [(1—c—t)?—4(nB+pF))’ T OF T g[(1—c—t)2—4(nB+pF)]? »oon [(lfcft)274(nB+pF)]2

52 6W(t)

0, and aéW(t) 2n(1—c—t)* > > 0. Finally, the cross-partial derivatives of 351/( t) are o =

[(1—c—t)2—4(nB+pF)]
4F(1—c—t)[(1—c—t)*+4(nB+pF)]
[(1—c—t)>~4(nB+pF)]’

(1—c—t)?
1 )

> 0, where the denominator is positive because pF' +nB <

92 5w(t) 4p(1—c—t)[(1—c—1)*+4(nB+pF)]

. . (1—c—t)2 .. ..
which holds given that pF'+nB < ~——" by definition. Similarly, =575 (et P—a(nB )T

325W(t) 4B(1—c—t)[(1—c—t)>+4(nB+pF)] 9250 (t) _ 4k(1—c—t)[(1—c—t)*+4(nB+pF)]
07 onot [(1—C—t)2—4(nB+pF)]3 > 07 and 9BOt — [(1—c—t)2—4(nB+pF)]3 > 0
Comparison against output competition. Under no competition policy, we find that

<B < . 4. . . .-
o = % < % = ¢, indicating that collusion can be supported under larger conditions when firms

compete in prices than quantities.

Under audits, we find that gjj(t) =5 1£1c_—i)_2t128p 7 < T 12(;—_5;—05276;) = = 6.4(t) holds if and only
(1—c—t)?

if pF' > —*—;~-, which holds for all admissible parameters. Similarly, under leniency programs,

we have that

(I —c—t)2+2R44pF) 9O |(1—c=1) +9R+64pF -
< =

55 (t) =

holds if and only if R > R = —U=e e LLO0l where cutoff R < 0 for all admissi-

ble parameters (but recall that R can be positive or negative). Comparing condition R > R

against the initial assumption R > —pF', we obtain that inequality —pF > R simplifies to
pF [951(1 — ¢ — t)? — pF] > —(1 — ¢ — t)?, which holds for all admissible parameters. Therefore,
condition R > R is satisfied by the initial assumption R > —pF, implying that 55 (t) < 6.(1).
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Finally, under whistleblower programs, we find that

55 4 = (1—c—t)? 91 —c—1t)?
wlt) 2 [(1 —c—t)2—4(nB+pF)] - 17(1 — ¢ —t)* = 576(pF + nB)

M1l
e

w(?)

(1—c—t)2+49,720nB
9,720nB

that 55[/@) < 0w (t). In summary, Sf(t) satisfies SkB(t) < 0y (t) for every k = {A, L,W}.
Emission fees. The regulator solves problem (5), anticipating an aggregate output QF =
1 — ¢ —t, which yields CS = 8=9° pg = 0, T = (1 — ¢ — t), and Env = d(1 — ¢ — )2

Differentiating social welfare with respect to t, and solving for ¢, yields an emission fee under

is satisfied if and only if pF' > — , which holds for all admissible parameters, entailing

Bertrand competition of

/B _ 2d(1 —¢)

1+2d
which satisfies 2 W = % > 0 and % = —3 +2 1733 < 0. Comparing this fee against that under
Cournot competition, t¢ = %, we obtain that t% — ¢ = ﬁ > 0, implying that ¢8

is more stringent than ¢t©. Intuitively, the regulator anticipates a larger aggregate output and
emissions under Bertrand than Cournot competition, requiring a more stringent fee.
7.6 Proof of Lemma 1

We first identify first-order conditions under Cournot and collusion. We use these conditions later
when evaluating the derivative of each profit with respect to fee t.

Cournot competition. Every firm ¢ chooses its own output ¢; to solve

max p(Q(t))q — C(q) — tai,

qi

where Q(t) = qi(t) + ¢;(t). Taking first order conditions with respect to ¢;, we obtain

P (Q°(1)a + p(Qt) — C'(g;) —t = 0.

Evaluating firm 4’s profit in the equilibrium output ¢ (¢) and qj ( ), we have that 7 (t) =
p(Q ()¢ (t) — C(¢f (1)) — tgf (t) and its derivative with respect to t, (t) =7%(t), is

C C C
P (@2 Oy @70 28 () 2L _ g () 2L 1D

or alternatively

C aC C
P @) 2L D400+ Q)2 1) + w0 () 20

g )20 _ oy - 2L
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Rearranging, we obtain that

c c
90 [1(Q°(0)af (1) + Q1) — (e 1) — ] + Q) 22 g0 — 1)

and since p'(Q(t))q; + p(QC(t)) — C'(¢;) —t = 0 from the above first-order conditions under

oqS (¢
Cournot, the above equation simplifies to p/(Q% (t)) qf%( )qic (t) — q¢¢ (t), and further reduces to

% _ 1] (A1)

i () = qf (1) [p’(QC(t)) 5

. . . . . / C aqc(t)
which is negative if and only if p'(Q (t)) —4— < 1.

Collusion. If, conditional on firm j choosing the collusive output qj\/[ (t), firm 4 chooses ¢; to

maximize joint profits, 7 (t) + 7r§w (t), we obtain the following

) (WM(t) + M (t))

e P'(@i(t) + g (0))a () + plai(t) + ;" (1) — C' (g (1)) — t+ P (@ (t) + q;" (£)q)" (t)
= Pa(t) +a )@ (1) +ai" (1) + plai(t) + ¢} (1) = (g} (1)) — ¢
= P@Y(®)QM®) +p(@M(t) - C'(¢M (1)) —t = 0.
Hence, a marginal increase in t yields the following effect on individual profit, a”gi(t) = ﬂi\/l (1),
M oqM M
@) Oy 1 1@ () 2 1) 4 pi@ () 22
M M
(g ey 2D gy 210,
Rearranging and invoking symmetry, 8q£;t(t) = 8%];5@), yields
M
) [yl (@Y ()4 (1) + 9@ (1)) ~ ' (0) 1] — 0 (1)

and, given that ¢M(t) = QjM (t) in equilibrium, aggregate output is Q@ (¢) = 2¢M(t), helping us

rewrite the above result as

M
aqiat(t) [P (@Y ()M () + p(QY (1) — C"(gM (t)) — t] — ¢ (t)

Finally, using p'(QM (#)QM (t) + p(Q™(t)) — C'(¢M(t)) —t = 0 from the above first-order

condition under collusion, the above equation simplifies to

T (t) = —q;" (t) <0 (A2)
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which is unambiguously negative.

C
Comparing Al and A2, 0 > 7§ (t) > 7} (t) holds if and only if ¢ (¢) p’(QM(t))aqét(t) 1] >

—qM(t) or, after rearranging,

9g; (1) _ o' (t) —a(t)

p/(QM (t)) ot qic (t)

7.7 Proof of Lemma 2

First, we identify first-order conditions in the case of deviation. Second, we use them to evaluate
the derivative of deviation profits with respect to fee ¢t and, finally, compare the sensitivity of profits
to fee ¢ across settings (Cournot, collusion, and deviation) using Lemma 1.

Deviation. When firm j produces the collusive output qé\/[ (t), but firm ¢ optimally deviates to

maximize its individual profits, it solves

max p(ai(t) + 4" (1) — Cla) — ta;

Taking first order condition with respect to ¢; yields

P'(a(t) + ¢ (1) ai(t) + plai(t) + ¢} (t) — C'(qi(t)) —t =0

Then, firm #’s profits in equilibrium are 72 (¢) = p(¢” (t) + qJM(t))qiD — C(qP) — tgP. Hence, a
o (1)

marginal increase in ¢ yields a change in profits —5;— = 7P(t), that is,

g} (t)

a7 () P+

Pla”(t) + " () =5 —a’ (1) + (a7 () + " () —5—a]

D D D
pla? (1) + a1 2 P 2 oy 20,

Rearranging yields

D

aqgt“) [/ (aP (t) + ¢ ()P (t) + plaP (1) + ¢ (1) — C'(gP(2)) — 1]
1. D M anZ\I(t) D D

+p'(g; (t) + q; (t))Tqi (t) — q;”(t).

Since p'(¢” (t) + qJM(t))qi(t) +p(gP(t) + qJM(t)) — C'(gP(t)) —t = 0 from the above first-order

condition, this equation simplifies to

dgM (t)
ot

P'(a’ () + ¢}’ (1)a” (t) — ¢ (t).
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Finally, since ¢” (t) + qJM (t) = QP (t), this equation further reduces to

dg}' (t)

0 (t) = ¢ (t) |P(Q° (1) —5— — 1 (A3)

. . . . . / D aq}/j(t)
which is negative if and only if p'(Q”(t)) —5— < 1.

Comparison. Using the results from derivatives 7¢ (t), 7} (t), and 7P (t) (see equations Al-
A3), we can now compare them. There are six possible rankings between these three derivatives,
which we separately examine next:

Case 1. 0 > 7¢(t) > 7M(t) > 7P(t). Because 0 > 7¢(t) > 7 (t) holds by defini-

tion (from Lemma 1), we only need to check the last inequality in Case 1, 7 (t) > =P (¢).
aq)'(t)

This entails 0 > —¢M(t) > ¢” [p’(QD(t)) o 1|, which multiplying by ﬁé) yields 1 <

M
ZE\DI((?) 1- p’(QD(t))aqjat(t)} . After rearranging, we obtain
9¢;' (1) _ ¢ (t) — P (®)
1c D J ) )
t > .
9g}" (¢)

Since p'(Q(t)) < 0 and —4;~ < 0, the left-hand side of this inequality is unambiguously positive.
In contrast, since ¢ (t) < ¢ (t), the right-hand side is unambiguously negative, implying that the
above inequality always holds.
Case 2. 0 > 7 (t) > nP(t) > 7M(t). This case entails 7 (t) > 7P (¢) and 7P () > 7M(t). The
: . o (D24 (1) _ () -a 1)
latter is the opposite of Case 1, that is, p'(Q”(t)) =5~ < = o)

cannot hold since, as shown in Case 1, the right-hand side is unambiguously negative. Then, we

. This inequality, however,

do not need to check the former inequality, implying that Case 2 cannot hold.

Case 3. 0 > 7M(t) > nP(t) > n¥(t). This case entails that )/ (t) > 7 (t), which is
incompatible with the initial condition 7¢(t) > 7 (t) in Lemma 1, so it cannot hold.

Case 4. 0 > 7P (t) > 7M(t) > 7 (t). This case cannot hold either since 7 (t) > 7 (t) is
incompatible with the initial condition 7§ (t) > 7} (¢) in Lemma 1.

Case 5. 0 > 7P (t) > 7 (t) > mM(¢). This case implies that 7 () > 7¢(¢) and 7§ (t) > M (t).
The latter holds by definition (Lemma 1), so we only need to examine the former inequality,

D C s : . D 1D 9g}" (¢) C 10 AC 945 (t)
7y (t) > my (t). This inequality entails ¢;” (¢) |p"(Q7 (1)) —5— — 1| > qi (t) [P/ (Q% (t))—H— — 1|

After rearranging, yields

dq5 (t)

ogM(t) gP D)y — ¢¢
p/(QC(t)) pn < p’(QD(t)) 95 (t) 4q; (t) 4 (t) 4q; (t)

ot ¢¢(t) qP (1)

t)—a} (t)

C
Comparing the right-hand side of this inequality against that in Lemma 1, % T ve obtain
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that

QP (t))a% ®)aPt) gl —af() _ af () — ¢ (®)
ot qf (t) a7 (t) g (t)
]W
which simplifies to p'(QP (¢ ))a at(t) < @ (Z)D_ ((i’;w ® I this condition holds, Case 5 cannot be sus-

tained.
Case 6. 0 > 7 (t) > n¥(t) > wP(t). This case cannot hold either since 7} (t) > 7 (t) is

incompatible with the initial condition 7¢'(¢) > 7} (¢) in Lemma 1.

7.8 Proof of Lemma 3

Rearranging equation (1), and solving for 4, yields § > §(t) = TFDD((?)_Z]Z((:)) = (()) Cutoff §(¢) > 0

since 70 (t) > 7™ (t) and 7P (t) > 7 (t) by assumption; and satisfies §(¢) < 1 since 7P (t) —7M (t) <

7P (t) — 79 (t) simplifies to 7 (¢) > 7 (¢), which holds by definition.

ag(t) PGi()PL)—PL(PG() ~ ;¢
t -

PL(t)?
];fz((tg > igg:)), where the left-hand

side is larger than 1 since 0 > PGy(t) > PL(t), and the right-hand side is smaller than 1 given

that 6(t) = ?g((g € (0,1) as shown above. Therefore, %(tt) > 0 under all admissible conditions.

Differentiating cutoff §(¢) with respect to ¢, we obtain that

and only if PGt((t)) > I;LLt(%) . This inequality can be rewritten as

7.9 Proof of Proposition 1

. . . . < _ P —aM(t)
Rearranging equation (2), and solving for 4, yields 6 > d4(t) = —

= LG Cutoff
_ t)—mC(t)—pF PL(t)—pF"

54(t) > 0since 7P (t) > 7™ (t) and 7P (t) — 7% (t) > pF because 7™ (t) -7 (t) > pF by assumption;
and satisfies 04(t) < 1 since 72 () — M (t) < 7P (t) — 7€ (t) — pF simplifies to =M (t) — ¥ (t) > pF,
which holds by definition. In addition, §4(¢) > §(t) by comparing equations (1) and (2), and pF > 0
by assumption.

Differentiating 6 4 () with respect to ¢, we find that 85“‘( ) = PGOIPLO-pFI=PLUOPCE) pjcp

[PL(t)—pF]*
is positive if and only if ];(L;:((tg > 5 ﬁg(ij This condition holds since the left-hand side is larger

than 1 because 0 > PG(t) > PL(t), as shown in Lemma 3, and the right-hand side is smaller

than 1 given that 64(¢) € (0,1) as shown above.
98 FxPG dé PG .
Furthermore, gp(t) = [PL?t)_/EQP > 0 and 5}5’&) = [PpLX(t)—;(ffZ‘]Z > 0 since 7P (t) > 7™ (t) by de-
9%64(t) _ FPG(t) [PL(t)—pF]?—2F PG(t)PLy(t)[PL(t)—pF)
Opot [PL(t)—pF]" ’

finition. Finally, the cross-partial derivative is

where the numerator is positive if

F x PGy(t) [PL(t) — pF)* > 2F x PG(t)PLy(t) [PL(t) — pF]

PG¢(t) 2PG(t) PG¢(t) 2P Ly (t)

or, after rearranging, PL(D > PLO-pF’ °' PG t > PL(t)—th' Using the expressions of elas-

ticities, this inequality yields epg; > % , where the right-hand side can be alternatively
o

written as %t = 2eprs (1 + PL(t) ) Therefore, 886;(‘9?) > 0 if and only if epg; >

2eprt (1 + Wﬁﬂ’)’ where 2epy, 4 (1 + ﬁ) < eprt < 0, implying that initial condition
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-
0 > epag,t > epr is more demanding than epg > 2epr 4 (1 + #{ﬂ_pfﬂ) Hence, 88%29?) > 0 holds

for all admissible parameters.

7.10 Proof of Proposition 2

Rearranging equation (3), and solving for §, we find that § > 0,(t) = %. Cutoff 67,(t) > 0
since PL(t) > pF and R > —pF, implying that PL(t) > R and the denominator is positive.
Similarly, PG(t) > 0 and R > —pF, entailing that the numerator is positive. In addition, &7(t) < 1
since PG(t) + R+ pF < PL(t) + R simplifies to 7 (t) — 7 (t) > pF, which holds by definition.
In addition, 67,(t) > 64(t) > 6(¢) by comparing equations (1)-(3).

Differentiating cutoff 5 (¢) with respect to ¢, we find that

90,(t) _ PGy(t) [PL(t) + R] — PLy(t)

[PG(t) + R+ pF]
ot [PL(t) + R)?

which is positive if and only if PG¢(t) [PL(t) + R] > PL:(t) [PG(t) + R + pF]. Dividing both sides
by PLi(t), yields p7tg > PGIHELE = §,(#). This condition holds since the left-hand side is
larger than 1 because 0 > PGy(t) > PL(t), as shown in Lemma 3, while the right-hand side is

smaller than 1 given that J1(¢) € (0,1) as shown above. Therefore, 85515('5) > 0 under all conditions.

951 (t) F 85 (t) 861, (t) _ PL(t)—PG(t)—pF .
Furthermore, aLp = PIOTR’ e = PL(':)+R > 0, and 55~ = [PL(t)+R}2p > 0 since
pF < PL(t) — PG(t) by definition. The cross-partial derivatives are

0%01(t) _ —PL(t)F 0%01(t) _  —PLi(t)p

dpdt — [PL(t) + R)* OFdt  [PL(t) + R)?

which are both positive since PL.(t) < 0 holds by definition.

7.11 Proof of Proposition 3

Rearranging equation (4), and solving for §, we find that § > Sy (¢t) = #f%' Cutoft
dw (t) > 0 since PG(t) > 0 and PL(t) — PG(t) > pF + nB by definition; and satisfies oy (t) < 1
since PG(t) < PL(t)—(pF+nB) simplifies to PL(t)—PG(t) > pF+nB, which holds by assumption.
In addition, dyy(t) > 64(t) > 6(t) by comparing equations (1)-(4). Comparing Sy (t) and d1(t) =

%, however, we find that oy (t) > &.(t) if and only if nB > [PL(t);gi()tl;gljlgpFJrR).

Differentiating cutoff dy(¢) with respect to ¢, we find that

w (t)  PG(t) [PL(t) — (pF 4+ nB)] — PL(t)PG(t)
o [PL(t) — (pF + nB))*

which is positive if and only if PG(t) [PL(t) — (pF +nB)] > PL.(t)PG(t). Multiplying both sides
by ¢t and dividing by PL(t), yields Iig:((g > PL(t)Ij?p(? B = Sw(t). The left-hand side of this

inequality is larger than 1 since 0 > PG¢(t) > PL(t), as shown in Lemma 3, while the right-hand

side is smaller than 1 given that dy/(¢) € (0,1) as shown above. Therefore, aSg;(t) > 0 holds under
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all conditions.

Sy (t) PG(t)F dw(t) PG(t)p Sy (t) PG(t)B
Furt}iermore, 3 = PLO_(pFnB)] 0, =5 = [PL()—(pF+nB)] 0, = = PLO)—(pF+nB)
0, and aang(t) = L t;iif?in B > 0, and the cross-partial derivative is
25w (t)  PGy(t)F[PL(t) — (pF +nB)]> — 2[PL(t) — (oF +nB)] PLi(t)PG(t)F
" opot [PL(t) — (pF +nB)]*

FPGy(t)[PL(t) — (pF + nB)] — 2PLy(t) PG(?)]
[PL(t) — (pF + nB)

which is positive if and only if PG(t) [PL(t) — (pF + nB)] > 2PL.(t)PG(t). Dividing both sides
by PL(t) and rearranging, yields ];i:((g > PL(t)Qf(C; %)Jrn 5 = 20w (t). While the left-hand side of

this inequality is larger than 1 since 0 > PGy(t) > PLy(t), the right-hand side may be also larger

than 1, implying that the inequality does not necessarily hold. Rearranging this inequality, we
bt . PGt(t) > ZPLt(t)

obtail ey PL(L)—(pF+nB)"
2€PL’t (1 + %), where QEPLJ/ (1 + m) satisfies 2€PL’t (1 + m)

<
eprt < 0, implying that initial condition 0 > epg; > epr; is more demanding than epg; >

Multiplying both sides by t and using elasticities, yields epg,; >
pF+nB pF+nB

2eprLy (1 + %). Hence, 823;5?) > 0 holds for all admissible parameters. A similar

-
argument applies to 9 a%gt).

7.12 Proof of Lemma 4

The regulator considers welfare function W = (Q§)2 +[(1 - Q9QY — (c+1)QY] +tQY — d(QY)?,
where Q¢ = @ Differentiating with respect to fee t, yields

2[1 —c(4d — 1) + 4d(1 — ¢) — 2t]

9 =0
and, after solving for ¢, we obtain that t¢ = %. This emission fee is unambiguously
positive since d > 1 by definition, increasing in d since A 3(170)2 > 0, but decreasing in ¢
2 ) ad (1-+2d)
otC _ 4d—1
because G- = ~30t2d) < 0.

7.13 Proof of Proposition 4

~ ~ — 2 . . ~ . .
Inserting fee t© into d(t), yields 64(t¢) = 17(1—(:)29—(;55()1+2d)2pF’ which satisfies 04(t¢) > 0 if its
2
denominator is positive, which occurs when pF' < %. In addition, the comparative stat-

AA(tC) _ 4,608(1—c)(142d)?pF 854(t°) _ 9,216(1—c)?(142d)pF

ics of cutoff §4(t%) are dc T [17(1—c)2—256(1+2d)2pF)? >0, =5 = [17(1—c)2—256(1+2d)2pF]?

0 B < P > 0 S < M S R

more, the cross-partial derivatives 6%;(5:) = 4’608(1_C[)l(;(tidc);f_[;;&;j)jd;rfsﬁ}(gﬂd)zp LIS 0, 6%;5;5 ) —

21 LMWL BUTIEL ), yhene the difrence 05 lE) — Aol 20 iy

S C S C
0 since d > L by definition, implying that 25400 5 94) ¢ a1] admissible parameter values. A
3 by plymg dpdc dpdd
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S C S C
symmetric result holds for 8(;*}‘,%6) and 82}% d)'

9[1—c(2—c)]+256(14+2d)? (R+pF)
B 17(1—c)2+256(1+2d)2R

61,(t¢) > 0 since both its numerator and denominator are positive since 1 —c¢(2—c¢) > 0 for all admis-
301, (t°) _ 4,608(1—c)(142d)2(16 R+17pF)

Similarly, inserting fee t¢ into 07, (t), yields 61, (t¢) = , which satisfies

sible values of c¢. The comparative statics of cutoff 6 (t%) are 9 = ot iase( 2R

0 B - MDD 5 0, SO — 1 By 0 ma B -
17(1_232232226‘31‘)2 7R > 0. Furthermore, the cross-partial derivatives 838Lp (5:) =1 17?17_(];(21;26221(1'%[3;)5}2}2 >

0, a%pgdc )= [171(71%(1?&_2;?((11;25))21;}2 > 0, where the difference a%Lp(@tcc )_858%5 )= 8’7[?38:35iﬁﬁi?ﬁiﬁgéﬁ]p >

S C S C

0 since d > % by definition, implying that a%Lp (atc) > ‘%aLp (5 d) for all admissible parameter values.
9(1—c)?

17(1—c)2—256(1+2d)2(pF+nDB)’

w(tC) > 0if pF + nB < ;o005 which holds since pF +nB < U= by definition. Further-

Finally, inserting fee t¢ into dyy(t), yields oy (t€) = which satisfies

— S C 2
more, the comparative statics of cutoff &y (%) are aé"gg ) = [17?1?)5)(21_‘;;2&23;)g’gf;ff;)]2 > 0,
Sy (t€) 9,216(1—c)?(1+2d)(pF+nB) 0 dw (t°) 2,304(1—c)?(14-2d)2 F > 0. and
od T [17(1—¢)2—256(1+2d)2(pF+nB)]? ’ dp T [17(1—¢)2—256(1+2d)2(pF+nB)]> ’

S C 2 2 5 c

85%’1(; ) = e 1_22(%2(; 6((;)—&-(22—;22((2)Fi B 0. Furthermore, the cross-partial derivatives 658"‘; gc ) —
4,608(1—c)(14+2d)? F[17(1—c)2+256(1+2d)2 (pF+nB)] >0 Adw () _ 9,216(1—c)?(1+2d) F[17(1—c)?4256(14-2d)% (pF+nB)] >

[17(1—c)2—256(1+2d)2 (pF+nB)]® > Opod T [17(1—c)2—256(1+2d)2(pF+nB)]®

: w(t9) 96w (t®) _ 4,608(1—c)(142d)[2(c+d)—1]F[17(1—c)%4+256(1+2d)2(pF+nB)]
0, where the difference Dpic 9pod [17(1—c)2—256(142d)2 (pF+nB)]> >0

S C S C
since d > % by definition, implying that 86{‘3’; gc ) > 855‘;(‘(32 ) for all admissible parameter values.

Comparisons. Comparing 67 (t¢) and 64 (%), we know that 07(t) > 64(t) for every fee t from
Proposition 2, entailing that d7(t¢) > 64(t¢) when evaluated at fee t©. When comparing oy (%)
and 67,(t¢), we know from Proposition 3 that &y (¢) > &1(t) holds if and only if ¢ > ty . Inserting
fee t© in this inequality, we obtain that t¢ > tw,r, holds if and only if

(1—-¢)8(R+ pF) —9nB] 1

32 [(8(R+ pF) —9nB) (R—l— pF) (nB + pF)]1/2 oy

d<dwr

implying that Sy (t¢) > 6. (t9) if d < dyy 1., which yields the complete ranking oy (t¢) > 0,(¢) >
04(t). If, instead, d satisfies d > dw,r, then t¢ < tw, 1, entailing that ow (t€) < 61(t9), and yielding
the complete ranking &7, (t¢) > oy (t) > d4(t).

7.14 Proof of Corollary 1

Aggregate output under competition is Q°(¢) = 2¢¢(t) = 2(1_30_t) and that under collusion is
QM) = 2¢M(t) = M. Then, QC(t¢) = QM (tM) = ﬁ, while evaluating Q(t) at tM
yields Q¢ (tM) = %, and evaluating QM (t) at t¢, we obtain QM (t¢) = 43((11_:22). Therefore,
welfare WO(t€) = WM (M) = =95 while WO(tM) = CSdiOTAE) and W (1€) = 22U As
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a consequence, inefficiencies are

WEUC) — WO (M) = (L=0? (1—0?(0—4d) 21—

AWC —
W 2(1 + 2d) 18(1 4 2d) 9(1+2d) ’

(1=0o? 15(1-¢? (1—-c¢)?
W = W) = 0 ed) et 2a) ~ B0+ 2d)

AWM

whereas AWM = WO () —WM (M) = 0 since WE (1¢) = WM (M) = (1-9" I addition, AWC

— 2(1+2d)"
. . . . . o(Aawc —¢)2
satisfies AWC > 0 for all admissible parameters and increases in d since ( 5d ) = 4d(91(1i)2$2+ ) >
. . . . . . . a(awM
0. Inefficiency AW™ is also positive for all parameter values, but is decreasing in d since % =
(1=¢) 0
T 16(1+2d)?2 <.
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