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Abstract

We investigate an asymmetric duopoly featuring two polluting firms
that are heterogeneous in terms of production efficiency. The less effi-
cient firm performs abatement by buying an environmental good (EG)
in exchange of a fixed fee, while the more efficient firm engages directly
in abatement effort. The cost asymmetry across the two firms is there-
fore determined by the nature (fixed or variable) of abatement costs. In
this set-up, we compare two environmental policy settings: one where
the regulator commits to policy before observing abatement investment,
and one where such commitment is not credible (i.e. time-consistency).
We conclude that, in the latter setting, emission taxes are lower, whilst

environmental innovation, aggregate profits and consumers’ surplus are
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enhanced with respect to the case with commitment. The welfare ranking
is however not straightforward, as commitment may make society better
off than under time-consistency, depending on the degree of technological
asymmetry in production. Moreover policy makers might be ”trapped”
in a time-consistent policy scenario, due to the interest of involved stake-

holders, at the expense of environmental policy effectiveness.

Keywords: Eco-industry, Environmental regulation, Time-consistent poli-

cies.

1 Introduction

Relevant time inconsistency and credibility problems are intrinsic to environ-
mental policy, as emissions taxes and, more generally, price based instruments
are increasingly employed to spur irreversible abatement decisions by firms. As
recognized by Helm et al. (2003), among others, whenever environmental tar-
gets require substantial capital expenditure and long-term investment decisions,
policy credibility is as important as getting the prices right. For instance, estab-
lishing a short-term market with appropriate prices is of little use if these price

signals are not credible over the long-term horizon.!

The credibility issue im-
plies that, when designing environmental policy, the (international or national)
institutions may obtain less ”abatement for bucks” than expected, mostly due
to weaker than expected incentives. Our paper contributes to this debate, and
is expected to apply both to trans-boundary and to national pollution prob-

lems, being our model simple and abstract enough to account for both potential

scenarios.

1 As mentioned in Hepburn (2010), even the EU ETS suffered from acute credibility prob-
lems during its first phase, which were partially addressed in the second phase, i.e. 2008-12.



When focusing on trans-boundary pollution, the relevance of commitment
is very well exemplified by the negotiations leading to the Paris 2015 Climate
Conference (COP 21), where a ”pledge-and-review” strategy has been adopted.
Under this "bottom up” approach, each country is allowed to develop voluntary
climate actions and targets by submitting its own nationally determined con-
tribution (NDCs) to cutting global emissions. Thus credibility “ defined as the
likelihood that policymakers will keep promises to implement their pledges” is
crucial for long-term success.? Besides, to meet the target to hold average global
surface temperature increases below 2 degrees, long-lived greenhouse emissions
should be net zero. To this aim, "feasible carbon prices cannot be relied upon
to credibly trigger the necessary scale of structural change in the time scale
necessary” (Hepburn et al., 2020).

More generally, both developed and developing countries are expected to
face important credibility problems. This is testified by the increasing litera-
ture assessing the status of credibility enhancing factors, which shows the degree
of heterogeneity both within and across countries (e.g. Averchenkova and Bassi,
2016; Victor et al., 2022), including the ability of countries to implement domes-
tically climate-related pledges . We expect this to be relevant in determining
climate and environmental policies impacts in relation to emissions abatement.
To this aim, we evaluate the effects stemming from the government’s ability to
commit -or not- to a specific level of emission taxation in terms of both static
efficiency and dynamic efficiency properties of environmental policy. Our fo-
cus is on a relevant environmental policy tool, namely emissions pricing, in its
simplest form, i.e. carbon taxation. This allows us to keep out of the analysis
all the potential complexities related to emissions trading (see, among others,

Koch et al., 2014).

2As claimed in Averchenkova and Bassi, (2016), "as the Paris Agreement does not im-
pose penalties or sanctions for non-compliance, without credible policy implementation, the
collective trust needed to support its system of reporting and review will not be built”.



The standard approach to determine the optimal emission tax considers the
firm(s) as Stackelberg followers choosing the optimal output and abatement lev-
els given the optimal tax rate set by the government, behaving as a Stackelberg
leader. However, as pointed out in Petrakis and Xepapadeas (1999; 2001; 2003),
while decisions about output can be seen as short-term ones, choices on abate-
ment effort or on investment in environmentally-friendly technologies should be
considered as longer-term decisions. Thus they are taken sequentially rather
than simultaneously. Moreover, the regulator may face the incentive to change
the tax level after the firms’ decisions on abatement. Due to this, time consis-
tency problems intrinsic to environmental policy-making may arise.

The theoretical literature has tackled the issue of commitment versus time con-
sistency in environmental taxation with the aim to assess which policy regime
- if any- leads to the first best. Among the works closer in spirit to our paper,
Petrakis and Xepapadeas (1999) investigate the effects of credibility of environ-
mental policy in a set-up with a single monopolistic polluting firm. Assuming
specific functional forms, in particular linear damage, they find that the monop-
olist always invest more under ex-post (i.e. time-consistent) regulation than in
the case of ex-ante commitment, since she can influence the tax rate. Also the
emission tax and welfare are always lower under ex-post regulation compared
to the case with ex-ante commitment.? In a similar vein, Requate and Unold
(2003) assess different environmental policy instruments - taxes and permits -
in terms of the incentives to adopt more advanced abatement technologies and
under two different policy regimes, the first one with commitment and either
anticipation or non-anticipation of the new technology, and the second one with
anticipation of the technology and the regulator moving after the firms have

invested. It comes out that, with taxes and permits, the regulator can induce

3Petrakis and Xepapadeas (2001) explore the same issue extending the analysis to the
oligopoly case. They conclude that, with a small number of firms, the results found in the
monopoly case are confirmed, while they are reversed for less concentrated industries.



first-best outcomes if he moves second, whilst this does not always hold if he
moves first.

Even more related to our paper, Requate (2005b) introduces a monopolistic
upstream firm engaging in R&D and selling a new abatement technology to some
polluting downstream firms, focussing on timing and commitment of regulation
under four different games between the regulator and the firms.* It is found that
ex-ante commitment to a menu of tax rates dominates all other policy regimes.
In particular early commitment before R&D activity is socially beneficial since
environmental policy has a stronger effect on R&D effort. Several extensions
have been developed in the meanwhile. Among them, D’Amato and Dijkstra
(2015) consider the incentives for an industry with many firms (symmetric in
terms of abatement costs, but asymmetric in terms of fixed adoption costs) to
invest in a cleaner technology depending on the timing of the policy regime. In
their setting, and under the crucial assumption of asymmetric information, the
regulator can implement the first best under time consistency, but not under
commitment.

We contribute to the above literature by introducing into an asymmetric
duopoly model the hypothesis that one of the two firms - the less efficient one
in production - relies on an external abatement device or environmental good
(EG).5> We do not explicitly model the upstream market where an innovator
provides the EG to the inefficient (downstream) firm ; we simply assume that
it sells its pollution abatement goods through a fixed-fee licensing contract.

The more efficient firm in production differs from the less efficient one, as it is

4Notice that in both contributions (Requate and Unold, 2003; Requate, 2005b) the product
market is assumed to be competitive.

5 According to OECD/Eurostat (1999) widely-shared definition of EG industry, "the envi-
ronment industry consists of activities which produce goods and services to measure, prevent,
limit, minimize or correct environmental damage to water, air, and soil, as well as problems
related to waste, noise and eco-systems” (Organization for Economic Cooperation and Devel-
opment/Eurostat, 1999). It is well-documented that pollution abatement accounts for most
of the industry income.



assumed to have the capability to engage in abatement effort in-house.® Our
paper also loosely links to a second strand of the literature, namely the one on
the provision of environmental goods (EG) and the related market structure.”

We investigate the effects of government commitment versus time-consistent
policies on environmental innovation and welfare, in a second-best set-up with
two asymmetric (downstream) firms that differ in terms of production costs effi-
ciency as well as in the adopted abatement technology. Under the former policy
scenario, we propose the standard approach for determining the optimal emis-
sion tax, where the government precommits to the emission tax and moves first,
while firms behave as Stackelberg followers. Instead, under time consistency,
government’s policy lacks of credibility and the firm(s), rationally anticipating
this, can move first and strategically determine the abatement effort in order to
affect the emission tax rate.

We find that the second-best optimal tax falls short of the Pigouvian pre-
scription, being higher when the government can precommit with respect to
the alternative policy regime. Besides, the time-consistent policy regime spurs
abatement efforts, as the more efficient firm, behaving strategically, performs a
higher abatement level in order to pull down the emission tax. The effects on
aggregate welfare are not clear-cut and point to a trade-off between the effec-
tiveness of environmental policy and overall benefits accruing to the society. In
particular, with a low degree of technological (i.e. production cost) asymmetry,
welfare is higher when the government can precommit to a specific tax level, but
this comes at the expenses of a failure for environmental policy to accomplish

one of its primary tasks. Likewise, when firms’ heterogeneity is high enough,

6The assumptions on the adopted abatement decisions is coherent with a recent contri-
bution (Sestini and Pugliese, 2021) where it is shown that, under ezogenous (and moderate)
emission taxation, the "mixed” configuration with one firm (the more efficient one) engaging
in environmental innovation and the rival firm obtaining the license represents an equilibrium
for a wide set of hypotheses.

"See, among others, Parry (1995), David and Sinclair-Desgagne (2005), Canton et al.
(2008).



the society would be better off under the time-consistent policy regime, whilst
overall emissions would be lower under the alternative regulatory rule.

The paper unfolds as follows. Section 2 presents the model and analyses
the optimal emission tax and abatement effort under the two alternative policy
regimes. Section 3 explores the effectiveness of emissions taxation and carries

out welfare analysis. Finally, Section 4 draws some conclusions.

2 The model

We consider a partial equilibrium model with two downstream firms, say firm 1
and firm 2, competing a la Cournot. When producing their homogeneous prod-
ucts both firms emit pollutants and face an environmental tax on emissions
t>0.

The inverse demand function is linear and given by P(Q) = A — @ where
Q = q1 + q2 is the aggregate output level and g; is firm i’s output level. We also
assume that the duopoly is asymmetric, namely the two firms (firm 1 and firm
2) produce with a constant marginal cost ¢; with ¢ = 1,2, being firm 1 more
efficient than its rival. Normalising the production cost of firm 1 at zero, the
production cost of firm 2 is denoted by ca, with A/2 > ¢3 > ¢; = 0.

Emissions are a by-product of firms’ production. The emission function is given
by e; = e(g;,a;) = w, 1 = 1,2, where q; indicates the amount of abate-
ment that reduces emissions, with 0 < a; < ¢;.% As well-established in this liter-
ature, it holds that ey, (g;, a;) > 0, meaning that more production implies more

pollution, e,,(g;,a;) < 0, so that more abatement decreases total emissions,

€q;4:(Qi,a;) > 0, i.e. the more the firm produces, the more the last unit pollutes,

8This formulation follows Canton et. al (2012) and Kim and Lee (2016). Although many
studies on EG provision employ an additively separable emission function, implicitly assuming
that firms carry out end-of-pipe pollution abatement (see, e.g., David and Sinclair-Desgagne,
2005; 2010; Canton, 2007; David et al., 2011), considering a more general emission function
allows to include in the analysis additional segments of the eco-industry (see e.g. Greaker and
Rosendahl, 2008).



and eq,q,(gi,a;) > 0, i.e. there are decreasing returns in abatement. Lastly,
€q;a: (¢iy a;) < 0, i.e. the higher the abatement the lower the pollution generated
by the last unit of output. The environmental damage function is assumed to be
linear in aggregate emissions and is given by D(E) =dE =), , = %(Qi —a;)?,
where d is the marginal damage function, which is constant in total emissions
level.

Our focus is on the case where firm 1 (i.e. the efficient firm) exerts abate-
ment effort by developing abatement in house, while firm 2 (the inefficient one)
buys the license for a price equal to f from an external (upstream) innovator
who provides EGs. This is in our view a reasonable assumption. A possible ra-
tionale behind it may be linked to the relationship between dimension-efficiency
of firms, on one hand, and innovation capabilities, on the other?. When the
efficient firm (firm 1) engages in abatement effort, this brings about an increase
costs by % The cost function for firm 1 is assumed to be additively separable
and given by ¢(q1,a1) = c1q1 + ag, with constant returns to scale in production
and decreasing returns in abatement effort (see e.g. Ulph, 1996; Petrakis and
Xepapadeas, 2003). As a result of these assumptions, the objective function for
firm 1 is as follows:

(a1)®

m = P(Q)q1 — [c1q1 + T] teq (1)

The profit of the inefficient licensed firm, which buys the license at price f, is

instead:

o = P(Q)q2 — caq2 —tea — f (2)

—a;)? . .
where we normalise ¢; = 0, and ¢; = e(g;, a;) = %, with i =1, 2.

91In our set-up, it is a prerogative of the efficient firm to produce by itself the abatement
technology. This assumption hinges upon some empirical literature, showing that firm invest-
ment in abatement technologies is positively related to firm productivity (Forslid et al., 2011;
2018), or exhibits an inverted-U-shape with respect to firm productivity.



We will describe and compare two alternative policy games, the ex-ante policy
game (under commitment) and the ex-post one (under time- consistency). In
the former game, given the availability of a number & = 1 of licenses for a fixed
fee, at the first stage the government commits ex-ante to a specific emission tax
level. Then, in the second stage, the two polluting firms, taking this tax rate as
given, simultaneously determine their abatement levels and choose their outputs
competing a’ la Cournot. Instead, under the ex-post (or time-consistent) policy
game, given that the more efficient firm (firm 1) engages in abatement effort
and the less efficient one is a licensee, at the first stage firm 1 optimally chooses
the level of abatement, and then the government sets the emission tax level.
Finally both firms decide on their outputs and at the same time, given the tax
rate, the licensee determines the optimal abatement. In what follows, we will

label the commitment and time-consistency scenarios as C and T, respectively.

2.1 Emission taxation under ex-ante policy

The first scenario we consider is when the government can commit to an ex-
ante emission tax rate. We assume that the government chooses the emission
tax that maximizes domestic welfare, taking into account that the firms will
react to environmental taxation. At the second stage firms choose the level
of abatement, either developed in-house for firm 1 or bought by firm 2, and
the quantities that maximize profits. As usual, the sub-game perfect Nash
equilibrium is derived through backward induction. In this set-up, firms can
be regarded as Stackelberg followers considering the emission tax level as given,
whilst government acts as a Stackelberg leader.

This setting is credible only if the government can commit to the announced
policy, for instance for reputational concerns. When the government cannot

commit to a specific tax level, firms reasonably expect that it will change the



emission tax rate after their abatement decisions. Hence, anticipating this, they
decide on their abatement effort in order to influence the emission tax rate
choice. Without commitment, thus, the ex-ante policy regime may collapse into
the ex-post one (see Section 2.2) where firm 1 acts as a Stackelberg leader in
abatement effort choice, while the government plays as a Stackelberg follower
and sets, ex-post, its optimal tax rate.

Thus the objective function of the government, i.e. the social welfare function,

includes the environmental damage and writes as:
Q a2
W(t) = / P(u)du — cxgs — L —dE (3)
0

where ¢; = qic(t)7 1=1,2,a1 = alc(t)'

The optimal tax rate in the ex-ante regime '° is therefore:

= (A+02) B A+4dco (4)
7 (A42¢)  H(A+2c)

Appendix A reports the equilibrium values for the ex-ante policy game. Com-
paring the expression here above with the Pigouvian prescription, according to
which the optimal tax rate ¢ should be equal to the marginal social damage d,

we find that:

Proposition 1 The optimal tax rate in the ex-ante policy scenario is always

lower than the marginal social damage d.

Proof. See Appendix A. =

As shown in Appendix A, tf < d, confirming that, under imperfect compe-

10As common in the related literature (see e.g. Requate, 2005a) we assume that the marginal
damage coefficient has to be large enough so that environmental policy should be in place,
namely t§ > 0. A sufficient condition for this to hold is given by d > 2/5. This is because

t5 > 0 for d > Lriea)

A .
Thus (5(;_‘&;2)) € (1/5,2/5), being cz € [0, A/2).

> 0. This threshold for marginal damage in turn increases in ca.

10



tition in the eco-industry, the optimal environmental taxation differs from the
marginal social damage. This result is in accordance with Parry’s (1995) sem-
inal work, where - in a second-best set-up with competitive production firms
getting a license for a patented technology from an upstream monopolist - the
optimal tax falls short of marginal damage for two reasons, i.e. to mitigate
excessive entry of research firms, and to dampen the monopoly power in the
upstream sector thus increasing diffusion. While David and Sinclair-Desgagne
(2005) prove that the optimal pollution tax should be set above the marginal
social cost of damage, David et al. (2011) find that the impact of environmental
policy on the market for abatement goods and services depends on the number
of firms and on the elasticity of demand, thus leading to a tax higher than,
lower than or equal to the marginal damage of pollution.!' On the other hand,
in our setting the motivation for such a result is different (and simpler): the
tax rate is set at a lower level as environmental damages are complemented
by abatement costs and consumers’ surplus in the social welfare function, in a

duopolistic context.

2.2 Emission taxation under ex-post policy

We now tackle the ex-post (or time-consistent) policy regime where the govern-
ment is not able to pre-commit to an ex-ante tax rate. If the government cannot
commit to an ex-ante policy regime, the more efficient firm will rationally an-
ticipate the possibility for the government to change the tax rate and ignore
ex-ante taxation while deciding its abatement effort. Thus, if the more efficient
firm correctly anticipates the government to optimally set its emission tax in
response to its abatement decision, the ex-post policy regime is time-consistent.

In the ex-post regime, the game runs as follows. Given that the inefficient firm

1n David et al. (2011), provided each environment firm’s output decreases with the tax,
namely if abatement suppliers’ market power increases with the stringency of environmental
policy, the best policy would be to set the emission tax below the Pigouvian level.

11



is the licensee, at the first stage the efficient firm - acting as a Stackelberg leader
- optimally determines its abatement effort anticipating the government optimal
choice about emission taxes in response to its abatement decision. At the second
stage, the government - acting as a Stackelberg follower - chooses the optimal
level of emission taxation with the aim to maximize social welfare. Finally, at
the third stage, firms choose output competing d la Cournot and the inefficient
firm buys abatement technology license at price f. As customary, the sub-game
perfect Nash equilibrium is derived through backward induction.

For the sake of space, shows the equilibrium values for output and abatement
in the ex-post policy game are relegated to Appendix B.

Given ¢1 = ¢ (a1,t), @@ = ¢5(a1,t) and az = a§(a1,t), the social welfare
function in this case reads as:

(a1)? d 5 d 9

9 )_ §(Q2 - a2) - 5((11 _al)

Q
Wr = / P(u)du — cago —
0

By solving the first order condition, we obtain the optimal tax on emissions
as function of firm 1’s abatement effort, say tr(a;). Then, at the first stage,
firm 1 optimally chooses its abatement investment. In taking this decision it
considers how its choice will affect the government optimal environmental policy
in the subsequent stage. It follows that the optimal time-consistent emission tax
rate is given by:

o2 [4(A+ c2) d> = (5A+26c2) d— (A+4c2)]
= (12A+44cy) d+3A+10cy ‘

Comparing this tax rate with the Pigouvian rule, we can state that:

Proposition 2 The optimal tax rate under the ex-post policy regime is always

lower than the marginal damage d.

12



Proof. See Appendix B. =
Even in the time-consistent policy scenario, we obtain that the optimal tax rate

falls short of marginal damage.'?

3 Policy regimes comparison: equilibrium val-
ues

This section presents a comparison between the two policy regimes, the ex-ante
and the ex-post one. Besides evaluating the optimal level of emission taxation in
the two alternative policy regimes, our main task is to assess the environmental
effectiveness of mitigation measures, in terms of the impact the policies have on
total production, optimal abatement and thus on the level of emissions.
A further - at least as important- criterion for judging environmental policy is
the extent to which it provides dynamic incentives to develop new technologies.
We will consider then the ranking between environmental innovation carried
out by the more efficient firm under the precommitment regime wversus the
time-consistent one. Finally, some attention will be devoted to overall welfare
under each policy scenario. For ease of exposition, most of technicalities and all
proofs are confined in Appendix C.

To start with, we compare the optimal rate rate in an ex-post policy scenario
with the tax rate set under the alternative policy regime. By simple algebra

(see Appendix C) we reach the conclusion that:

e the optimal ex-ante taxation is always higher than the optimal ex-post

one, i.e. iy > 7.

128ee the analogous proposition here above in the precommitment policy scenario for some
comments on this point.

13



Interestingly, if the government opts for a time-consistent emission taxation, it
is led to set a lower tax rate with respect to the alternative policy scenario.
This result is driven by the more efficient firm behaviour. In fact, knowing
that the government will set the tax rate after its abatement effort decision,
this firm will anticipate the right level of government taxation in its decision on
environmental innovation. Therefore, it will exert more effort under the ex-post
policy regime with respect to the scenario with precommitment, in order to
reduce its emission tax. This strategic behaviour is obviously not in place when
the government can precommit to a specific tax rate before the firm chooses its
abatement effort.

We compare henceforth equilibrium quantities produced by both firms and
equilibrium prices under the two policy regimes under analysis. By simple

calculations, we obtain that:

e the equilibrium output produced by the more efficient firm is always higher

under the ex-post policy regime than under the ex-ante one, namely ¢ >
qf -
On the other hand, it comes out that:

e the output produced by the licensee (firm 2) is higher when the government

can precommit, i.e. g5 > g1 .

Nevertheless, the combined effect on overall output supplied under the two
alternative policy regimes is such that Qr > Q¢ where Q = ¢1 + go.

Besides, regarding equilibrium final prices, we find that:

e the equilibrium price is higher under the ex-ante policy regime as com-

pared with the ex-post one, i.e. Po > Pr.

By combining the above results, we are allowed to conclude that consumers’ sur-

plus is surely enhanced if the government cannot commit and sets environmental

14



taxes after firm 1 has exerted abatement effort. We argue that consumers are
better off under the ex-post policy regime due to the lower level of environmental
taxation, accompanied by a higher abatement effort, as shown here below.

Focusing then on abatement, we find that:

e under time-consistent taxation, abatement effort by the more efficient firm

is higher than under precommitment, i.e. a;” > a;¢.

As shown in Appendix C, this statement holds true for all values of the marginal
damage coefficient d such that environmental policy is in place, i.e. for d > 3.158
(on this point see also Appendix B). This result might be driven by the firm’s
strategic behaviour, in that, in the ex-post regime, the firm increases its effort
and conveniently induces a lower emission taxation.

Finally, we carry out here a comparison of total emissions under the two
different policy scenarios. Our aim is to assess the environmental effectiveness
of mitigation measures, focusing on local pollution. We recall that the emission
function we employ is defined as: e; = e(q;,a;) = W with ¢ = 1,2. Thus
total emissions under any policy regime are given by F = e; + es.

In particular, under the ex-ante policy regime, firms’ total emissions read as:

yo_ (At2c)

2(5d +2)°
GQC:()
and thus:
A+ 2¢5)>
o= At 2e) (6)
2(5d+2)

Under the ex-post policy regime, firms’ emissions are as follows:

o BAI+4D) 2B+ 11d)
' 8(32d2 +14d + 1)°

62T:0

15



and total emissions read as:

[BA(1+4d)+2(5cy +11d))?

Er =
g 8(32d2 + 14d + 1)

(7)

Notice that, as it is shown in details in Appendix A and B for the two regimes,
emissions by the inefficient firm (firm 2) are 0 in our model specification. Indeed,
the inefficient firm only pays fixed costs for the abatement related goods, so that
once the EG has been bought it makes sense to reduce emissions to 0 to avoid
paying emission taxes. Though this is a peculiar result, this adds interest in
our framework, at least looking at settings where firms’ asymmetry as modeled
here is a sensible assumption.

Let us define the threshold ¢ = %. Comparing total emissions in

the ex-post policy regime versus the ex-ante ones, it is possible to show that:

Proposition 3 If 0 < ¢co < & (é2 < co < A/2) total emissions under the ex-

post policy regime are lower (higher) than total emissions under ex-ante tazation.

Proof. See Appendix C =

This proposition highlights that, provided the degree of cost asymmetry is
low enough, the effectiveness of emission taxation is enhanced if the government
opts for an ex-post policy regime. Besides, the superior performance of this
regime is more likely to hold the greater is the market size (i.e. the parameter
A) and the higher is the marginal damage coefficient (namely the parameter
d). We argue that this might be due to the greater level of abatement carried
out by firm 1 when the time-consistent policy regime is in place. However, even
production and thus emissions by the more efficient firm are spurred under the
ex-post regime. In particular, while output by firm 1 obviously increases with
the degree of cost asymmetry (i.e. if ¢y is high), we find that the rate of increase

is higher in case of output supplied under the ex-post regime with respect to

16



A(af —af)
C2
on the dominance of total emissions under the ex-ante regime is overturned if

the ex-ante one, i.e. < 0. This explains, in our view, why the result
the degree of cost asymmetry is high enough.

In other words, even though the abatement effort is always higher in the ex-post
policy regime, total emissions might also be higher under this scenario due to
the increase in equilibrium output occurring for sufficiently high levels of the
co parameter. Thus, in the presence of a high degree of firms’ heterogeneity,
environmental policy may fail to achieve its primary task in the time-consistent

policy scenario.

4 Equilibrium profits and total welfare compar-
ison.

We now assess whether equilibrium profits in the ex-post scenario are higher
than ex-ante ones. By simple calculations (see Appendix D), for firm 1 we
get that #7 > #{, namely equilibrium profits for firm 1 are larger in the ex
post scenario. This occurs notwithstanding the higher level of abatement effort
carried out under the ex-post policy regime and is driven by the more stringent
environmental tax set when the ex-ante regime is in place.

On the other hand, comparing equilibrium profits accruing to firm 2, i.e. to
the licensee, we obtain that 7 < 7§. We argue that this last result is due to
the relative disadvantage imposed on firm 2 when its rival enjoys a first mover
advantage, playing first and being a Stackelberg leader in the game.

Given these contrasting effects on profits accruing to both firms, the rank-
ing between aggregate profits is not clear-cut. In particular, the expression
7 + 7§ — (a7 + 7T) is a quadratic polynomial in z, where = ¢y , such as

f(r) = Az® + Bx + C, with A < 0 and two solutions, say ¢; < 0 and ¢ > 0.

17



According to numerical simulations, aggregate profits accruing to firms under
the ex-ante policy regime prevail over profits in the ex-post scenario when the
cost asymmetry (i.e. c¢2) is sufficiently low, namely in a context characterized
by low heterogeneity across firms.

We also recall that consumers are better off if the ex-post policy regime is
adopted with respect to the alternative policy scenario.

Overall, the impact on welfare will be the result of the above, possibly
countervailing, signs of the comparison between an ex-ante and an ex-post
regime. We then carry out a comparison between total welfare under com-
mitment and total welfare with the time-consistent policy, to assess whether

W(d, A, CQ)*T 2 W(d, A, CQ)*C.

Defining
. A(—3232d* — 134d — 1285d% — 1120d° + 12 — 3318d3)+
2 =
r
+A [5'/2 d (9 + 130d + 344d? + 128d°)(2 + 13d + 20d?)/?]
r

with T' = 2(1200d° + 7084 d* + 6496 d> + 2055 d? + 148 d — 24), we can show

that:

Proposition 4 Overall welfare accruing under the ex-ante policy scenario is
higher (lower) than welfare under the ex-post policy regime if 0 < ¢y < ¢

(CVQ <o < A/?)

Proof. See Appendix D. ®

As shown in Appendix D, welfare under the precommitment regime (W (d, A, ¢2)§)
prevails over welfare under the time-consistent environmental policy (W (d, 4, c2))
only if the degree of technological asymmetry is low enough. Moreover, the
threshold value for cg, i.e. ¢, depends in turn on A and d, being increasing

in both arguments, implying that, as market size and/or the steepness of the

18



marginal damage are greater, it is more likely that the society is better off under
the ex-ante policy regime.

By simple algebra we find that the ranking between the two thresholds (the
former on total emissions, i.e. ¢ = ¢é(A4,d), and the latter on total welfare,
namely ¢ = é&(A,d)), is such that é2(A,d) < ¢2(A,d), VA > 0,d > 0. We are

then allowed to conclude that:

e when 0 < ¢o < ¢a, total welfare under the ex-ante policy regime domi-
nates over total welfare under the ex-post one. However, total emissions
are higher if the former policy option is in place. On the other hand,
abatement effort by the more efficient firm is larger under the ex-post
regime, triggering larger abatement costs by the same firm. If the cost

differential is very small, the latter effect is expected to dominate;

e if ¢ < o < ¢, the society is better off under the ex-ante policy regime and
also total emissions are lower with respect to the scenario with ex-post

emission taxes;

e when ¢ < ¢y < A/2, then total welfare under the ex-post policy regime
prevails over total welfare under the ex-ante one. However also total emis-

sions are higher if the time-consistent policy choice is adopted.

We remind that abatement effort by the more efficient firm is always en-
hanced under the ex-post regime with respect to the ex-ante one. However,
a trade-off may arise: if the degree of technological asymmetry is quite pro-
nounced, the government should opt for an ex-policy regime. This would imply
a failure of environmental policy to fulfill one of its main tasks, i.e. curbing total
emissions. Likewise, for very low values of c¢o the society is better off under the
ex-ante policy scheme, whilst environmental policy effectiveness is impeded.

As clearly stated in Requate (2005a), "under competitive conditions and per-
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fect foresight, different authors established the result that ex-ante commitment
and ex- post optimal policies generate equivalent or at least similar allocations.
Under imperfect market conditions, the policy conclusions are less clear cut.”
What could seem surprising, however, is that there are circumstances where
time-consistent policies lead to higher welfare than commitment ones, with a
ranking crucially depending on the degree of technological asymmetry. Indeed,
in most games studied in the theoretical literature, even if commitment cannot
implement the first best, it is still preferred to time consistency. Along the lines
of Dijkstra (2002), this is due to the emphasis placed on games with many small
agents playing with the government.'® Thus a necessary condition for time con-
sistency to make the society better off is that the regulated agent(s) can affect
time-consistent policy. In our set-up, a high degree of technological asymmetry
(high cg) benefits firm 1 thus enhancing its ability to behave strategically vis a
vis the government. This may represent the driver leading to the welfare su-
periority of the time-consistent policy regime, under pronounced technological

asymmetry.

5 Main Conclusions

We contribute to the debate on time-consistency versus precommitment in envi-
ronmental policy design by comparing two different policy regimes, the ex-ante
and the ex-post one. In the ex-ante regime the government is able to commit
to a specific tax rate and then firms decide their optimal abatement effort and
output. Conversely, in the ex-post regime, the government sets the environmen-
tal policy variable (the tax level) after firm’s decision on abatement. The latter

regime turns out to be time-consistent because firms know that the government

134In these games, each agent considers himself so small that he cannot influence time-
consistent policy. In this setting, when the government can commit, it can “commit” to the
time-consistent policy and thereby reproduce the outcome of time consistency with commit-
ment. Commitment must then be at least as good as time consistency” (Dijkstra, 2002).
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will set its tax level based on their decisions on abatemet.

With this aim in mind, we analyzed both policy games, building an asym-
metric duopoly model with two polluting firms that differ in terms of produc-
tion costs and also in terms of abatement technology; more specifically, the less
efficient firm in production pays a fixed cost to acquire a license for an exoge-
nous abatement technology, while the most efficient firm performs abatement
in-house paying convex abatement costs. The novelty of our approach is also
in line with suggestions coming from the existing theoretical literature on envi-
ronmental goods. In particular, David and Sinclair-Desgagne (2010) recognize
that ”studying the consequences of other relevant and more complex industry
structures, however, (with asymmetric environment firms or polluters also able
to make their own abatement goods, notably) will require additional research”.

We find that under both policy regimes, the second-best tax rate falls short
of the marginal social cost of damage, thus confirming that, in the presence of
market power, the optimal environmental taxation differs from the Pigouvian
prescription. Besides, if the government cannot precommit to a specific emission
tax level, the more efficient firm enjoys a first mover advantage and may affect
the government’s choice of the emission tax rate by strategically adjusting its
abatement level. As a consequence, when the government opts for a time-
consistent policy regime, emission taxes are lower, whilst abatement, efficient
firm’s profits and consumers’ surplus are enhanced with respect to the case with
precommitment.

Less clear-cut results are obtained about the effectiveness of environmental pol-
icy under the two policy regimes, as only in the case of a very low degree of
heterogeneity across firms total emissions under time-consistency turn out to
be lower than under the ex-ante scenario. Likewise, when assessing the ranking

between aggregate welfare, there are cases where time-consistency makes the
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society better off than under precommitment. This result heavily depends once
again on the degree of technological asymmetry. We argue that, in the presence
of a pronounced heterogeneity, the more efficient firm benefits from a greater
competitive advantage and thus is more able to behave strategically vis a vis the
government. This may represent the rationale for welfare gains associated with
ex-post environmental policy. Nevertheless, one should be aware of a trade-off:
without credibility environmental policy fails to achieve its primary task, i.e. to
curb greenhouse gas emissions.

On the other hand, under low heterogeneity the ability to precommit delivers
higher welfare along with effectiveness of environmental policy measures. This
implies that an ex-ante optimal environmental policy may be fruitfully accom-
panied by credibility-enhancing mechanisms and measures meant to reduce cost
asymmetry.

We are aware of the simplifying hypotheses adopted in our study, in particular
the fact that the contract for the licensed technology always involves a fixed
fee. An explicit modelling of the upstream eco-industry would certainly enrich
the analysis. Also introducing a preliminary stage in the game to determine
the optimal licensing strategy by the R&D firm would be an interesting break-
through. Finally, more general functional forms may improve the generality of

our analysis. These issues are left for future research.
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A Appendix

Appendix A: optimal ex-ante tax rate

We first derive equilibrium values for quantities, abatement and profits. In the
last stage of the game the firms, taking the tax rate as given, select output
and abatement levels. Solving standard firms’ profit maximization problems,

we obtain that optimal quantities and abatement effort are as follows:

(A+co)(1+1)

w0 =53
£t =aSr) = HF 1)1;1 (?:’%t +2)es
g ="Cr
Since ¢§(t) = a§(t) the emissions of firm 2 at the equilibrium are e§ = 0.

Substituting the optimal quantities and optimal abatement levels into the profit

functions, equilibrium profits read as follows:

(1+1)(2+ 3t)(A + c2)?
2(5t + 3)2

7C(t) = (8)

(A2t +1) — (3t +2)c2)? -
(5t + 3)2 -/ ©)

my (t) =

In the first stage the government determines its optimal environmental policy
taking into account how the firms will react to emission taxation in the subse-

quent stage. Substituting for outputs and abatement efforts - as found above -,

23



the objective function of the government becomes:

/P Ydu — ¢ ¢S (t) — (af (t))2—def—dezcz

2
(2042 — 30Acs + 25¢2)t2 + (26A2——30Ac2—k3402)_+ 10)
2(5t + 3)2
8A? —2A%d — 2c3d — 8 Acy + 11c3 — 4Acad
2(5t + 3)2

where the subscript refers to the policy regime.
Proof of Proposition 1: We want to show that the optimal tax rate in the ex-ante

regime is lower than d. We remind that

o (A+c2) d— A+4co
¢ (A+202) 5(A+202)
A+4co

(A+ca) (A+ca)

Since SAtoc) > 0, we have that t7, < (AT2c2) d. Moreover, At < 1.
Therefore:
(A+c2)
th < ——d<d
c (A + 2 CQ)

Finally, when the government can commit to a specific tax level, the optimal

quantities and the equilibrium abatement level become'*

o_ 5(A4+cy)d+4A+6¢o

25d + 10
¢ o (10A—15¢c3) d+3A—8c
@ =92 = 2%5d+ 10
alc«: 5(A+Cg)d—A—4Cg

25d + 10

14Notice that both qzc and aQC are decreasing in c2. To ensure that qzC = aQC > 0 a sufficient
condition is that d > 2/5. Moreover, for a? > 0 to hold, it has to be that d > %. Being
this threshold increasing in cg, a sufficient condition for alc > 0 is that d > 2/5.
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The more efficient firm equilibrium profits are given by:

c [15(A+ ) d+TA+8c)B(A+ o) d+4A+6¢)
Ty = 3 (11)
50(2+5d)

while the less efficient firm equilibrium profits read as:

o} [(1014— 1562) d+3A —802]2 =
g = 2 _f
25 (5d + 2)

Appendix B: optimal ex-post tax rate

Given the objective functions in Eqgs.(1) and (2), at the third stage of the game
both firms choose their outputs while the inefficient firm sets the optimal level

of EG to buy. From standard maximization, we obtain that:

A+cy+2art
T

t e
ql(al’ ) 2t 3

A(1+t)—02(2+t)—a1t
2t —3

qg(alat) = ag(a17t) =

At the second stage the government chooses ex-post its emission tax rate
t, by maximizing the social welfare function. It takes into account the firms’
reaction in the subsequent choice stage, thus including the optimal quantities
and EG level in its objective function.
Maximizing the social welfare function, we obtain the optimal tax on emissions

as function of firm 1’s abatement effort, namely:

2(1473(114’62) A+4CQ
t = d— 1
r(a1) A—a+3c A—a1+3c (13)

Finally, at the first stage of the game, firm 1 makes its abatement choice.
In taking this decision it considers how its choice will affect the government

optimal environmental policy in the subsequent stage. Solving a standard profit
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maximization problem, we get the optimal abatement effort!®, i.e.:

16 (A+ o) P+ 4Ad—(A+dc)
! 2(32d> +14d+1)

By substituting for a; = af into tr(a1), we find the optimal tax rate.

Proof of Proposition 2: We have here to assume that the coefficient d is large
enough that environmental policy has to be in place, i.e. t5. > 0. Being ¢} a

second degree polynomial in d, this is solved for, say, d; and d3, with d; and

3-V11

ds increasing in ¢y. Since lim dy = ———— &~ —0.158, d; < 0. Further,
Cz*}A/2 2
V11
lim dy ~ 1,425, and lim dy = S Y & 3158, Therefore we obtain that
c2—0 CQ*)A/Q 2

d > 3,158 is a sufficient condition for ¢7. > 0 to hold.

Now we show that ¢}, < d. We define:

(8A+8cy) d?— (10A+52¢y) d—2A—8cy

*

y=tr—d=

—d  (14)

which is equal to

(4A+36cy) d® + (13A+62¢y) d+2A+8¢y
(12A+44co) d+3A+10c '

Thus v < 0, Veo >0, A >0,d > 0.

Finally, the optimal quantities and the consumption of abatement goods by the

less efficient firm are as follows:

T (8A+8Cg) d2+(8A+2262) d+A+3CQ
i 3242 + 14d + 1

15Notice that a{ is a quadratic polynomial in d. This is solved for, say, d; < 0 and dy > 0.
- ~ 1
Being d2 decreasing in A, and given that /llimo do = 2 thus alT > 0 for d > % (a sufficient
—

condition).
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r r (12A-20c) &>+ (3A—18¢2) d—2¢
© =a2 = 3242 + 14d + 1

Notice that ¢f > af". In fact

v r_ 12Ad+88cyd + 34+ 10c,

h—a 21282 +28d + 1)~ °

which means that the efficient firm will always invest in abatement at a level

that is not sufficient to cover its output (and related emissions).

Plugging the optimal tax rate ¢} into the equilibrium profits we obtain the

following expression for the more efficient firm profit:

r 16(A+c)?d?+ (16 A2 +56 Acy +40c2?) d
™™= +
256d2 + 112d + 8
5A%2 + 28 Acy + 40 52
256d2 + 112d + 8

while the equilibrium profit for firm 2 is given by:

+ [(BA—=18cy) d+ (124 — 20¢5) d2 — 2 ¢o? ;
Ty = - /.
2 (14d +32d2 + 1)

Appendix C: comparisons, ex ante versus ex post

Tax rate comparison

Let us define A = t¢ — t. It comes out that

\ (140 d? 4+ 394 d 4 40) co* + (160 Ad? + 333d A+ 38 A)cy

5(A+2c) (BA+12d A+ (44d + 10)cy)
N 20 A2 d% +53 A%2d+ 7 A2
5(A+2c) BA+12dA+ (44d + 10)cy)

Thus A > 0, Vee >0, A>0,d > 0.

Equilibrium outputs and price comparison
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Considering first the equilibrium quantity produced by firm 1, we define ¢ =
T —q1¢, where ¢ is as follows:

b= 2 (8BA+12¢;+22Ad+103¢cyd + 41 Ad? +20 Ad® + 184 ¢y d* 4 20 ¢ d®)
N 5(32d2 +14d+1)(2 +5d)

Thus ¢ > 0, Vd > 0. Regarding the equilibrium quantity produced by firm 2,

we define 0 = ¢2¢ — g2, where ¢ reads as follows:

(10d* A+22d A+3A+184d%c3 +103dca + 12¢2 +20d® A+ 20 Ad? + 20 d® c2)

g =

5(32d2+14d+1) (2 +5d)

Thus ¢ >0, Vd > 0.
Likewise, for aggregate quantities supplied under the two alternative policy
regimes, we consider: Q7 = ¢ + ¢ and Q¢ = ¢f + ¢S

Defining 7 = Q7 — Q¢, we have that:

3A+12¢9+22Ad+103¢cod+ 41 Ad? + 20 Ad® + 184 ¢ d? + 20 ¢o d3
7‘:
5(32d2+14d+1) (2 +5d)

It is then straightforward that 7 > 0, Vd. Finally, let us consider the ranking
between equilibrium prices, say Pr and Pg. It is easily found that Po — Pr is
equal to Q7 — Q¢. As shown here above, then Po > Pr, Vd.

Abatement effort comparison

T

Let us define v = a7 — aflc , with

L A+4dcs—d(5A+5c) (-164-16co) d>—4Ad+A+4c
N 25d + 10 64d% +28d + 2

First notice that v is a continuous monotonous function in A and in ¢y, increasing

in both arguments. Given the assumption that % > co > 0, we can substitute
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in the above equation for c; = 0 = ¢§*", obtaining the expression:

A (80d% 4 184d% + 33d — 8)
10 (32d% + 14d + 1) (2 + 5d)

This expression is strictly positive ¥d > 0.14 and A > 0. Therefore we can infer
that v = a1 T — a1¢ > 0, Vd > 3.158 and ¢, € [0, 4/2).
Total emissions comparison
Proof of Proposition 3: Let us define ( = Epr — E¢:
(BA+10co +12Ad +44cod)®  (A+2¢)°

‘= 8(32d2 + 14d + 1) C2(5d+2)°

By simple algebra it comes out that ( is a is a quadratic polynomial in x

with © = ¢ , such as f(x) = Ax® + Bx + C, with A > 0. This is solved for,

(4d2—11 d—4)A

sEriraraea > 0 for d > 3.158. Therefore,

say, ¢1 < 0 and ¢, with ¢ =
(=Er—Ec<0for0<c¢ <& and ( = Ep — Ec > 0 for ¢co > ¢é&. Notice

finally that the threshold ¢ increases in A and in d.

Appendix D: equilibrium profits and welfare comparison

First, let us define y = 77 — 7. By simple algebra we obtain that:

C16A?d* +16 A2d+5A% +32Acod® + 56 Acyd+ 28 Acy + 16cz2d2+40022d+40022+
X= 256d2 + 112d + 8
TAAcy +d (95 A% + 225 Acy + 130 %) + 28 A2 + d? (75 A2 + 150 Aca + T5 %) + 48 ¢

1250 d? + 1000 d + 200

Since x is a continuous monotonous function of A and knowing that g > ca,
we can minorate the above expression substituting for A = 2¢o = A, getting

that:

¢ (450d" +5790d° +12377d” + 73144 + 1296)

Amin =
X(Amin) 25(5d+2)% (32d2 + 14d + 1)
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Therefore we can conclude that y = ¥ — 7 >0, VA > 2¢,.

We then compare firm 2’s equilibrium profits, considering 8 = 7¢ — 7§
It comes out that S(c2) is a is a quadratic polynomial in z with z = ¢o
such as f(z) = ax? + bx + ¢, with a < 0, and two solutions, say ¢, < 0 and
¢ > 0. Moreover ¢ is an increasing function of both A and d. Substituting for
d = 3.158 = d,nin, we obtain unfeasible values for ¢y, such that co > A/2; VA.
Thus 7§ > 71

Regarding aggregate profits, the expression 7§ 73 — (7] 4+71) is a quadratic
polynomial in z with z = ¢y , such as f(z) = Az? + Bz + O, with A < 0, with
two solutions, say ¢; < 0 and & > 0. We found that 7’ +7§ — (77 +71) > 0, for
co =0, and 7§ + 7§ — (7f +7d) > 0 for ¢ = A/2. Being the expression rather
cumbersome, we resorted also to numerical simulations, getting that aggregate

profits under the ex-ante regime prevail over profits in the ex- post scenario

when the cost asymmetry (i.e.c) is not very pronounced.

Proof of Proposition 4:

We want to assess whether W(d, A,c2)5 2 W(d, A, c2)§. Let us define 6 =
W(d, A, c2)& —W(d, A, co2)k. We consider 6 as a quadratic polynomial in cg,
such as f(x) = ax? + bz + ¢, with a < 0, x = c3. This is solved for ¢; < 0 and

Ca, with:

v_A(4n$m4—1Md—1%%¥——H%M5+12—3$8ﬁ)+
2T r
+WMd¢@+&m1+Mmm+m%Md+wﬂ+1V

r

with T' = 2(1200d° + 7084 d* + 6496 d> + 2055 d* + 148 d — 24). It is possible
to verify that é; > 0, implying also feasible values for ¢y, i.e. satisfying ¢y <
A/2, provided d > 3.158. Moreover ¢3(A,d) is monotonically increasing in

both arguments. Therefore, W(d, A4, c2)& > W(d, A, c2)¢ for 0 < ¢g < ¢é2, and

30



viceversa 6 = W (d, A, c2)& < W(d, A, c2)& for co > .
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