
Chapter 2

Pollution Under Hybrid Environmental

Regulation: The Case of Space Heating

Abstract Economic literature on environmental policy under imperfect competi-

tion provides controversial results. Some contributions find that under specific

conditions environmental policy can increase emissions. Others find that environ-

mental policy never increases emissions. However, these contributions are based on

symmetric environmental regulation. The same environmental tool is applied to all

firms and/or consumers belonging to a specific industrial or service sector. This

chapter aims at studying how these results are affected by hybrid regulation when

different environmental tools are applied to technologies coexisting in the same

sector. This situation is well-suited to describe the structural and technological

features of space heating in residential sectors. Looking at polarized market

configurations (a dominant firm facing a fringe of producers), the analysis shows

that increasing pollution is widely admissible in principle and does not require large

environmental asymmetry of firms. However when the real conditions of markets

and technologies are accounted for (by means of specific numerical simulations),

the probability of increasing pollution seems to be very low in most situations

where it is theoretically admissible. The results about the impact of hybrid regula-

tion are ambiguous. Compared to symmetric regulation, hybrid regulation plays a

significant role in affecting the probability of increasing pollution. However, this

role cannot be generalized.

1 Introduction

Space heating is among the major causes of environmental pollution. It represents

one of the most interesting cases of analysis of the relationship between environ-

mental regulation and market structure.

Heat for space heating can be produced by means of several technological

solutions using different inputs: light fuel oil or natural gas fired combustion

boilers; electric heat pumps; centralized production of hot water transported over

relatively long distances by means of pipelines (district heating); etc.
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Different environmental regulation can be applied to the different inputs for

useful heat generation (and consequently to the different kinds of useful heat

supply): tradable permits (with different types of allowances allocation) or environ-

mental taxes (taxes on producers or taxes on consumers, emissions or input taxes).

This implies that hybrid regulation is possible. In fact, since various kinds of heat

supply may coexist, various combinations of environmental regulation may indeed

coexist for the same final service (useful heat for space heating). For example, when

useful heat is produced by natural gas boilers, the most likely regulation is based on

input taxes on consumers. If useful heat is delivered by electric heat pumps the most

likely regulation is ETS with auctioning or emission taxes on producers. If heat

supply is based on district heating, environmental regulation may be based on ETS

with free allocation of emissions allowances. Consequently, different kinds of

regulation can coexist in the same market (hybrid regulation).

Then the question is: How does hybrid regulation affect the performance of

environmental policy and, namely, the probability of increasing pollution? This

chapter aims at answering this question.

In several countries, the technological structure of space heating is highly

polarized. Generally, a specific technological solution covers the most part of

consumption, whereby the other kinds of supply play a residual role (fringe supply).

In turn, input (for useful heat generation) markets may be characterized by quite

different structures. Some of them may be close to the conditions of full competi-

tion whereas others are highly concentrated and, consequently, characterized by

significant market power. Finally, in other input markets prices may be regulated.

In many European countries the leading technology is the gas-fired boiler facing

electric heat pumps and/or district heating which play the role of fringe

technologies. In other countries, the dominant energy supply technology is district

heating or direct and indirect electricity technologies.

A typical situation of polarized market is when the dominant technology is

operated by a dominant firm and a large number of price taker firms operates the

fringe technology. Consequently, these markets can be adequately simulated by

using a dominant firm with fringe model.

In this model, the leader maximizes its profit on residual demand. This implies

that the production by the price taker firms belonging to the fringe is partially or

totally accommodated depending on cost and demand shape curves. If cost curves

are constant over a sufficiently large supply interval the dominant firm practically

faces two choices: (1) maximizing its production by setting prices just below the

price which would make the end user indifferent when choosing between its own

technology and the fringe’s technology (the indifference price); (2) setting prices

above this price, accommodating the fringe’s maximum production.

Given firms’ capacities, this choice depends on two factors: (1) the residual

monopoly price and (2) the cost structure of the technologies operated by either the

dominant firm or the fringe.

Since environmental regulation can modify these two factors, it is in principle

able to induce the dominant firm to change its choice when moving from the

previous situation to that after the implementation of environmental regulation.

12 2 Pollution Under Hybrid Environmental Regulation: The Case of Space Heating



In this chapter, dedicated to space heating, we aim at checking whether and

under which conditions this might happen and subsequently how it might under-

mine the performance of environmental policy, leading to increasing rather than

decreasing pollution.

The theoretical literature has devoted great effort to studying environmental

policy in presence of imperfect competition. As pointed out in the introduction of

this book, the results of the existing literature are controversial. Some authors

highlight that increasing pollution is possible under specific conditions in terms

of supply and demand (Levin 1985; Requate 2005). Others demonstrate that

environmental policy never increases pollution (Canton et al. 2008; Sugeta and

Matsumoto 2007).

In line with this framework, this analysis concentrates on pollution taxes and

emissions trading and does not engage in describing optimal level of the control

policy. It focuses solely on comparative static effects. In fact, given the huge

uncertainty about environmental damages,1 searching for the optimal level of

control policies might be less useful than exploring the effects of different levels

of pollution prices (tax rates or carbon prices), if we mainly look at the policy

implications of the analysis.

Two kinds of environmental regulation are investigated: taxation (on producers

or on consumers) and emissions trading (with auctioning or free allocation of

emissions allowances). Symmetric regulation arises when the same tool of envi-

ronmental policy (e.g. only taxes on consumers or only ETS with auctioning) is

applied to the different technology cycles. Hybrid regulation occurs when different

tools are applied to different technologies.

In line with some contributions of the existing theoretical literature, the analysis

confirms that the perverse effect of environmental regulation is widely admissible2

and does not require large environmental (environmental) asymmetry of firms.

However, increasing pollution might be less likely (1) when input taxes are applied

to the dominant firm’s consumers and (2) especially when environmental regulation

is based on ETS with free allocation of emissions allowances combined with

regulation of the fringe’s prices. Finally, it emerges that hybrid regulation can

play a significant role in affecting the probability that environmental regulation

could imply a perverse effect. Nevertheless, this role is ambiguous. Compared to

symmetric regulation, hybrid regulation can either increase or decrease the proba-

bility of increasing emissions depending on several factors.

This chapter is structured as follows. Section 2 presents the assumptions of the

model. Section 3 focuses on how the environmental regulation can impact on

pollution under imperfect competition. Section 4 carries out numerical simulations.

Section 5 concludes.

1We mainly refer to the marginal cost of carbon dioxide emissions.
2 For the specific case of the electricity markets, see also Gullı̀ (2008).
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2 Assumptions

Useful heat is produced in the consumption stage. Its inverse demand, pðQÞ ,
depends on the aggregate output Q only and is twice differentiable with �1<
@p=@Q< 0 for allQ. Firms belonging to the same sector deliver homogenous inputs

for useful heat generation. For the sake of simplicity (and without loss of general-

ity), the energy conversion efficiency, namely the ratio between the useful heat and

the input, is normalized to one. As a consequence, the input demand and the

demand for useful heat coincide (unless taxes on consumers are applied, as it will

be explained later).

The pollutant is emitted in the production or in the consumption process and

pollution is proportional to output.

Environmental regulation in input markets is based on pollution taxes (on

producers or on consumers) or on emissions trading (ETS). Taxation is proportional

to emissions and charged to the producers (emissions taxes) or to the consumers (to

the input used to produce useful heat).

The pollution price, t, is the charge per unit of pollutant emitted, namely the tax

rate under taxation and the price of the tradable permits under emissions trading.

The emission rate, r> 0, is the emission per unit of output.

The technologies are represented by their cost functions. We assume linear

technologies whose cost per unit of output, q, is c � 0.

Firms have abatement technologies. Therefore the emission rate depends on t
and it is decreasing and convex, i.e., @rðtÞ=@t< 0, @2rðtÞ=@t2 > 0 with rðtÞ> 0 for

all t. Total emissions are given by the emission rate multiplied by the output, r � q,
and consequently the total “pollution cost” is equal to the emissions multiplied by

the pollution price, that is r � q � t. Following the literature on this topic (Requate

2005; Sugeta and Matsumoto 2007), the cost functions already incorporate the

abatement opportunities. Pollution can be substituted for by using more of other

abating inputs which in turn involve higher costs, that is @c=@r< 0. Furthermore,

we assume that @2c=@r2 > 0.

Under taxation, taxes will be charged to producers or to consumers. In the latter

case, it is reasonable to assume that policymakers set the tax rate by adopting a

reference (constant) emission rate. For instance it can be equal to the emission rate

before taxation, rðtÞ ¼ rð0Þ . Consequently, with taxes on consumers either the

emission rate or the unit production cost does not depend on the tax rate, that is

rðtÞ ¼ rð0Þ and cðtÞ ¼ cð0Þ, 8t.
Under ETS, permits are auctioned or allocated free of charge. Given these

assumptions, the total cost function (conventional cost plus “pollution cost”) for

the technology cycle i will be

Ciðqi; ri; tÞ ¼ ciqi þ t riqi � t G (2.1)
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where G is the amount of allowances allocated free of charge. This amount is

calculated by setting a reference emission rate, rbni
, and a reference production

level, �qi. Then G ¼ rbni �qi and the average production cost will be

ACiðqi; ri; tÞ ¼ ci þ t ri � t rbnig (2.2)

where g ¼ �qi qi= and rbni 2 0; ri� ½. The public authority chooses �qi on the basis of the
historic production level (typical grandfathering) or on the basis of the expected

(inertial) future production level. Obviously, �qi ¼ 0 under taxation and under the

ETS with auctioning.

By differentiating (2.1) with respect to ri, we get one of the first-order conditions
for total cost minimization

t ¼ � @ci
@ri

(2.3)

Therefore, given t, a firm with inefficient abatement technology (higher @ci
@ri

��� ���)
chooses an abatement level lower than that chosen by a firm with efficient abate-

ment technology.

Two groups of technological solutions are available, i ¼ a; b, withca < cb, rb < ra or

rb > ra and
@ca
@ra

����
����< @cb

@rb

����
���� or @ca

@ra

����
����> @cb

@rb

����
���� respectively. Furthermore, when rb < ra there

exists a pollution price, the “switching price,” ts ¼ ðcb � caÞ=ðra � rbÞ, such that the

marginal cost of the technology a, MCa, is equal to that of the technology b, MCb.

It is to be noted that, since t ¼ � @ci
@ri

then
@MCi

@t
¼ ri.

Furthermore, under taxes on consumers, MCi ¼ ci þ rið0Þ t with i ¼ a; b.
To simulate market power a dominant firm with fringe model is adopted.3 The

leader (d ) is more efficient since it operates only the technology a with lower

production costs. Consequently, cd ¼ ca and rd ¼ ra. The fringe ( f )
4 operates only

the technology b with higher production costs and therefore it is the less efficient,

cf ¼ cb and rf ¼ rb.
The leader and the fringe supply the market with capacity �qd ¼ �qa > 0 and �qf ¼

�qb > 0 respectively. Their levels of production are qd 2 0; �qa½ � and qf 2 0; �qb½ �
respectively. The firms’ capacities are exogenous and the fringe is capacity

constrained while the dominant firm is able to serve the entire market alone, �qd ¼
QðcdÞ and �qf <Qðcf Þ.

3 Several authors use this model in order to simulate the relationship between market power and

environmental regulation. Among them: Conrad and Wang (1993), Chernyavs’ka and Gullı̀

(2008), Gullı̀ (2008), and Chernyavs’ka and Gullı̀ (2009).
4 It is to be noted that this model is well suited to simulate the structural features of several

important environmentally regulated markets (e.g., energy markets).
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Firms are price-setting and all players are assumed to be risk neutral and to act in

order to maximize their expected payoff (profit). Production costs, emission rates as

well as firms’ installed capacity are common knowledge.

Throughout the analysis, efficient rationing is assumed. This means that, when

the dominant firm (holding the most efficient technology) and the fringe set the

same prices, the former serves the consumers first.

The indifference price of the input i , pni , is that price which makes the final

consumer indifferent when choosing between technology i and technology j.
For example, under symmetric taxes on consumers (input taxes applied to both

the dominant and the fringe technologies), this price is obtained by solving the

following equation

cj þ t rjð0Þ ¼ pni þ t rið0Þ

Then

pni ¼ cj þ tðrjð0Þ � rið0ÞÞ

Under symmetric taxes on producers, it is

pni ¼ cj þ t rjðtÞ

and, since t ¼ �@cj @rj
�

, then @pni @t ¼ rjðtÞ
�

.

Finally if the prices of technology j are regulated and with ETS and free

allocation of emissions allowances, we get

pni ¼ cj þ t rjðtÞ � t rbnjg

3 Impact on Pollution: Theoretical Analysis

By facing the fringe, the dominant firm will maximize its profit on the residual

demand. Given the assumptions described in the previous section, this means that it

will choose one of the following strategies: (1) setting prices above the indifference

price so as to accommodate the fringe’s maximum production (2) setting prices just

below the indifference price and maximizing its market share.

By assumption, there will be an increase in market power when, because of the

implementation of the environmental regulation, the dominant firm will move from

the strategy (2) to the strategy (1). Inversely, there will be a decrease in market

power if, because of the environmental regulation implementation, the dominant

firm will move from strategy (1) to strategy (2).

The following Lemma describes the conditions under which the environmental

regulation can decrease or increase market power.
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Lemma 1. (i) Under emissions taxes (or emissions trading) applied to the domi-
nant firm, the environmental regulation can decrease market power if and only if

dPu ¼ @pna
@t

� @MCd

@t

� �
� a21

@pna
@t

þ a1
@MCd

@t
> 0 (2.4)

where a1 ¼
QðprÞ � �qf
� �

QðpnaÞ
and pr ¼ argmaxp pðQ� �qf Þ � Cd

� 	
;

(ii) Inversely (increasing market power) when dPu < 0;
(iii) If rb < ra and t � ts then market power never decreases.

Proof. See Appendix. The intuition is straightforward. For example, assume that

rb < ra and that, before the implementation of the environmental regulation, the

dominant firm prefers to accommodate the fringe’s maximum production.

Neglecting the second-order terms, the first and second members of the right side

of (2.4) represent the profit sensitivity of the dominant firm’s strategy 2 (change in

profit) per unit of dominant firm’s maximum production. The second member is the

profit sensitivity of the dominant firm’s strategy 1 (loss of profit) per unit of

dominant firm’s maximum production. If the former is positive or, even if negative,

is above the latter (the loss of profit of strategy 1 is lower than the loss of profit of

strategy 2) then the dominant firm, after the environmental regulation implementa-

tion (and if the pollution price is enough high), will prefer to maximize its

production. If the pollution price is very high, such that the leader becomes the

less efficient firm (so losing its leadership cost), the latter strategy must be

excluded.

Corollary 1. If input taxes are applied to the dominant firm’s consumers, the
environmental regulation can decrease market power:

(i) when input taxes are applied to both dominant firm’s and fringe’s consumers,
if and only if

dPu ¼ @pna
@t

� @MCd

@t

� �
� a22

@pna
@t

þ rbð0Þ
� �

þ a2
@MCd

@t
þ rað0Þ

� �
> 0 (2.5)

with a2 ¼
QðprÞ � �qf þ rað0Þt@Q=@p
QðpnaÞ þ rbð0Þt@Q=@p

(ii) when input taxes are applied only to the dominant firm’s consumers, if and
only if

dPu ¼ @pna
@t

� @MCd

@t

� �
� a23

@pna
@t

þ a3
@MCd

@t
þ rað0Þ

� �
> 0 (2.6)

with a3 ¼
QðprÞ � �qf þ rað0Þt@Q=@p

QðpnaÞ
;
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Proof. See Appendix.

With increasing market power, before environmental policy (t ¼ 0) the domi-

nant firm (low-cost technology) serves the entire market:

qað0Þ ¼ QðcbÞ
qbð0Þ ¼ 0

(

If t is sufficiently high, after the environmental regulation, the dominant firm

prefers to accommodate the fringe technology:

qaðtÞ ¼ Qðp̂rðtÞÞ � �qf

qbðtÞ ¼ �qf

(

where p̂r ¼ pr under taxes on producers. Under taxes on consumers, p̂r is the

monopoly price on the net residual demand (net of the portion of demand

corresponding to the increase in price due to the tax rate applied to consumers,

see Appendix) plus the tax on consumers.

Then the change in pollution is:

DE ¼ rbðtÞ�qf þ raðtÞ Qðp̂rðtÞÞ � �qf
� 	� rað0ÞQðcbÞ (2.7)

Consequently, DE > 0 if

DEu1 ¼
DE
�qf

¼ rbðtÞ þ raðtÞ
Qðp̂rðtÞÞ � �qf
� 	

�qf
� rað0ÞQðcbÞ

�qf
> 0 (2.8)

This condition is never satisfied if rb < ra. If rb > ra it may be satisfied when the

difference in emission rates between technologies is high (large environmental

asymmetry of firms) and/or the price elasticity of demand is very low and abate-

ment technologies are relatively inefficient.

Under imperfect competition and with decreasing market power, before the

environmental policy (t ¼ 0) the fringe exploits its maximum capacity and the

dominant firm (operating the low-cost technology) supplies the residual demand:

qað0Þ ¼ Qðprð0ÞÞ � �qf

qbð0Þ ¼ �qf

(

If t is sufficiently high, after the environmental regulation the dominant firm

prefers to maximize its production:

qaðtÞ ¼ QðĉbÞ
qbðtÞ ¼ 0

(
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The change in emissions is

DE ¼ raðtÞðQðĉbÞ � rað0Þ Qðprð0ÞÞ � �qf
� 	� rbð0Þ�qf (2.9)

Then DE> 0 if

DEu2 ¼
DE
�qf

¼ raðtÞQðĉbÞ
�qf

� rað0Þ
Qðprð0ÞÞ � �qf
� 	

�qf
� rbð0Þ> 0 (2.10)

where ĉb ¼ cb þ rbðtÞt under emissions taxes on fringe’s producers, ĉb ¼ cb þ rbð0Þt
under input taxes on fringe’s consumers and ĉb ¼ cb þ ðrbðtÞ � rbnbgÞt under ETS

with free allocation and pricing regulation.

This condition is satisfied if rb < ra and abatement technologies are relatively

inefficient. If rb > ra it may be satisfied especially when the difference in emission

rates between technologies is low and/or the price elasticity of demand is relatively

high and abatement technologies are relatively inefficient.

The results described above can be summarized as follows:

Lemma 2. (i) If rb < ra decreasing market power is necessary condition for
increasing pollution; (ii) If rb > ra the outcome is ambiguous.

Proof. See (2.7)–(2.10).

Given Lemma 2, the probability of increasing pollution can be estimated by

using condition (2.4) [or (2.5) or (2.6)] and conditions (2.8) and (2.10)

simultaneously.

In the following Subsections, firstly symmetric regulation will be taken into

account (the same environmental tool applied to different supply technologies).

Subsequently, hybrid solutions will be investigated (different environmental tools

applied to the different technological solutions).

3.1 Symmetric Regulation

Symmetric regulation arises when the same environmental tool is applied to

different technologies.

3.1.1 Symmetric Taxes on Consumers

In this case pollution taxes are directly applied to the input purchased by final

consumers. For example, if the space heating technology is based on the use of

natural gas boilers, taxes are charged to natural gas consumption (monetary charge

per unit of natural gas consumed).
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However, it is reasonable to assume that policymakers choose the input tax by

looking at the emissions rate before the implementation of environmental regula-

tion. Therefore, the input tax can be expressed as t rið0Þ.
Under symmetric taxes on consumers, the indifference price is obtained by

solving the following equation:

cb þ t rbð0Þ ¼ pna þ t rað0Þ

Then

pna ¼ cb þ tðrbð0Þ � rað0ÞÞ

Since
@cb
@t

¼ 0, the dominant firm’s indifference price sensitivity to pollution

price will be

@pna
@t

¼ rbð0Þ � rað0Þ

and, since no tax is applied to producers, the dominant firm’s cost sensitivity to

pollution price will be

@MCd

@t
¼ 0

Then from Corollary 1 (2.5), the condition for decreasing market power is:

rbð0Þ> rað0Þ 1� a22 � a2
1� 2a22

If rb < ra decreasing market power is admissible provided that the difference in

emissions rates is very low. Therefore, increasing pollution is admissible although

it seems to be unlikely.

If rb > ra it is very likely that dPu > 0. Consequently, from condition (2.10),

increasing pollution is admissible when the difference in emission rates between

technologies is low and/or the price elasticity of demand is high provided that

abatement technologies are sufficiently inefficient.

3.1.2 Symmetric Taxes on Producers (or ETS with Auctioning)

In this case, taxes are applied to producers and are proportional to emissions. This

time the emissions rate depends on the pollution price. It is also to be noted that

taxes on producers are equivalent to ETS with auctioning.
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Under symmetric taxes on producers (or symmetric ETS with auctioning), the

indifference price is

pna ¼ cbðtÞ þ t rbðtÞ

Since from (2.3)t ¼ � @cb
@rb

, the indifference price sensitivity to pollution price is

@pna
@t

¼ rbðtÞ

and, since t ¼ � @ca
@ra

, the dominant firm’s cost sensitivity to pollution price is:

@MCd

@t
¼ raðtÞ

Then from Lemma 1, the condition for decreasing market power is

rbðtÞ> raðtÞ 1

1þ a1

Therefore, if rb < ra increasing pollution is admissible provided that abatement

technologies are relatively inefficient.

If rb > ra the condition for decreasing market power is satisfied always. Pollution

can increase if the difference in emissions rates is low and abatement technologies

are sufficiently inefficient.

It is to be noted that 1 ð1þ a1Þ= may be lower than ð1� a22 � a2Þ=ð1� 2a22Þwhen
a2 < a1 . Since this always occurs if rb < ra then decreasing market power (and

consequently increasing pollution) might be more likely under taxes on producers

than under taxes on consumers. When rb > ra this can occur if the difference in

emissions rate is relatively low. Otherwise (sufficiently large environmental asym-

metry) increasing emissions is more likely with taxes on consumers.

3.1.3 Symmetric ETS with Free Allocation of Emissions Allowances

Under ETS with free allocation, emissions allowances are allocated free of charge

to polluters. The amount of these allowances (expressed in terms of emissions) is

equal to the reference emissions rate multiplied by the reference level of

production.

In this case it is necessary to distinguish two scenarios of fringe’s technology

pricing: unregulated prices and regulated prices.

When unregulated, fringe’s prices converge to marginal costs. Therefore

pna ¼ cbðtÞ þ t rbðtÞ
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and, since t ¼ � @cb
@rb

, the fringe’s indifference price sensitivity to pollution price is:

@pna
@t

¼ rbðtÞ

At the same time, since t ¼ � @ca
@ra

, the dominant firm’s marginal cost sensitivity

to pollution price will be:

@MCd

@t
¼ raðtÞ

Consequently, from Lemma 1 (2.4) the condition for decreasing market power is

rbðtÞ> raðtÞ 1

1þ a1

Therefore, if rb < ra increasing pollution is admissible provided that abatement

technologies are not particularly efficient.

If rb > ra the condition for decreasing market power is satisfied always. Pollution

can increase if the difference in emissions rates is low and abatement technologies

are sufficiently inefficient.

Under regulated prices, when prices are equal to the average production cost, the

fringe’s indifference price is obtained by solving the following equation

[from (2.2)]:

pna ¼ cbðtÞ þ t rbðtÞ � t rbnbg

Then by differentiating the previous equation and given that t ¼ � @cb
@rb

, the

indifference price sensitivity will be

@pna
@t

¼ rbðtÞ � rbnbg

It is to be noted that g does not depend on pollution price. In fact we assume that

the sector-specific authority set regulated prices by looking at the production level

before the change in pollution price (or before the implementation of the environ-

mental policy)

The dominant firm’s cost sensitivity to pollution price is

@MCd

@t
¼ raðtÞ
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Consequently, the condition for decreasing market power (from Lemma 1)

becomes

rbðtÞ> raðtÞ 1

1þ a1
þ rbnbg

If rb < ra , decreasing market power and increasing pollution are admissible.

However they seem to be very unlikely, at least in principle.

If rb > ra, the condition for decreasing market power is satisfied if the difference

in emissions rates is relatively high. However, in this case, increasing pollution is

very unlikely [see (2.10)]. Inversely, market power can increase if

rbðtÞ< raðtÞ 1

1þ a1
þ rbnbg

This condition is satisfied if the difference in emissions rates is low. However,

this drastically reduces the probability of increasing pollution.

In conclusion, increasing pollution seems to be very unlikely.

3.2 Hybrid Regulation

Hybrid regulation arises when different environmental tools are applied to different

competing technologies.

3.2.1 Taxes on Consumers Versus Taxes on Producers (or ETS

with Auctioning)

Two cases have to be analyzed: (1) taxes on the dominant firm’s consumers and

taxes on the fringe’s producers (or ETS with auctioning); (2) taxes on the fringe’s

consumers and taxes on the dominant firm’s producers (or ETS with auctioning).

In the first case, the indifference price sensitivity to pollution price is

@pna
@t

¼ rbðtÞ � rað0Þ

and the dominant firm’s cost sensitivity to pollution price is

@MCd

@t
¼ 0

Consequently, from Corollary 1 (2.6):

rbðtÞ> rað0Þ 1� a23 � a3
1� a23
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If rb < ramarket power can decrease provided that the environmental asymmetry

between firms is sufficiently restricted. Therefore, increasing pollution is

admissible.

If rb > ra then dPu > 0 always. However, increasing pollution is admissible

when the difference in emission rates between technologies is low and/or the price

elasticity of demand is sufficiently high provided that abatement technologies are

sufficiently inefficient.

It is to be noted that 1 ð1þ a1Þ= may be lower than ð1� a23 � a3Þ ð1� a23Þ
�

when

a3 < a1. Since this always occurs always (regardless of whether rb < ra or rb > ra)
then decreasing market power (and consequently increasing pollution) might be

more likely under taxes on producers than under taxes on consumers.

In the second case:

@pna
@t

¼ rbð0Þ

and

@MCd

@t
¼ raðtÞ

The condition for decreasing market power (2.4) is

rbð0Þ> raðtÞ 1

1þ a1

Therefore, if rb < ra, increasing pollution is admissible. If rb > ra, this condition
is always satisfied. Increasing pollution is admissible provided that the difference in

emissions rate is low, abatement technologies are inefficient, and the price elasticity

of demand is high.

It is to be noted that, this time, decreasing market power (and consequently

increasing pollution) may be more likely under taxes on consumers than under taxes

on producers.

3.2.2 Taxes on Producers (or ETS with Auctioning) Versus ETS with Free

Allocation of Emissions Allowances

Three relevant combinations of environmental regulation have to be analyzed:

(1) taxes on dominant firm’s production (or ETS with auctioning) and ETS with

free allocation on fringe’s producers with unregulated fringe’s prices; (2) taxes on

dominant firm’s production (or ETS with auctioning) and ETS with free allocation

on fringe’s producers with regulated fringe’s prices; (3) ETS on dominant firm

production and taxes on fringe’s producers (or ETS with auctioning).
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In the first case, the indifference price sensitivity to pollution price is:

@pna
@t

¼ rbðtÞ

and the dominant firm’s cost sensitivity to pollution price is

@MCd

@t
¼ raðtÞ

Consequently, the result is the same than under symmetric taxes on producers.

The condition for decreasing market power (2.4) is:

rbðtÞ> raðtÞ 1

1þ a1

If rb < ra, decreasing market power and increasing pollution are admissible.

If rb > ra, market power decreases always. Increasing pollution is admissible if

the difference in emissions rates is low and abatement technologies are inefficient

and price elasticity of demand is high.

In the second case, the indifference price sensitivity to pollution price is

@pna
@t

¼ rbðtÞ � rbnbg

The dominant firm’s cost sensitivity to pollution price is

@MCd

@t
¼ raðtÞ

Consequently, the condition for decreasing market power (2.4) becomes:

rbðtÞ> raðtÞ 1

1þ a1
þ rbnbg

If rb < ra, increasing pollution is admissible but very unlikely.

If rb > ra , market power decreases only if the difference in emissions rates is

high. However, in this case, the probability of increasing pollution is low. Inversely,

increasing market power is likely if the difference in emissions rates is low. Once

again this reduces the probability of increasing pollution. In conclusion, increasing

pollution is admissible but very unlikely.

Finally, in the third case

@pna
@t

¼ rbðtÞ
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and the dominant firm’s cost sensitivity to pollution price is

@MCd

@t
¼ raðtÞ

Consequently, the condition for increasing pollution (2.4) is

rbðtÞ> raðtÞ 1

1þ a1

If rb < ra, increasing pollution is admissible. If rb > ra, this condition is satisfied

always. Therefore, increasing pollution is admissible provided that the difference in

emissions rate is low and abatement technologies are inefficient.

3.2.3 Taxes on Consumers Versus ETS with Free Allocation of Emissions

Allowances

Three relevant hybrid combinations arise: (1) taxes on the dominant firm’s

consumers and ETS with free allocation to fringe’s producers, when fringe’s prices

are unregulated; (2) taxes on the dominant firm’s consumers and ETS with free

allocation to the fringe’s consumers, when fringe’s prices are regulated; (3) taxes on

fringe’s consumers and ETS with free allocation to the dominant firm’s producers.

In the first case

@pna
@t

¼ rbðtÞ � rað0Þ

and
@MCd

@t
¼ 0. Then from Corollary 1 (2.6):

rbðtÞ> rað0Þ 1� a23 � a3
1� a23

If rb < ra, market power can decrease if the difference in emissions rates is low.

Therefore, increasing pollution is admissible.

If rb > ra, then this condition is always satisfied (dPu > 0 always). Consequently,

increasing pollution is admissible. However, this requires that the difference in

emission rates between technologies is low and/or the price elasticity of demand is

high. Furthermore, abatement technologies must be sufficiently inefficient.

In the second case,

@pna
@t

¼ rbðtÞ � rbnbg� rað0Þ
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and
@MCd

@t
¼ 0. Then, from (2.6) the condition for decreasingmarket power becomes:

rbðtÞ> rað0Þ 1� a23 � a3
1� a23

þ rbnbg

Therefore, if rb < ra, increasing pollution is admissible but very unlikely. If rb > ra
, it is admissible. However, the condition for decreasing market power is satisfied if

the difference in emissions rates is very high. But in this case the probability of

increasing pollution is very low. Inversely, market power increases if the difference

in emissions rates is very low. Once again, this drastically reduces the probability of

increasing pollution. In conclusion, increasing emissions is very unlikely.

In the third case, this time taxes are directly charged to the fringe’s consumers.

The indifference price is

@pna
@t

¼ rbð0Þ

and

@MCd

@t
¼ raðtÞ

The condition for decreasing market power (2.4) is

rbð0Þ> raðtÞ 1

1þ a1

If rb < ra, increasing pollution is admissible. If rb > ra, this condition is satisfied

always. Therefore, market power decreases always. This leads to increased pollu-

tion if the difference in emissions rates is low and abatement technologies are

inefficient and price elasticity of demand is high.

3.3 The Overall Framework

Tables 2.1, 2.2, and 2.3 summarize the results described in the previous

Subsections. Table 2.1 reports the parameters used to calculate the probability of

increasing or decreasing market power. Tables 2.2 and 2.3 summarize the proba-

bility of increasing pollution in qualitative terms.

The following considerations arise:

1. Increasing pollution is admissible in principle. Furthermore, it does not require

large (environmental) asymmetry of firms. Rather in most cases low asymmetry

of firms is necessary.

2. Increasing pollution might be less likely under input taxes on consumers than

under emission taxes (or ETS with auctioning) on producers.
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3. Free allocation of emissions allowances combined with pricing regulation dras-

tically reduces the probability of increasing pollution.

4. Hybrid regulation can play a significant role in affecting the probability that

environmental policy could lead to increased emissions. Nevertheless, this role

is ambiguous. Compared to symmetric regulation, hybrid regulation can increase

or decrease the probability of increasing pollution depending on several factors.

5. Increasing pollution (where admissible) seems to be relatively likely in several

situations where the dominant technology is highly polluting (more polluting

than the fringe technology).

The main findings are summarized by the following proposition and corollary.

Proposition 1. (i) Increasing pollution is widely admissible in principle. (ii) Its
probability might be lower with input taxes on consumers and (ii) decreases with
free allocation of emissions allowances. (iii) The role of hybrid regulation is
significant but ambiguous.

Proof. See Tables 2.2 and 2.3.

Finally, it is to be noted that, if the dominant technology is more polluting than

the fringe one, increasing pollution is admissible and seems to be likely, unless

input taxes are applied to the dominant firm’s consumers.

This result suggests that when polarized configurations are due to energy

policies promoting the deployment of cleaner technologies (fringe technologies),

the implementation of environmental regulation may lead to a dual perverse effect.

This may increase the risk that the dominant firm prefers to undercut the cleaner

technology rather than to accommodate its production at the same time leading to

increasing rather than decreasing pollution.

4 Impact on Pollution: Simulations

The analysis described above highlights that increasing pollution is admissible in

principle in most combinations of environmental regulation. A last question

remains: where admissible, how much is it really likely?

To answer this question, it is helpful to carry out the simulation of the typical

cases of space heating which can be appropriately described by the dominant firm

with fringe model.

Three possible technological solutions (natural gas boilers, district heating, and

electric heat pumps) are simulated:

1. Natural gas fired boiler (technology 1). When this cycle is used, most part of

pollution occurs in the consumption stage. This is the reasons why the most

likely environmental regulation of this cycle is based on taxes applied to

consumers (input taxes on natural gas consumption).

2. CombinedHeat and Power (CHP) district heating using natural gas (technology 2).

In this case, the useful heat for space heating is produced by a CHP plant located
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relatively far from the consumers. Then the generated heat is transported over

relatively long distances by means of a grid of pipelines and delivered to final

consumers. Most pollution is concentrated in the generation stage (by the CHP

plant). Therefore, almost all environmental tools can be applied. However, ETS

with free allocation of allowances is most likely (this is the regulation adopted by

the EU-ETS). In this case, we assume that the advantage due to free allocation is

entirely attributed to heat production.

3. Heat pump using electricity generated by gas-fired power installations (technol-

ogy 3). This typology of heat supply provides significant energy savings. The

useful heat is produced by converting electricity in the consumption stage.

Pollution is concentrated in the generation (power generation) stage. The effi-

ciency of this cycle is given by the COP (Coefficient of Performance) which is

equal to the useful heat produced divided by the electricity consumption of the

heat pump. Even in this case, almost all environmental tools can be applied;

however, ETS with auctioning of emissions allowances is the most likely of

them. Finally, for the sake of simplicity, it is assumed that the power spot market

(including only gas-fired power plants) is entirely “dedicated” to serve the space

heating market.

Table 2.4 reports the technical and economic parameters related to each tech-

nology analyzed.

Given a specific technology, it is assumed that the fringe’s emission rate is

distributed normally around the corresponding mean value with a standard devia-

tionsb. This distribution allows us to account for the dispersion of energy efficiency
of different technological solutions: the dispersion of the electric efficiency of CHP

district heating and power installations; the different possible coefficient of

Table 2.4 Technical parameters used for simulations (*)

Natural gas

boiler (1)

District Heating

(CHP-gas) (2)

Electric Heat

Pump (3)

�rið0Þ tCO2/MWh 0.30 0.20 0.10

ca €/MWh 30

ca=ca 1.0

cb=ca 1.5

sb tCO2/MWh 0.05

Cost function MCi=ca ¼ ci=ca þ ðritÞ=ca
Emission rate function rbðtÞ ¼ �rbð0Þ � expð�0:007 � tÞ

raðtÞ ¼ �rað0Þ � expð�0:01 � tÞ
rbni tCO2/MWh �rið0Þ
g 0.8

�qf 0:3 � Qðca=caÞ
Inverse demand function p=ca ¼ 4� 0:5 � Qðp=caÞ
(*) Parameters account for the energy conversion efficiency (the ratio between the useful heat and

the input)
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performance (COP) of electric heat pumps; the dispersion of thermal efficiency of

gas-fired boilers.

The probability of increasing pollution is estimated by using the following

procedure. In the same graph the condition for change in market power (dPu )

and the condition for change in pollution (DEu) are depicted (in terms of cumulative

distributions). If the former is positive (negative), decreasing (increasing) market

power is admissible. If the latter is positive (negative), increasing (decreasing)

pollution is admissible. Then increasing pollution will occur when dPu < 0

combines with DEu1 > 0 or when dPu > 0 combines with DEu2 > 0. Obviously,

since dPu > 0 (decreasing market power) is necessary condition for increasing

pollution when rb < ra , in this case the probability of increasing emissions can be

estimated by depicting just the probability of change in pollution when market

power decreases (2.10). Furthermore, if rb < ra and dPu < 0 always, pollution never

increases.

By using this procedure, the expressions in Table 2.1 and the values in Table 2.4,

the cumulative distributions illustrated in Figs. 2.1, 2.2, 2.3, 2.4, 2.5, and 2.6 follow.

These figures suggest the following considerations:

1. When the natural gas boiler is the dominant technology, there is a significant

probability of increasing pollution only when the fringe technology is district

heating and provided that the fringe’s prices are not regulated. If the fringe

technology is heat pump, increasing pollution is excluded or very unlikely. This

confirms the theoretical findings. In fact, the most likely regulation of natural gas

cycles is based on taxes on consumers since most part of pollution is

concentrated in the stage of natural gas conversion to useful heat (by means of

heat boilers directly exploited by consumers purchasing the energy input).

Therefore, the numerical simulations confirm that under input taxes on

consumers the probability of increasing emissions may be relatively low, espe-

cially if the dominant technology is more polluting than the fringe one.

2. When district heating is the dominant technology, increasing pollution is rela-

tively likely under all combinations of environmental regulation. If the fringe

technology is the natural gas boiler (rb > ra), the probability of increasing

pollution is higher under symmetric taxes on consumers than under taxes on

producers. If the fringe technology is heat pump (rb < ra), increasing pollution is
less likely under symmetric taxes on consumers than under symmetric taxes on

producers. These results confirm the theoretical predictions.

3. If the electric heat pump is the dominant technology, increasing pollution is

excluded or very unlikely in all combinations of technologies and regulation.

4. Overall increasing pollution is virtually excluded or very unlikely in many

situations where it is admissible in principle.

5. The numerical simulations also confirm that increasing pollution, where admis-

sible, is more likely when the environmental asymmetry between firms is low. In

fact the probability of increasing pollution becomes positive for high values of

the cumulative distributions if rb < ra (these values correspond to low difference

4 Impact on Pollution: Simulations 33



0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

C
u

m
u

la
ti

ve
 p

ro
ba

b
ili

ty
 d

is
tr

ib
ut

io
n

d∏u; ΔEu

Taxes on consumers (d) vs. taxes on consumers (f)

Change in 
pollution (ΔE) 
with d∏u>0

Change in market 
power
(d∏u)

0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

d∏u; ΔEu

Taxes on consumers (d) vs. taxes on producers (or ETS with auctioning) (f)

Change in market 
power
(d∏u)

Change in 
pollution (ΔEu) 

with d∏u>0

0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n
C

u
m

u
la

ti
ve

 p
ro

b
ab

ili
ty

 d
is

tr
ib

u
ti

o
n

d∏u; ΔEu

Taxes on consumers (d) vs. ETS with free allocation (unregulated) (f)

Change in market 
power
(d∏u)

Change in 
pollution (ΔEu) 
with  d∏u>0

Fig. 2.1 Natural gas boiler (d) vs. heat pump ( f ) ðrb < raÞ

34 2 Pollution Under Hybrid Environmental Regulation: The Case of Space Heating



0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d u; Eu 

d u; Eu 

d u; Eu 

Taxes on consumers (d) vs. taxes on consumers (f)

Change in
pollution ( Eu)
with d

Change in
pollution ( Eu)
with d

Change in market
power
(d u) 

Change in market
power
(d u) 

Change in market
power
(d u) 

0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

Taxes on consumers (d) vs. taxes on producers (f)

0

0,2

0,4

0,6

0,8

1

-0,7 -0,5 -0,3 -0,1 0,1 0,3 0,5 0,7 0,9

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

Taxes on consumers (d) vs. ETS with free allocation (regulated) (f)

u>0

u>0

Fig. 2.2 Natural gas boiler (d) vs. district heating ( f ) ðrb < raÞ

4 Impact on Pollution: Simulations 35



0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

d∏u; ΔEu 

Taxes on consumers (d) vs. taxes on consumers (f)

Change in 
pollution (ΔEu) 

with d∏u>0

Change in market 
power
(d∏u)

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

d∏ u; ΔEu 

Taxes  on producers (or ETS with auctioning) (d) vs. taxes on consumers

Change in market 
power
(d∏u)

Change in 
pollution (ΔEu) 

with d∏u>0

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n
C

u
m

u
la

ti
ve

 p
ro

b
ab

ili
ty

 d
is

tr
ib

u
ti

o
n

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d∏ u; ΔEu 

ETS with free allocation (d) vs. taxes on consumers

Change in market 
power
(d∏u)

Change in 
pollution (ΔEu) 

with d∏u>0

Fig. 2.3 District heating (d) vs. natural gas boiler ( f ) ðrb > raÞ

36 2 Pollution Under Hybrid Environmental Regulation: The Case of Space Heating



0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
ba

b
ili

ty
 d

is
tr

ib
ut

io
n

d∏u; ΔEu 

ETS with free allocation (d) vs. ETS with free allocation (unregulated) (f)

Change in market 
power
(d∏u)

Change in 
pollution (ΔEu) 

with d∏

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d∏u; ΔEu

ETS with free allocation (d) vs. taxes on consumers (f)

Change in 
pollution (ΔEu) 

with d∏

Change in market 
power
(d∏u)

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d∏u; ΔEu

Taxes on consumers (d) vs. taxes on consumers (f)

Change in 
pollution (ΔEu) 

with d∏

Change in market 
power
(d∏u)

u>0

u>0

u>0

Fig. 2.4 District heating (d) vs. heat pump ( f ) ðrb < raÞ

4 Impact on Pollution: Simulations 37



0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n
Taxes on consumers (d) vs. taxes on consumers (f)

Change in 
pollution ( Eu) 

with d u>0

Change in market 
power
(d u)

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d u; Eu 

d u; Eu 

d u; Eu 

Taxes on producers (ETS with auctioning) (d) vs. taxes on consumers (f)

Change in 
pollution

( Eu) with 
d u>0

Change in 
market power 

(d u)

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

ETS with free allocation (d) vs. taxes on consumers (f)

Change in 
pollution ( Eu) 

with d u>0

Change in 
market power 

(d∏u)

Fig. 2.5 Heat pump (d) vs. natural gas boiler ( f ) ðrb > raÞ

38 2 Pollution Under Hybrid Environmental Regulation: The Case of Space Heating



0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

ETS with free allocation (d) vs. ETS with free allocation (regulated) (f) 

Change in market 
power
(d u) Change in 

pollution ( Eu) 
with d

Change in 
pollution ( Eu) 

with d

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

Taxes on producers (d) vs. ETS with free allocation (regulated) (f) 

Change in market 
power
(d u) Change in 

pollution ( Eu) 
with d

Change in 
pollution (ΔEu) 

with d∏

0

0,2

0,4

0,6

0,8

1

-0,4 -0,3 -0,2 -0,1 0,1 0,2 0,3 0,4

C
u

m
u

la
ti

ve
 p

ro
b

ab
ili

ty
 d

is
tr

ib
u

ti
o

n

d u; Eu 

d u; Eu 

d u; Eu 

Taxes on consumers (d) vs. ETS with free allocation (regulated) (f)

Change in market 
power
(d u)

Change in 
pollution ( Eu) 

with d

Change in 
pollution ( Eu) 

with d u<0

u>0

u>0

u>0

u>0

u>0

Fig. 2.6 Heat pump (d) vs. district heating ( f ) ðrb > raÞ

4 Impact on Pollution: Simulations 39



of emissions rates) and for low values of the cumulative distributions if rb > ra
(these values correspond to low difference of emissions rates).

Overall, numerical simulations only partially confirm the theoretical results.

Increasing pollution is unlikely or very unlikely in several situations where it is

theoretically admissible.

In addition, the simulations highlight that the perverse effect of environmental

policy is admissible in several situations where the dominant technology is more

polluting than the fringe technology. However, in these situations its probability is

relatively restricted.

This only partially confirms the risk that environmental policies, within

polarized situations due to energy policies promoting low polluting technologies,

could have a dual perverse effect, as suggested by the theoretical model.

5 Conclusions

This chapter analyses how environmental regulation works in imperfectly compe-

titive markets with dominant firm. The focus is on space heating, a service sector in

which different technological solutions can coexist. Consequently, environmental

regulation may be hybrid. In fact different environmental tools (alone or combined)

can be applied to the coexisting technological cycles.

In line with part of the current literature, the theoretical analysis proves that

environmental regulation may increase pollution at least in principle. However, this

analysis also demonstrates that this result does not require either extreme curvature

(sharp concavity) of the inverse demand function or sufficiently large (environmen-

tal) asymmetry of firms.

In addition, some apparently counterintuitive results arise. Firstly, under taxa-

tion the perverse effect might be more likely if taxes are charged to producers rather

than to consumers whereas common sense would suggest that taxation should

always work better when regulation is able to stimulate emissions abatement and

not only the decrease in demand through the impact on prices. Secondly, free

allocation of emissions allowances (combined with pricing regulation) drastically

reduces the probability of increasing pollution.

Finally, hybrid regulation seems to play a significant role in affecting the

probability that environmental policy could lead to a perverse effect (or could

avoid it). Nevertheless, this role is ambiguous. Compared to symmetric regulation,

hybrid regulation can increase or decrease the probability of increasing pollution

depending on several factors.

The numerical simulations only partially confirm the theoretical results. In fact,

in several situations where increasing pollution is theoretically admissible, it is

virtually excluded or very unlikely in reality.

In addition, the simulations highlight that the perverse effect of environmental

policy is admissible in several situations where the dominant technology is more

polluting than the fringe technology. This result partially might confirm the risk of
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trade-off between environmental regulation and policies aimed at supporting

cleaner technologies. In fact, when polarized configurations are due to energy

policies promoting the deployment of cleaner technologies (fringe technology),

environmental regulation can lead to a dual effect, at least in principle. It might

increase the risk that the dominant firm prefers to undercut the cleaner technology

rather than to accommodate its production, and, at the same time, leading to

increasing rather than decreasing pollution. However, the numerical simulations

also show that in these situations the probability of increasing pollution, although

admissible, is relatively low. As a consequence the risk of the above-mentioned

dual effect, in real terms, is modest.

Finally the analysis also shows that the perverse effect of environmental policy

arises only for particular pollution price intervals, namely if the pollution price is

sufficiently low, lower than that value involving a switch in cost-efficiency between

the dominant firm and the fringe (provided that rb < ra). This result suggests that, in
some sectors and in some conditions of market structures, when the environmental

policy is too modest its effect might be not only insufficient to meet the environ-

mental target but also perverse.

Appendix

Proof of Lemma 1

By facing the rival, the more efficient firm has two alternative strategies:

(1) behaving as the residual supplier by pricing above the indifference price or

(2) maximizing its own production by setting the price just below the indifference

price.

Letpd1 andp
d
2 be the profits corresponding to the first and second strategies above,

respectively. The profit the dominant firm earns by choosing the first strategy is

pd1 ¼ ðpr �MCdÞðQðprÞ � �qf Þ þ t G (2.11)

where

pr ¼ argmaxp ðp�MCdÞðQ� �qf Þ þ t G (2.12)

and G is the amount of allowances allocated free of charge where G 6¼ 0 only with

benchmarking of emissions allowances.

If the leader chooses the second strategy, it earns

pd2 ¼ ðpna �MCdÞQðpnaÞ þ t G (2.13)

Thus the leader will choose the second strategy if and only if pd1 < pd2, i.e. from
(2.11) and (2.13) if and only if
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ðpna �MCdÞ> pr �MCd

QðpnaÞ
ðQðprÞ � �qf Þ

Then, by reasoning at margin and because of environmental regulation imple-

mentation, the dominant firm will move from strategy (1) to strategy (2) (decreasing

market power) if

@pna
@t

� @MCd

@t

� �
QðpnaÞ þ ðpna �MCdÞ @Q

@p

@pna
@t

>

@pr
@t

� @MCd

@t

� �
QðprÞ � �qf
� �þ @Q

@pr

@pr
@t

ðpr �MCdÞ ð2:14Þ

and from strategy (1) to strategy (2), vice versa.

Since from (2.12)

@pr
@t

ðQðprÞ � �qf Þ þ @pr
@t

@Q

@p
ðpr �MCdÞ ¼ 0

condition (2.14) becomes

dPu ¼ @pna
@t

� @MCd

@t

� �
� QðprÞ � �qf
� �2

Q2ðpnaÞ
@pna
@t

þ

@MCd

@t
QðprÞ � �qf
� �

QðpnaÞ
> 0

(2.15)

Inversely, if the leader will move from strategy (1) to strategy (2) (increasing

market power).

It is to be noted that if the pollution price is very high such that the leader

becomes the less efficient firm (so losing its cost and price leadership), after

regulation the former leader always prefers to set its residual price since it can

never undercut the rival. Therefore, demand and pollution will always decrease.

Proof of Corollary 1

If input taxes are applied to both dominant firm’s and fringe’s consumers then the

residual demand curve will be:

QR ¼ QðprÞ � �qf þ rat
@Q

@p

� �
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Equation (2.11) becomes:

pd1 ¼ ðpr �MCdÞ QðprÞ � �qf þ rað0Þ t @Q
@p

� �

At the same time, (2.13) becomes:

pd2 ¼ ðpna �MCdÞ QðpnaÞ þ rbð0Þt @Q
@p

� �

By following the same procedure adopted in the proof of Lemma 1, condition

(2.5) follows.

If input taxes are applied only to the dominant firm’s consumers then the residual

demand curve will be:

QR ¼ QðprÞ � �qf þ rat
@Q

@p

� �

Equation (2.11) becomes:

pd1 ¼ ðpr �MCdÞ QðprÞ � �qf þ rað0Þ t @Q
@p

� �

At the same time the profit corresponding to the strategy 2 is:

pd2 ¼ ðpna �MCdÞQðpnaÞ

By following the same procedure adopted in the proof of Lemma 1, condition

(2.6) follows.
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