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Abstract

This paper compares emission taxes, subsidies, permits and credits with re-
spect to the incentives they create to enhance technology diffusion under imper-
fect competition. Firms can adopt a “dirty” technology or a “clean” abatement
technology. When the clean and dirty products are perfect substitutes, and clean
firms face a net absolute advantage over dirty firms, permits and taxes provide
the strongest incentive, followed by credits and subsidies respectively. This rank-
ing order is reversed if there is a distortion on output. Subsidies can neutralize
this distortion; subsidies stimulate output supply, which would normally be lower
than optimal under perfect competition.
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1 Introduction

A focal point in the development towards a more sustainable environment concerns the
choice and impact of regulatory instruments on technological change. For instance, it
can be expected that the implementation of those environmental policy instruments
that induce a higher and faster degree of market penetration of environmentally be-
nign technologies, will affect a reduction in the long run level of pollution positively
(KNEESE AND SCHULTZE [1975], ORR [1976]). The significance of short run policy
decisions in relation to long run technological outcomes has also more recently been
addressed in an extensive survey by JAFFE, NEWELL AND STAVINS [2000, p. 66] as
they stress that “potential long run consequences of today’s policy choices create a high
priority for broadening and deepening our understanding of the effects of environmental
policy on innovation and diffusion of new technology. (...) For both benefit-cost and
cost-effectiveness analysis we need to know the magnitudes of these effects, and these
magnitudes are likely to differ across markets, technologies and institutional settings.”

This paper contributes to this area by gauging the long run technology diffusion
incentives as created by different environmental policy instruments. Explicit atten-
tion will be paid to imperfectly competitive markets, since it is less unequivocal to
what extent different environmental policy instruments stimulate the diffusion of pol-
lution control technology within such market settings (JAFFE, NEWELL AND STAVINS
[2000]). Moreover, taking a view encompassing imperfect rather than perfect competi-
tion seems also empirically justified, because most of the pollution intensive industries

are concentrated (e.g., WORLD BANK [1992], FUNG AND MAECHLER [2000]).



A number of papers have appeared that aim at establishing a ranking order between
various environmental policy instruments regarding the extent by which they enhance
the adoption and diffusion incentives of pollution control technology (DOWNING AND
WHITE [1986], MILLIMAN AND PRINCE [1989], JUNG, KRUTILLA AND BovyD [1996],
REQUATE AND UNOLD [2003]). The central criterion in evaluating the different in-
struments is to compare the costs before and after adoption of the abatement technol-
ogy, where the latter differs from a conventional “dirty” technology in terms of lower
marginal abatement costs. The larger the savings in total cost due to adoption of the
abatement technology, the stronger the adoption incentive is supposed to be.

DOWNING AND WHITE [1986], MILLIMAN AND PRINCE [1989] and JUNG, KRU-
TILLA AND BOvYD [1996] assume that all firms adopt the abatement technology, i.e.,
technology diffusion is complete. Given this assumption, DOWNING AND WHITE [1986]
conclude that efluent fees are superior to direct regulation in terms of adoption in-
centive. Moreover, they find that efluent fees and tradable permits basically provide
equal adoption incentives. By ordering the firm-level adoption incentives from high to
low, MILLIMAN AND PRINCE [1989] obtain a relative ranking order of (1) auctioned
permits, (2) emission taxes and subsidies, (3) grandfathered permits and (4) direct
controls. On an industry-wide level, JUNG, KRUTILLA AND BovyD [1996] find the
same ranking as MILLIMAN AND PRINCE [1989).

REQUATE AND UNOLD [2003] relax the assumption of a complete industry-wide
adoption of abatement technology. They argue that in such a case the industry-wide
cost savings do not reflect the adoption incentive of a single firm in equiltbrium, thereby

stressing the importance of equilibrium conditions. For example, in case of a tradable



permit policy, the permit price falls when more firms adopt the abatement technol-
ogy. This lower permit price is not only advantageous to the adopters of the new
abatement technology but also to the non-adopting firms. In addition, REQUATE AND
UNOLD [2003] show that grandfathered and auctioned permits provide equal adoption
incentives.

In this paper too we will follow an “equilibrium approach”. This implies that diffu-
sion of abatement technology is endogenous and that only a fraction of all firms in the
industry may adopt it, i.e., the industry can be heterogeneous. However, in contrast to
the above mentioned studies on instrument ranking, we also address the output market
and product differentiation.

There is a branch of literature that covers the output market effects in relation
to the ranking of environmental policy instruments; however, at the same time may
also synthesize with efficiency analyses. Seminal in this line of research is SPULBER
[1985], who compared a system of auctioned permits with emission taxes. His analysis
revealed that these instruments are both efficient in the long run in terms of entry.
Provided that the emission tax and permit price are equal to marginal social damage,
the optimal number of firms enter the market under free entry.

REQUATE [1995] asks whether Spulber’s result also holds if the set of available
technologies not just contains a single existing technology, but that firms can choose
among different ones. He distinguishes two types of technology: one with low and one
with high marginal abatement costs. The latter technology also incurs higher fixed
costs. REQUATE [1995] models a perfectly competitive industry where the industry

size is endogenous thus allowing free entry. He particularly examines whether emission



taxes and auctioned permits yield a degree of adoption that is socially optimal and
concludes that an emission tax basically always generates an incentive for complete
adoption or no adoption at all, i.e., emission taxes may yield complete specialization in
one of the two technologies. Furthermore, under a permit regime he finds the existence
of a unique competitive equilibrium in which both types of technologies coexist for
various permit allocation policies.

This result is also found by REQUATE [1998], again by taking the output market
into account. The main difference with REQUATE [1995] is that the ranking between an
effluent tax and auctioned permits is examined for a wide range of damage parameters.
It is shown that the associated incentive depends highly on the social damage function
and so there is no unique ranking order. For both sufficiently low and high damage
parameters, taxes generate a higher incentive relative to auctioned permits, whereas
permits perform better for an intermediate range of parameters. With respect to
welfare, REQUATE [1998] finds that permits are always welfare increasing since they
yield an efficient allocation of emissions after the introduction of a new technology.!
On the other hand, an emission tax may generate a welfare reduction.

The output market is also modelled explicitly in the literature that examines the
interrelationship between environmental policy and the internalization of social dam-
ages as a consequence of pollution. This literature differs in two ways from the previous
mentioned work. First, the market for outputs features imperfect competition. Second,
it does not so much address the issue of technology diffusion, but rather focuses on

whether the implementation of environmental policy within such output markets may

!'Under the assumption of a perfectly competitive permit market.



internalize pollution damages optimally (e.g., BUCHANAN [1969], BARNETT [1980],
LEVIN [1985], EBERT [1992], REQUATE [1993a], [1993b]). The general conclusion of
these studies is that the optimal emission fee falls short of marginal social damage,
which is due to the inflicted distortion on output in case of imperfect competition
relative to the perfect competitive situation.

In this paper we explicitly abstract from efficiency arguments in the analysis be-
cause of the lack of adequate marginal damages from pollution data; we do, however,
address efficiency implicitly.? The analysis in this paper is concerned with the diffu-
sion incentives from the implementation of tradable permits, emission taxes, emission
reduction subsidies and tradable credits. The latter is a combination of emission stan-
dards with credit trade, thus providing a market flavor to conventional measures of
direct regulation by means of standards. Although an efficiency analysis is not explic-
itly accounted for in this paper, comparing environmental policy instruments on the
basis of diffusion incentives remains an important issue for policy makers, since they
still have to choose a policy instrument given the lack of good information on marginal
damages from pollution (KEOHANE [1999)).

The aim of this paper is to compare the aforementioned instruments on the basis
of diffusion incentives they provide within an imperfectly competitive market setting.
In order to avoid an arbitrary comparison, we determine the diffusion equilibria such
that all four policy measures generate equal aggregate emissions in equilibrium. We call

these equilibria the “constrained equilibria” (CE). When determining the CE, we do not

2Relevant normative oriented contributions (without output market effects) are FISCHER, PARRY
AND PIZER [2003], PARRY [1998], BIGLAISER AND HOROWITZ [1995] and BIGLAISER, HOROWITZ AND
QUIGGIN [1995].



have to worry about adjusting for emissions afterwards and can directly compare the
instruments on their diffusion incentive effects given total emissions are equal among
the instruments in the corresponding equilibrium.

The structure of the paper is as follows. Section 2 presents the modeling framework.
In Section 3, the four pollution control policies are introduced and the corresponding
optimal output levels are derived. Section 4 is devoted to the process of technology
diffusion and the associated diffusion equilibria. In Section 5, we compare and evaluate

the diffusion equilibria of the four policy regimes. Conclusions are given in Section 6.

2 The model

This section presents a model which serves as the central device for analyzing the
strategic behavior of technology adoption — and subsequently diffusion — and product
differentiation. A first duopoly version of the model was introduced by DixiT [1979)].
FRIEDMAN AND FUNG [1996] extended it to a N-size (two-country) oligopolistic market
and transformed it into an evolutionary game model in order to analyze the effects of
trade on firms’ internal organizational structure. This version is also adopted here;
however, instead of analyzing a two country setup, we focus on technology diffusion
within a single polluting industry. For that purpose, we implement some changes in the
cost structure and incorporate a pollution and environmental policy dimension, which

is absent in the above studies.



2.1 The industry and product differentiation

Consider an oligopolistic industry comprising the set of firms Q = {1,2,..., N}, where
the industry size N is assumed to be fixed.®> A firm produces output with technology
Jj = {d,c}: a conventional “dirty” technology (j = d) or a new “clean” abatement
technology (j = ¢). Firms who employ the same technology are identical with respect
to their demand and cost conditions and generate, therefore, identical output levels.
Call g, the output of a dirty technology firm and ¢. the output of a clean technology
firm.

Product differentiation comes from the distinction between the two types of goods
due to the difference in the two technological features. What counts is that consumers
perceive the two products as being different because of the associated different envi-
ronmental characteristics. Because products are differentiated, two submarkets can be

distinguished, i.e., the inverse demand functions read as:

pa(Qa, Qc) = ag — BQa — Qe (1)
pc(Qda QC) = Q¢ — 6@0 - VQd

Product differentiation is reflected by two parameters: v and «;. Parameter vy (relative
to () determines the degree of substitutability between the clean and dirty good, i.e.,
the degree of product heterogeneity. The goods are called independent when v = 0.
In case # > v > 0, the goods are imperfect substitutes. The second aspect of product

differentiation is measured by the intercepts ay and «. in equation (1). A higher «;

3 Although the inclusion of an entry/exit mechanism may yield efficient policy outcomes, we abstract
from such a mechanism here. The reason is twofold. First, efficiency is not our focal point as explained
in the introductory section. Second, BRESNAHAN AND REISS [1991] show that entry does not have a
significant impact on the effects of competition in concentrated markets.
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implies an absolute advantage (at equal quantities) in demand enjoyed by the firm that
employs technology j (cf., DiX1T [1979]). That is, there is a price premium on the clean
(dirty) good if a. > (<) ag.

Equation (1) shows that prices are a function of aggregate output Q; (j = d,c).
Now, define s € [0,1] as the fraction of firms in the industry that currently employ
the clean technology, i.e., s reflects the degree of diffusion of clean technology. Then,

aggregate output (; can be written as:

Qa(s) = (1—s)Nqa, (2)

Q.(s) = sNgq..

Note that firm-level outputs ¢; (j = d,c) also depend on the state of diffusion s.
However, for the sake of transparency, the explicit forms of these supply levels will be

derived in subsection 3.2.

2.2 Costs and net absolute advantage

It is assumed that production costs of a firm with technology j = d, ¢ are proportional
to output g;:
¢i(4;) = V545, (3)
where ¥; > 0 denotes the variable (and marginal) production costs. Due to reasons of
energy-efficiency, the clean technology could face lower constant average variable costs
relative to the dirty technology.
Recall that differences in the intercepts «; of the price functions (1) reflect an

absolute advantage in demand in producing either the clean or dirty good. Since «; is



not adjusted for variable costs, this is, however, a gross measure. Therefore, the net
absolute advantage can be derived by relating a; to the cost function (3). Following
DixiT [1979], define

9]‘:04]‘—19]‘>0, (4)

reflecting the net absolute advantage of a technology j-mode firm. Whether the clean or
dirty firm faces a net absolute advantage over the other depends on the price premium

«; and marginal cost v;.

2.3 Pollution

A firm adopting technology j = d, ¢ generates a negative externality in terms of emis-
sions e;. Like with costs, we assume a linear relationship between emissions and pro-

duction. The emission function of a j-mode firm under policy regime & then equals:
e;(q;) = G5, (5)

where (; is the emission/output ratio of technology j. By definition, the clean tech-

nology generates lower emissions per unit of production than the dirty technology, i.e.,

Cc < Cd'

3 Environmental policy and a firm’s optimal output
decision

3.1 The environmental policy regimes

Let k& be the policy regime under consideration. We distinguish four pollution control
policies: emission taxes (k = tax), emission reduction subsidies (k = sub), tradable

emission permits (k = per) and tradable emission credits (k = cre). Under each
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regime there are two distinct decisions a firm has to make, which are of a short run
and long run nature. The long run decision implies the technology choice. Given this
choice of production mode, the short run decision implies how much to supply on the
(sub)market in which the firm is engaged in order to maximize short run profits.
When outlining the different policies, it may be good to project them onto a no-
regulation or “laissez faire” case (k = [f). Table 1 contains the profit functions ﬂg‘? to
be maximized for each policy regime k given technology adoption j = d, c. Each of the

policies will be discussed systematically below.

Table 1: Profit functions under the different policy regimes

Policy Profits Constraint

Laissez faire | p;(Qq, Qc)q; — ¢;(q;)
Taxation pi(Qa, Qe)a; — ¢j(a;) — Te;(q5)

Subsidies | pa(Qa, Qc)qa — ca(qa)
pc(Qd7 QC>QC - CC(QC) + CU’/’((]C)

Permits pj(Qa, Qc)q; — ¢j(q;) — oe;j(gy) Zj GRi=9

Credits pj(Qa, Qc)aj — cj(q;) — dlej(qy) —dg5) | 22, CQ5 =032, Q;

In case of laissez faire, profit maximization implies maximizing revenue over total
costs. Total costs under this policy regime reflect only costs involved with production.
Under a taxation regime every firm ¢ = 1,2,..., N has to pay a tax 7 for each unit

of emission generated through production. The tax rate is given for the firm and does
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not depend on diffusion s. Compared to laissez faire, the profit maximizing firm that
adopts technology j now also has to consider the emission tax 7.

Whereas an emission tax affects firm-level profits adversely, the government can also
influence profits in a positive way by subsidizing the amount of emission reduction that
a firm accomplishes. A lump-sum subsidy can be interpreted as a policy directed to-
wards the technology itself. Since we know that this is not always a credible instrument
for affecting the environmental quality positively (e.g., BAUMOL AND OATES [1988)),
we introduce a form of subsidy that is more directed towards the potential level of
emissions. Assume that the government wants to do so by introducing a subsidy w per
unit of emission reduction r. When a dirty firm wants to switch to an environmentally
benign production process by adopting the clean technology, it reduces the amount of
emissions caused by production. In turn, the level of emission reduction can be written
as:

r(ge) = (Ca = C)e- (6)
Multiplying (6) with w yields the total subsidy a firm receives when it adopts the clean
technology. In case a firm sticks to the dirty technology, the profits to be maximized
coincide with the profits under laissez faire.

Under permits, the control authority sets an industry-wide emission ceiling g. By
following a grandfathering approach and given the number of N competitors, each
single firm is initially endowed with a number of m = ¢g/N permits. Each permit
allows a firm to emit one unit of the pollutant and the permits may be traded among
firms. As we see in Table 1, profits equal revenues minus costs and the amount of
permits the firm holds to cover emissions at price o. It is assumed that firms are price

12



takers on the tradable permit market.* The conditions for profit maximization include
the demand and cost functions and assume that demand for outputs equals output
supply. The market clearing condition for the permit market is i6Q; = g. The
left-hand-side represents the market demand for permits, which is determined by the
level and composition of output. The right-hand-side is the (fixed) supply of permits
that has been made available by the government. In short, the constraint states the
condition for equilibrium on the permit market: demand for permits equals permit
supply.

Whereas under a permit system the control authority sets a limit on the total
supply of emissions, in case of tradable emission credits the authority imposes an
emission standard J (see e.g., TIETENBERG [1999]). Emission standards with credit
trade means that when a firm wants to emit more than the standard (multiplied with
output) allows to, it can buy credits from firms that are capable to emit less than
the emission standard and output would allow. The result is that, on average, the
industry as a whole complies with the emission standard, but the individual firm has
the flexibility to deviate from it. Under a combination of emission standards with
credit trade, total emissions are not bound by an overall ceiling. If both total output
of clean and dirty goods increases by, let’s say 10 percent, total allowed emissions
also increase by 10 percent. A firm’s emission space is simply its production volume
multiplied by the standard. A firm that emits less than its emission space allows to

can sell its redundant amount of credits. So the essential difference with permit trade

4This assumption is credible since a government often imposes a permit policy on a whole set of
different industries. The permit market can thus be perfectly competitive while at the same time the
core business of the individual subindustries takes place in concentrated market settings.

13



is that the emission space under credits grows with the associated production growth,
while the emission space is independent on changes in future changes of the individual
firm’s output volume.

To be feasible, the emission standard 6 € ({,, ;). Comparing profits under credits
with permits shows that the difference is the emission standard 6 only. However, the
emission constraint under credits ;6 =0 > ; Qj, which ensures equilibrium on the
credit market, is now also subject to variability. That is, credit supply (the right-hand-
side) now also depends on the level and composition of aggregate output (); instead of

being fixed as under permits.

3.2 The output decision and derivation of the permit and
credit price

Since firms are assumed to be profit maximizers, they choose optimal output levels

given their technology choice and given the current distribution of clean and dirty

technology in the industry, i.e., diffusion state s € [0,1]. Given a firm has adopted

k

technology j, it chooses a non-negative output level q}“ which maximizes profits 77,

considering the other firms’ output decision as given, i.e., to maximize Wf as given in
Table 1. The first-order conditions for profit maximization under the control policies
k = If, tax, sub, per,cre are 0l7r§/dq§C =0 (j = d,c).” Substituting (2) into the first-
order conditions and taking into account that the state of diffusion s is given when firms
determine their output decision, the simultaneous solution to the first-order conditions

yields the optimal Cournot-Nash firm-level quantities. Table 2 provides an overview of

these optimal supply levels.

5The first-order conditions are given in the appendix.
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Table 2: Firm-level Cournot-Nash quantites under the different policy regimes

Policy q{j (s) qf (s)
. . B(sN+1)03—ysNO. Y(1=s)NO4—B((1—s)N+1)0.
Laissez faire 62(N+1)—(s—1d)sN2(62—'y2) 62(N+1)—d(s—1)sN2(62—v2)

: B(sN+1)(0a=7¢4) ~ysN (Be—7C,) Y(s= 1N (Ba=7¢)~B((s= DN —1)(8—7C,)
Taxation TN D) (- sV (57 7) PN (DN (57)

o B(sN+1)04 75N (@(C, () —0c) (5= 1)NOy—B((s=D)N—1) (@((4—C.)+0e)
Subsidies | S E )~ DaVE () PO~ DoV ()

, B(sN+1)(04—0¢s) 5N (6e—0C,) Y(5=1)N(Bg—0¢) ~B((s=D)N—1) (8 ~0C,)
Permits PO —(o- DN ) PN GNP —7)
Credits B(sN+1)(04=(Cg—8) 75N (Be=d(¢.—8)) | A(s=1)N(Bg—d(Cq=8)—B((s=DN—1)(Bc—¢(¢.—0))

B2 (N+1)—(s—1)sN2(5°—?) BE(N+1)—(s—1)sN2(F7—?)

The Cournot-Nash quantities are the market clearing conditions for the oligopolistic
output market. However, we also need the market clearing conditions of the permit
and credit market, which are reflected by the constraints ), (;Q; = g and ), (,Q; =
0> i @Q); respectively. As explained above, these constraints express the condition for
equilibrium on the permit and credit market. Since it was assumed that firms are price
takers on the permit and credit market, the permit price and credit price is given when
a firm decides how much to produce to maximize profits. However, the emission prices
do depend on the state of diffusion s. As a next step, let us derive the permit and
credit price formally.

Under the permit regime, the condition Zj (;Q; = g requires that demand for
permits equals the given permit supply. From the modelling structure it is clear that
the permit price is not determined separately on the permit market, but by the simul-
taneous equilibrium on the permit and output market. If emissions tend to exceed the

15



available quantity of permits, excess demand for permits is prevented by an increase
in the permit price o, which basically has the same effect on production as a higher
emission tax. The marginal cost of clean and dirty output will rise, but more for the
dirty product variant than the clean one, hence inducing profit maximizing oligopolis-
tic firms to produce less and charge higher prices. Both the supply of clean and dirty
firm-level output decrease, i.e., d¢;" /0o < 0 (j = d,c). Lower output brings down
emissions, thus restoring equilibrium between permit demand and permit supply. So
the permit price has no direct effect on emissions, but influences them through its effect
on the output market. When the permit price ¢ increases, both the price of the dirty
and clean good increase, hence discouraging overall demand. An rising permit price
implies that the price of the dirty good becomes relatively more expensive compared
to the clean good, i.e., p?" decreases relative to p&’". Production of the dirty good will
decrease relative to the output level of the clean firm. The substitution of clean for
dirty output tends to decrease emissions. More precisely, in case the increase of total
output threatens to push emissions upwards — and above the cap g — the rise in o
and the change in composition of output involves that total emissions stay below the
emission ceiling g.

The permit price o can be found by substituting the corresponding Cournot-Nash
quantities ;" (s) and gZ"(s) (as given in Table 2) into the constraint ), (;Q; = g.
Then solving for ¢ yields the permit price as a function of diffusion s. After some

rearranging the permit price can be written as:

ag + a5 + ays?
as + ass + azs?’

o(s

16



where the constants read:

ap = Blg(N+1)f — (4N,

ap = Ng(8* =7*)N + (yNb. = B(N = 1)04)¢q — (BN +1)8. — yN4)C.J,
ay = N[g(v* = B8%) — (v0. — 804)Cq + (B0 — 70a)C.],

a3 = —BNC,

as = —N[B((N = D¢+ (N +1)¢2) = 2yNCCl,

as = N[B(CG+C2) — 27CaC.)-

The credit price ¢ can be derived in the same way as the permit price. By substi-

tuting ¢7¢ and ¢ (see Table 2) into the constraint 6@ = 0%, Q; and solving

C

for ¢ yields

B by + bis + bys?
N b3 + b48 + b5827

¢(s) (8)

where:
by = (0= C)ba,
b = [BN+1)(0— () — YN — ()]0 + BN = 1)(0 = C2) = YN (8 — C)] b,
by = N[((y—=8)0+ B¢ —vCa)bc+ ((v = B)d +C. — B0,
by = —B(6—Cy)?,
bi = 20°N(y— ) — BN +1) +20C,(B(N — 1) — yN) + B3(1 — N) +
20C,(B(N +1) = YN) +1CC..
bs = 20(8 =)0 =€) + ClBC. — 29Cy) + Cal28(y — B) + BC).
So far, we have outlined the industry structure and the different policy schemes.

We will now focus on the diffusion process as based on the economic model outlined

17



above and shall derive the diffusion equilibria under the various policy regimes.
4 Diffusion equilibria

Recall that we introduced the state variable s to represent the fraction of clean firms
in the industry. It is interpreted as the degree of clean technology diffusion. We are
particularly interested in the long run outcome of the diffusion process. The main
question to be addressed here is: How far will the penetration of the clean technology
go, i.e., what is the equilibrium level of diffusion?

For each diffusion state s, the corresponding Cournot equilibrium can be deter-
mined; that is, outputs, prices and profits in both the clean and dirty submarket.

Subsequently, for each policy regimes k the profit differential A* is defined as:
AF =7k 7k 9)

From (9) it is easy to see that employing the clean technology yields higher (lower)
profits than the dirty technology if A* > (<) 0. Moreover, from (9) it directly follows
that there is no incentive to switch technologies in case A*¥ = 0. In the diffusion states
at which this holds firms are indifferent between the two technologies, hence making this
state a Nash equilibrium; it is the long run equilibrium degree of diffusion 5*, which

k

is truncated below at 0 and above at 1. The interior solutions §* are dynamically

stable (unstable) if dA*/ds* < (>) 0 (cf., FRIEDMAN AND FUNG [1996]). To make
a comparison between the different policy instruments more transparent, we assume
that there is a unique interior diffusion equilibrium under all policy regimes, i.e., we

assume that the profit differential A¥ is strictly decreasing in s*.%

SMcGINTY [2001] provides explicit parameter restrictions for the model discussed in Section 2 and
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Given diffusion equilibrium uniqueness, an attempt can be made to rank the four
policy instruments to the extent they stimulate the diffusion of clean technology. The
interior equilibria serve as the indicator of this diffusion incentive since they measure
the penetration of clean technology adopting firms. However, one can compare the equi-
libria based on two different bases. First, one can directly derive 5% by solving A* = 0
without considering the environmental quality. Let us call these the unconstrained
equilibria (UE). By evaluating diffusion incentives without explicitly considering a pol-
lution target (like the UE), one can imagine that any degree of diffusion can be met as
long as one sets the corresponding instrument variable (tax rate, subsidy rate, emis-
sion ceiling and emission standard) high enough. Determining which instrument yields
the highest degree of diffusion is then quite arbitrary. Therefore, in order to provide
a more correct basis for comparing the pollution control policies with each other, we
first determine the diffusion equilibria given they all meet the same emission target
in equilibrium; these are the so-called constrained equilibria (CE) 5*. Subsequently,
given the quality of the environment being equal under the four policy regimes, we can
determine which policy yields the highest penetration of clean technology in the long

run. Table 3 contains the formal expressions of both the UE and CE, where d;, dy and

finds a unique interior solution iff % > %f, (%' The first term on the right-hand-side should hold in
the state s = 0. The reverse case applies in the state s = 1. This is reflected by the second term on
the rhight-hand-side. The equation states that the industry converges to complete specialization in

the clean good (s = 1) if /v < 6./04, whereas all firms produce dirty goods (s =0) if §/v < 04/0..
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ds in the CE 3¢ read as:

di = —(C.—C)NQRB = YE" + (40 — (2¢4 — ¢.)0a), (10)
dy = 4B(N+1)E*Ca— (2(8 =) E* + Ca0) 2E*(B(N 4 2) +vN)) + (203N,

dy = 2C,28(N + 1)E*0, — (2(8 + YN)E" + (,0.N)0.).

Table 3: Constrained and unconstrained diffusion equilibria

Policy Unconstrained diffusion equilibria 5 | Constrained diffusion equilibria 5§
Taxation | ZWHD0—7¢)—(YN+5)(0a—7¢4) Ca(€gO0c N—(B+yN) E*)+C¢ (B(N+1) E*—(404N)
(B—7)N(0a+0c—7((q+<.)) NICa((B=7)E*+(40)+Cc(B—) E*—Ca(0c+0a))+C204]

: 15 BINAD) (Octw(Ca—C))—(YN+B)0q BN+ E* (404N

Subsidies | =5 NG, 0o—w(C.—ca) N E G ~¢a)0)

Pormits | LBCa=CcNH)41CNIHCNBuC=0:Cy) | CalByN) B —CAINHDE* +( N (G 0a=Cybe)

Nlg(v=B)(Ca+<Ce)+(Ca—Ce)(0ale—0cCa)l N[(€a—Ce)(Cea—Cabe)—(B—1)E*(Cat<c)]

. Cy—b d1y/(¢.—Ca)> N (da+d3)

Credits | 712 N CDIC.—Ca) B Ba) 2B )E7]

Table 4 shows the associated levels of the specific instruments that yield the CE
as given in Table 3. The procedure for finding the CE and corresponding instrument
levels as shown in Table 3 and 4 respectively is as follows. The first step is to fix an
industry emission ceiling £*, which is equal for all policy regimes. Then one needs to
determine the associated instrument levels 7*, w*, ¢* and §* such that they all generate
E* in the CE (5*). The permit policy is the easiest case because by definition g* = E*.
How to determine the levels 7%, w* and §*7 For this we make use of the UE as given

in Table 3. We will illustrate the procedure for the taxation policy in order to find 7*.
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The same procedure can be applied to determine w* and ¢* for the subsidy and credit

regime respectively.

Table 4: Pollution constrained instrument levels.

« _ BIN41)((g0a+(0c) = (B+yN) (Cg0c+( 0a)—(B—) E* (yN+B(N+2))
BIN+1)(¢2+¢3)—2(B+YN)C Ly

T

* _ BINFHD(Cg0a+C 0c) = (B+yN)(C40c+C . 04) = (B—y) E* (YN +B(N+2))
(Ce=Ca)[BINF1)C = (B+YN)C4]

w

g*:E*

5* — 0elC-CCa) H0a(C—CCa) 1251 B +1/(C ~CaP N (datds)
- INR(B—)E (L) (Be—02)]

¥ without fixing 7, we obtain the unconstrained equilibrium

By setting s = st
§'er(r). Substituting §** into the model, all variables become dependent on 7 and
E'*. The only thing we have to do now is to solve E' = E* for 7, in order to find
7*. Substitution of 7* back into 5! yields the constrained diffusion equilibrium 5%;
the stable diffusion state at which industry emissions are equal to the emission ceiling

ocre

E*. In the same way w* and 6* and subsequently 5°“* and 5 can be found.

5 Instrument ranking

The ranking of the four policy instruments on the basis of diffusion incentives can
simply be done by comparing the four CE given in Table 3 and determine which one

is bigger to the other. This leads us to the following proposition:
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Proposition 1 In a differentiated market with products being imperfect substitutes

(B > 7 but ag # a.), the ranking order of the constrained diffusion equilibria CE reads:

gtax — gper z gcre z gsub s hlec o h29d ; a,

where

hi = BN +1)¢— (B+N)¢ S0,
hy = (B+N)C. — BN +1)¢, <0,

a = (B—=7)(yN+ BN +2))E* > 0.

Proof. The instruments are compared analytically in pairs. That is, we determined

analytically when 5f¢ — 3sub § 0, then 5"** versus 5¢

and so on.” By evaluating in
this way the common parameters hq, hy and a are found. It is then straightforward to

obtain the ranking. m

Provided that g > v, we find a > 0, hy z 0,hs < 0 and hy > hs. Proposition 1 states
that emission taxes and permits provide equal diffusion incentives. It then follows
directly that 7* = &, which can be checked by substituting the CE 57" into the permit
price function (7).

What does proposition 1 imply? In the first place that the ranking depends strongly
on the underlying market structure in terms of the degree of product differentiation
(measured by the difference between [ and «). Moreover, it depends on whether the
clean or dirty firm has a net absolute advantage (6;), which is conditional on the

demand structure measured by o; and variable costs ©;. Finally, it depends on the

"Because of the nasty analytical expressions, this is done by using the mathematical software
package Mathematica.
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relative pollution intensiveness of the clean and dirty technology ((, versus ;). So
by implementing the “right” policy instrument in order to establish the highest degree
of clean technology diffusion, the policy maker has to take into account the market
structure, costs, and the relative pollution intensiveness of the technologies.

Based on proposition 1 it can be shown how the ranking order is affected by a
change in the degree of product substitutability. To illustrate how a switch in ranking
may be established suppose now that the products are perfect substitutes, i.e., § = 7.

Consequently:

Corollary 2 In a differentiated market with products being perfect substitutes (8 = -,
but g # ), the ranking order of the constrained diffusion equilibria CE reads: §'* =

sper = zere = zsub <
ST Z 57 Z §T <= 0,4 = 0.

Proof. If g = ~, it follows directly that a = 0 and hy = he = h < 0. Substituting
this into the ranking rule of proposition 1, we obtain h(f. — 6,) § 0. Since h < 0

—> "0y S . <= 0,5 6. ®

Corollary 2 states that when products are perfect substitutes and, moreover, the
clean firm has a net absolute advantage over the dirty firm (6, < 6.), permits and taxes
provide the highest penetration of clean technology followed by credits and subsidies
respectively. When the reverse holds — the dirty firm faces a net absolute advantage
which is higher than the clean firm’s advantage (64 > 6.) — the subsidy instrument
switches with permits and taxes, whereas credits maintains its second rank.

Why is it that subsidies provide the highest diffusion incentive in case 6; > 6.7
Because in such a case dirty firms have a net absolute advantage over clean firms,
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potential profits also tend to be higher for dirty firms relative to clean firms. We have
seen that an emission reduction subsidy does not increase the price of dirty output
directly, but only indirectly by decreasing the price of the clean good. Since lower
prices stimulate demand, total output tends to increase. Consequently, the emission
target £* can then only be reached by a relatively deep penetration of clean technology.
To put it differently. When 6. > 0,4, there already exists a positive incentive to switch
from the dirty to the clean technology. Now the subsidy does not have to be as high as
when 6; > 6., where the imposed subsidy has to generate an extra incentive in order
to meet the emission target £*.

A second corollary that can be derived in a straightforward manner from proposition
1 concerns the fully homogeneous market structure. Compared to the previous case
(the direct and cross price effect being equal), now also no difference in the price

intercepts « exists, i.e., ay = a,. That is,

Corollary 3 In a full homogeneous market (5 = v and ag = ), the ranking order of

the constrained diffusion equilibria CE reads: 5% = 5P°" > 57¢ > 5%ub,

Proof. If g = v, it follows directly that a = 0 and h; = he = h < 0. Substituting
this into the ranking rule of proposition 1, we obtain h(f. — 6,) = 0. Moreover,
aq = o, = «. Writing out ; according to equation (4), h(f. — 04) = h(a— V. — o +
¥q) = h(¥g — ¥.) < 0 because h < 0 and ¥4 > ¥.. The ranking order then follows

straightforwardly from proposition 1. =

Table 5 summarizes the relative ranking orders for the above distinguished market
cases. Rank number “1” means that the instrument stimulates diffusion most, i.e.,
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it leads to the highest penetration of clean technology. As discussed above, Table 5
shows that the ranking is ambiguous under a heterogeneous market structure given the
degree of product substitutability. It contains the explicit mathematical conditions for
which the instruments switch positions. In case the market is fully homogeneous, the
ranking order is unambiguous and permits and taxes do always generate the highest

diffusion incentives followed by credits and subsidies respectively.

Table 5: Ranking order constrained diffusion equilibria under different market settings

Policy Heterogeneous market Homogeneous market
Imperfect substitutability | Perfect substitutability
hi0. — haly < (>) a Oa < (>) 0.
Taxation 1(3) 1(3) 1
Permits 1 (3) 1(3) 1
Credits 2 (2) 2 (2) 2
Subsidies 3 (1) 3 (1) 3

Let us also put the ranking results derived above into a welfare context. The idea
behind welfare maximization is that production is expanded as long as it generates
additional positive welfare. Welfare maximization in relation to an environmental
policy burden implies stimulating production with a limit on total allowed emissions.

As is well known, maximum welfare can be realized by either a full informed perfect
planner or by a market system characterized by perfect competition. Moreover, it
is also well known that generally oligopolistic markets generate output levels that
are too low compared to the welfare maximum. Combining these two results, the
major force in explaining the differences is the impact of the instruments on total
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output and its composition (clean versus dirty), given the specified market conditions.
Emission reduction subsidies stimulate clean production without directly discouraging
dirty production. Consequently, higher total output, which tends to push up emissions,
requires a relatively deep penetration of clean technology and a higher share of clean
output.

The story for taxes and permits goes the other way around. By putting a price
on emissions, firm-level output is negatively affected and will therefore generate lower
total output, hence yielding fewer emissions. In terms of diffusion, this implies that
the industry does not have to be as “clean” as under a subsidy regime.

Like taxes and permits, a credit scheme attaches a price to emissions too, but only
to the emissions of dirty firms that exceed the emission standard. If costs of credits
depress output less than the tax and permit regime do, it requires a somewhat higher
degree of clean technology diffusion.

To summarize, the results of this paper indicate that in oligopolistic markets the
implementation of emission taxes and permits tend to restrict the supply of both clean
and dirty output even further. If the market structure would have been perfectly com-
petitive, the negative impact on output would have been optimal because it prevents
output from being too high given the shadow price of emissions. However, in case out-
put supply is already too low due to oligopolistic forces, permits and taxes work in the
wrong direction. In such a case, subsidies are the appropriate instrument since they
stimulate output supply positively. Tradable credits lower the price of clean output
but raise the price of dirty output. Its impact on output is therefore in between the

impacts of permits/taxes and subsidies.
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6 Conclusions

We ranked and evaluated emission taxes, emission reduction subsidies, tradable emis-
sion permits, and tradable emission credits on the criterion of technology diffusion
incentives. In order to avoid an arbitrary comparison, we introduced an emission tar-
get which is equal for all the four control policies. For each instrument we subsequently
determined the so-called “constrained equilibrium” (CE), which is the equilibrium dif-
fusion state that satisfies the emission target. The CE is thus a direct measure of the
diffusion incentive given a fixed industry emission ceiling. Emission taxes and permits
provide equivalent diffusion incentives and the emission tax coincides with the permit
price in the diffusion equilibrium under permits.

Comparing the diffusion incentives under the four policies learns that no unique
instrument ranking exists in a differentiated market. When products are imperfect
substitutes, the ranking order depends on the on the market (demand) structure, cost
structure, and the technologies’ relative pollution intensiveness. If products are per-
fect substitutes, the ranking order depends on the demand and cost structure. More
specifically, if in such a case the clean firm has a net absolute advantage over the dirty
firm then (1) permits and emission taxes provide the highest diffusion incentive, fol-
lowed by (2) credits, and (3) subsidies. This order is completely reversed if the dirty
firm faces a net absolute advantage over the clean firm. Under a homogeneous market
setting, the ranking order is, however, unambiguous. The relative performance on the
basis of diffusion incentives is then: (1) permits and emission taxes, (2) credits, and

(3) subsidies.
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The ranking order can be reversed with product heterogeneity and a stronger dis-
tortion due to oligopoly. In case of such a strong oligopolistic market structure, the
analysis suggests a second-best policy. A distorting environmental policy instrument
like emission reduction subsidies can be applied to redress the distortion created by
the oligopolistic market structure. This redress consists of stimulating output, which
is held back by profit maximizing oligopolistic firms; there is a boost from the emis-
sion reduction subsidy, which indirectly stimulates the demand for products that are

manufactured in an environmentally friendly manner.
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Appendix

First-order conditions

Table 6:

Policy

Laissez faire

Taxation

Subsidies

Permits

Credits

0; — BXY + 2y — X — pall =0
0; — 7C; — B(X1 + glor) — y X1 — gylar =

00— BXG™ + 2§") — X" — pg = 0
Oc +w(Ca = (o) = BIXE 4 a3) =y X3 = B = 0

0; — 0C; — BIXJT +al™) =4 XPT — pal =0

-J J

0; — ¢(Cq— 0) — BIXSe + 25) — X — B’ =0

—J

29




References

[1] BARNETT, A. H. [1980], “The Pigouvian Tax Rule under Monopoly,” American

Economic Review, 70, 1037-1041.

[2] Baumor, W. J. AND W. E. OATES [1988], The Theory of Environmental Policy,

2nd ed., Cambridge University Press: Cambridge, UK.

[3] BiGLAISER, G. AND J. K. HorowiTz [1995], “Pollution Regulation and In-

centives for Pollution-Control Research,” Journal of Economics and Management

Strategy, 3, 663-684.

[4] BIGLAISER, G., J. K. HOROWITZ AND J. QUIGGIN [1995], “Dynamic Pollution

Regulation,” Journal of Regulatory Economics, 8, 33-44.

[5] BRESNAHAN, T. F. AND P. C. RE1ss [1991], “Entry and Competition in Con-

centrated Markets,” Journal of Political Economy, 99, 977-1009.

[6] BucHANAN, J. M. [1969], “External Diseconomies, Corrective Taxes and Market

Structure,” American Economic Review, 59, 174-177.

[7] DixiT, A. K. [1979], “A Model of Duopoly Suggesting a Theory of Entry Barriers,”

Bell Journal of Economics, 20-32.

[8] DowNING, P. B. AND L. J. WHITE [1986], “Innovation in Pollution Control,”

Journal of Environmental Economics and Management, 13, 18-29.

[9] EBERT, U. [1992], “Pigouvian Taxes and Market Structure: The Case of Oligopoly
and Different Abatement Technologies,” Finanzarchiv, 49, 154-166.

30



[10]

[11]

[12]

[13]

[14]

[15]

[16]

FISCHER, C., I. W. H. PARRY AND W. A. P1zER [2003], “Instrument Choice for
Environmental Protection when Technological Innovation is Endogenous,” Journal

of Environmental Economics and Management, 45, 523-545.

FRIEDMAN, D. [1991], “Evolutionary Games in Economics,” Econometrica, 59,

637-666.

FrIEDMAN, D. AnD K. C. FuNG [1996], “International Trade and the Inter-

nal Organization of Firms: An Evolutionary Approach,” Journal of International

Economics, 41, 113-137.

Funa, K. C. [1988], “Strategic Trade Policies, Differentiated Duopoly and Intra-

Industry Trade,” International Economic Journal, 2, 19-34.

Funa, K. C. AND A. M. MAECHLER [2000], “Can a Cleaner Environment be
Good for Business?,” Working Paper #00-3, Santa Cruz Center for International

Economics, University of California, Santa Cruz.

JAFFE, A. B., R. G. NEWELL AND R. N. STAVINS [2000], “Technological Change
and the Environment,” NBER Working Paper 7970. Also forthcoming in: K.-G.
Méler and J. R. Vincent (eds.), Handbook of Environmental Economics, Vol. 1,

Elsevier Science: Amsterdam.

Jung, C. H., K. KrutiLLA AND R. BovD [1996], “Incentives for Advanced
Pollution Abatement Technology at the Industry Level: An Evaluation of Policy

Alternatives,” Journal of Environmental Economics and Management, 30, 95-111.

31



[17]

18]

[19]

[20]

[21]

22]

23]

[24]

KeEOHANE, N. O. [1999], “Policy Instruments and the Diffusion of Pollution

Abatement Technology,” Working Paper, Harvard University.

KNEESE, A. V. AND C. L. SCHULTZE [1975], Pollution, Prices and Public Policy,

The Brookings Institute: Washington, DC.

LANGE, A. AND T. REQUATE [1998], “Emission Taxes for Price Setting Firms:
Differentiated Commodities and Monopolistic Competition,” Working Paper nr.

264, Interdisciplinary Institute for Environmental Economics, University of Hei-

delberg.

LEVIN, D. [1985], “Taxation within Cournot Oligopoly,” Journal of Public Eco-

nomics, 27, 281-290.

McGINTY, M. [2001], “An Evolutionary Game Trade Model of Environmentally

Differentiated Goods,” Working Paper, University of California, Santa Cruz.

MILLIMAN, S. R. AND R. PRINCE [1989], “Firm Incentives to Promote Techno-

logical Change in Pollution Control,” Journal of Environmental Economics and

Management, 17, 247-265.

MONTERO, J. P. [2002], “Permits, Standards and Technology Innovation,” Jour-

nal of Environmental Economics and Management, 44, 23-44.

ORR, L. [1976], “Incentive for Innovation as the Basis for Effluent Charge Strat-

egy,” American FEconomic Review, 56, 441-447.

32



[25] PArRrY, I. W. H. [1998], “Pollution Regulation and the Efficiency Gains from

Technological Innovation,” Journal of Regulatory Economics, 14, 229-254.

[26] REQUATE, T. [1993a], “Pollution Control in a Cournot Duopoly via Taxes or

Permits,” Journal of Economics, 58, 255-291.

[27) REQUATE, T. [1993b], “Pollution Control under Imperfect Competition: Asym-
metric Bertrand Duopoly with Linear Technologies,” Journal of Institutional and

Theoretical Economics, 149, 415-442.

[28] REQUATE, T. [1995], “Incentives to Adopt New Technologies under Different Pol-

lution Control Policies,” International Tax and Public Finance, 2, 295-317.

[29] REQUATE, T. [1998], “Incentives to Innovate under Emission Taxes and Tradeable

Permits,” European Journal of Political Economy, 14, 139-165.

[30] REQUATE, T. AND W. UNOLD [2003], “Environmental Policy Incentives to Adopt
Advanced Abatement Technology: Will the True Ranking Please Stand Up?)”

European Economic Review, 47, 125-146.

[31] SPULBER, D. F. [1985], “Effluent Regulation and Long-Run Optimality,” Journal

of Environmental Economics and Management, 12, 103-116.

[32] TIETENBERG, T. [1999] “Lessons from Using Transferable Permits to Control Air
Pollution in the United States,” pp. 275-292 in: J. C. J. M. van den Bergh (ed.),

Handbook of Environmental and Resource Economics, Edward Elgar: Cheltenham.

33



[33] WorLD BANK [1992], World Development Report 1992: Development and the

Environment, Oxford University Press: Oxford, UK.

34



