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1 Introduction

One key ingredient to reduce the emission of greenhouse gases (GHG) is the development of

coordinated and flexible market-based policies across countries (Stern, 2006; Olmstead and

Stavins, 2012). Emission taxes and subsidies to encourage R&D, two examples of widely

used market-based policies, have been implemented in a multilateral and unilateral fashion

in a number of countries.1 The objective of this paper is thus to examine the extent to

which the unilateral and multilateral policy reform of emissions taxes and environmental

R&D subsidies aid in the reduction of emissions of GHG, particularly within the context

of Cournot competition. The analysis indicates, inter alia, that there is a potential family

of multilateral and unilateral policy reforms which can be set by pollution-intensive and

pollution-moderate countries to reduce global emissions.

It is widely agreed upon that environmental problems are global in nature and that

in order to address these a coordinated effort across countries is needed. The creation of

international conferences to establish multilateral agreements, as well as unilateral efforts

by some countries, illustrate the global nature of the problem as well as the increasingly

coordinated approach to environmental policy. With this aspect in mind there is a small

literature which looks at the implications of multilateral/unilateral environmental policy

reform (e.g., Hoel, 1991; Hatzipanayotou et al., 2005; Kayakila and Lahiri, 2005; Lahiri and

Symeonidis, 2007; Gautier, 2013). In this context, this paper is closest to the works by Lahiri

and Symeonidis (2007) and Gautier (2013). In particular, Lahiri and Symeonidis (2007) look

at emission taxes as the only policy available to the government and so the present work

incorporates their results when policy reform excludes environmental R&D and the R&D

1Examples include Norway and the Netherlands which have implemented taxes and subsidies for R&D
unilaterally. The Asia-Pacific Partnership on Clean Development and Climate illustrates a multilateral ef-
fort to promote R&D across member countries. See http://www.ret.gov.au/Documents/app/default.html.
McGinty and de Vries (2009) point out the importance of further research on subsidies in the context of
environmental policy. Additionally, it will be clear throughout the paper that the present analysis of multi-
lateral policy is relevant to the case of countries/industries with different pollution intensity coefficients; data
on pollution intensity coefficients across countries/industries can be found in US Department of Commerce
(2010) and the Global Energy Statistical Yearbook.
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subsidy. Additionally, Lahiri and Symeonidis’ work does not present welfare analysis, an

aspect which is touched upon in section 4; I focus on the case where the number of firms

is exogenous. Gautier (2013) incorporates pollution abatement subsidies into the analysis

of policy reform of emission taxes; the present analysis is richer and allows to derive new

results since the effect of policy reform is examined when environmental R&D is endogenous,

a variable which I borrow from Montero (2002a).

Furthermore, environmental R&D has been identified as an important element in

solving global environmental problems (e.g., Barret, 2006; Hoel and de Zeeuw, 2010). There

is indeed a second important strand of the literature which examines the incentives of vari-

ous environmental policies to promote environmental R&D (e.g., emission taxes and R&D

subsidies) as well as the characterization of optimal environmental policy, particularly under

imperfect competition (e.g., Katsoulacos and Xepapadeas, 1996; Carlsson, 2000; Amacher

and Malik, 2002; Montero, 2002a, 2002b; Fischer et al., 2003; Ulph and Ulph, 1996, 2007).

The contribution of the present analysis to this strand is neither on the characterization of

policy nor on the incentive mechanisms to encourage environmental R&D, but rather on

the analysis of policy reform of R&D subsidies and emission taxes and its impact on global

emissions and welfare, an aspect with important policy implication which has received little

attention.

A third relevant strand of the literature touches on the issue of differentiated mar-

kets, an important aspect in the context of environmental policy (Fujiwara, 2009; Esṕınola-

Arredondo and Zhao, 2012). Part of this literature has examined the role of vertically

differentiated products in the context of environmental policy (e.g., Bansal and Gangopad-

hyay, 2003; Rodŕıguez-Ibeas, 2006), another part the role of emission taxes (e.g., Fujiwara,

2009) and subsidies with respect to technology diffusion (e.g., McGinty and de Vries, 2009)

in the presence of horizontal product differentiation. However, none of these works analyzes

the role of horizontal product differentiation in the context of policy reform, an aspect which

I analyze in this paper. McGinty and de Vries (2009) derive the conditions under which
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emissions may fall with a subsidy targeted at the adoption of clean technology and the role

of product differentiation. The present analysis derives similar conditions and extends their

work by incorporating additional policies in the context of policy reform. Belleflamme and

Vergari (2011) explore the role of product differentiation on the incentive effects of environ-

mental R&D, but put aside the analysis of policy reform of taxes and subsidies on R&D.

Gautier (2013) and Lahiri and Symeonidis (2007) examine policy reform in the presence of

product differentiation, but the strategic choice of R&D is not present in either analysis.

The main contribution of this paper is at the intersection of the three strands of the

literature aforementioned by analyzing policy reform in the context of environmental R&D

subsidies and emission taxes. The analysis indicates, inter alia, that there is a number of

multilateral and unilateral policy reforms which pollution-intensive and pollution-moderate

countries can implement to reduce global emissions and raise welfare. Part of the literature

has looked at policy reform in the context of an emission tax as the only policy (e.g., Hoel,

1991; Lahiri and Symeonidis, 2007) and also in the context of an emission tax and other

policy instruments (e.g., Turunen-Red and Woodland, 2004; Hatzipanayotou et al., 2005),

but the analysis of policy reform of emission taxes and R&D subsidies, particularly in the

case where R&D is endogenous, is new to the literature and so the present analysis offers

important policy implications which will hopefully encourage research in this area. The

inclusion of an R&D subsidy allows to (i) widen the scope of the analysis of policy reform

and (ii) capture a policy scheme which is relevant to a number of countries. These are

two important aspects of the paper which allow to apply the analysis to different cases,

especially where taxes might be more viable in one country and subsidies in others. The

present analysis provides a setting general enough so that it incorporates some of the results

from the existing literature and at the same time derives some new results.

One of the key results is that global emissions fall under a set of unilateral and

multilateral policies, if in the country where R&D falls with the policy reform the pollution

intensity coefficient is large and small in the country where R&D rises. For example, under
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the policy reform where one country raises the tax and subsidy unilaterally, the analysis

suggests that such country should exhibit a small pollution intensity coefficient and a rising

R&D if global emissions are to fall. One policy implication here is that a country with

a relatively small pollution intensity coefficient (i.e., the pollution-moderate country) can

promote a policy reform which is potentially revenue neutral and at the same time induce

a reduction in global emissions. The comparative statics analysis suggests that unilateral

and multilateral policy may reduce global emissions and raise welfare, and that the relative

size of pollution intensity coefficients, the degree of product differentiation and the effect of

policy via R&D are key elements in the analysis.

To illustrate some of the channels through which policy reform may affect emissions,

I shall first spell out the main features of the model utilized in this paper. As mentioned

earlier the model is based on Lahiri and Symeonidis (2007). Consider a two-country set-

up where firms and governments play a three-stage game. Governments first choose the

tax and subsidy simultaneously taking the other government’s policy vector as given, and

each firm in each country then takes policy as given and makes a decision on the level of

environmental R&D they employ in a Cournot-Nash fashion. On the final stage, each firm in

each country decides on the level of output and emissions simultaneously in a Cournot-Nash

fashion. Horizontal product differentiation is assumed across countries.

Now, suppose that because of a multilateral agreement a tax increase takes place in

one of the two countries. As a result, and for a given level of environmental R&D, firms in

that country experience higher production costs and therefore output and emissions fall; firms

in the other country become more cost competitive and consequently output and emissions

rise in that country. But also the tax may raise or lower the level of R&D used by any

given firm.2 In the case where the tax raises R&D in one country and lowers it in the other

country, and assuming also that more R&D results in lower production costs, the tax may

2Carlsson (2000) and Ulph and Ulph (2007) analyze the mechanisms through which an emission tax
affects the level of R&D employed by firms under Cournot conditions.
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raise output and emissions in the country which raised the tax, but may lower output and

emissions in the other country. If, in addition, those firms facing a tax increase experience

an increase in R&D subsidies, then the net effect on global emissions may not necessarily be

clear-cut. In effect, the net impact on total emissions across countries depends on the size of

the pollution intensity coefficient, degree of product differentiation and whether R&D rises

or falls with any given policy. Thus, the goal of this paper is to study the effect of multilateral

and unilateral policy reforms (on emissions, environmental R&D and welfare), starting from

the Cournot-Nash equilibrium, in a two country model of oligopolistic interdependence.

The rest of the paper is structured as follows. The next section presents the model

followed by the issue of multilateral and unilateral policy reform of emission taxes and

environmental R&D subsidies. Section 3.1 considers the benchmark case where the effect of

policy reform does not work via the strategic variable; section 3.2 relaxes this assumption.

An illustrative example is presented in section 3.1.1 in order to underscore some of the results

and intuition. Section 4 examines the effect of policy reform on welfare and the last section

concludes.

2 The Model

Consider a home and foreign country each of which is labeled h and f , respectively. There is

a fixed number of firms, n, operating in the home country and m firms in the foreign country.

Within each country firms compete for the production of a homogeneous good, but product

differentiation is assumed across countries. Firms in each country also engage in pollution

abatement efforts and are subject to a per-unit emission tax,τ , and R&D subsidy,s, which

are set optimally by the government in each country.

The cost function, czl(qzl, ezl) , is characterized by (subscripts denote partial deriva-

tives) czl
qzl
> 0, czl

qzlqzl
> 0, czl

ezl
< 0, czl

ezlezl
> 0, czl

qzlezl
< 0, czl

qzlqzl
czl
ezlezl

− czl
ezlqzl

czl
qzlezl

> 0 for all

z = h, f ; l = i, j; i = 1, . . . , n; j = 1, . . . ,m. As in Lahiri and Symeonidis (2007) the pollution
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intensity coefficient is given by the ratio −czl
qzlezl

/czl
ezlezl

; also, demand functions are assumed

to be linear where demand in the home country and foreign country are given, respectively, by

ph = αh−βh(qh1+...+qhn)−γ(qf1+...+qfm) and pf = αf−βf (qf1+...+qfm)−γ(qh1+...+qhn)

where βh > γ > 0, βf > γ > 0.

Furthermore, the model in Montero (2002a, 2002b) is followed to capture each firm’s

strategic variable. In particular, each firm engages in a strategic variable Kz, which I call

environmental R&D. The strategic variable is estimated indirectly; that is, it is assumed

that kzl = f(Kzl), where limKzl→0 f = 1, f ′ < 0, f ′′ > 0, limKzl→∞ f = 0 ∀l = i, j. Each

firm chooses K (and therefore k) so as to maximize profits, where the cost of environmental

R&D capital is given by r.3 Hence, a higher K (more R&D) and therefore a lower value for

k reduces costs from e.g., c(·) to k̄c(·), k̄ ∈ (0, 1).4 In this set-up more R&D by each firm is

captured by values of k closer to zero, and analogously less R&D is captured by values of k

closer to one.5

Events unfold as follows. First, governments choose the tax and subsidy in a Cournot-

Nash fashion via social welfare maximization (section 4 delves into the properties of the

welfare function). Second, firms take policy as given and choose the level of the strategic

variable simultaneously taking the other firm’s level of the strategic variable as given. Third,

each firm chooses the level of output,q, and emissions,e, in a Cournot-Nash fashion.

The profit function for each firm i in the home country is given by

πhi = phqhi − (1− sh)khichi(qhi, ehi)− ehiτh (1)

where the subsidy rate, sh ∈ (0, 1), reduces overall costs (production and abatement costs)

from khch(qh, eh) to shkhch(qh, eh). Profit maximization with respect to qhi and ehi gives

3In particular, firm i in country h maximizes profits πhi, which yields r = dπh/dKhi = f ′dπhi/dkhi. An
analogous expression applies to firms in the foreign country.

4The analysis assumes an interior solution throughout.
5Clearly, the assumption here is that R&D always lowers costs, but this need not be the case as in

Carlsson (2000).
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under symmetry

αh − βh(n+ 1)qh − γmqf − (1− sh)khchqh = 0 (2)

−(1− sh)khcheh − τ
h = 0 (3)

These two equations, along with analogous expressions for the foreign country, yield the

symmetric values qh, eh, qf , ef as a function of kh and kf , and policy variables sh, sf , τh, τ f .

Substituting qh, eh, qf , ef back into πhi and πfi, maximization with respect to R&D gives

the the symmetric values kh, kf as a function of policy sh, sf , τh, τ f .

3 Multilateral and Unilateral Policy Reform of R&D

Subsidies and Emission Taxes

This section examines the role of R&D subsidies and emission taxes in reducing emissions.

As a benchmark case, section 3.1 examines the effects of multilateral policy reform when the

level of the strategic variable is fixed, meaning that the effect of policy does not work via

changes in k in the sense that khsz = 0, kfsz = 0, khτz = 0 and kfτz = 0; z = h, f .6 I shall relax

this assumption in section 3.2. In the present context a policy reform is defined as a change

in policy as defined in Lahiri and Symeonidis (2007). In the case where there is an equal

multilateral change in the tax and subsidy, it is necessary to consider the percentage change

in the tax.7 In particular, the percentage change in the tax is given by

dτ z = εzτ z; z = h, f (4)

where ε may assume a negative or positive value. The effect of the tax on emissions has

been analyzed elsewhere (e.g., Carlsson, 2000; Ulph and Ulph, 2007; Lahiri and Symeonidis,

2007) so I consider the cases involving the subsidy.8 In what follows the analysis relies on

the system of equations presented in the appendix.

6Notice that ks = f ′Ks; for instance, if the subsidy raises the level of R&D, Ks > 0 , then ks < 0 since
f ′ < 0.

7Recall that the subsidy,s, is measured as a subsidy rate and the tax,τ , as a per-unit tax.
8Results from Lahiri and Symeonidis’ work hold in the present analysis if kh = 1, kf = 1, sh = 0, sf = 0.
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3.1 Fixed Level of Environmental R&D

The key assumption in this section is that environmental R&D is fixed in the sense that

khsz = 0, kfsz = 0, khτz = 0 and kfτz = 0; z = h, f . First, the effect of policy on output is

examined. In particular, the impact on qh is given by (an analogous expression applies to

output in the foreign country)

∆̄dqh =
[
χfχhkfmγcheheh

(
cf
ef ef

cf
qf
− cf

ef
cf
qf ef

)]
dsf +

[
χfχhcf

ef qf
chehehmγ

]
dτ f

−
[
χfχhkh

(
chehehc

h
qh − c

h
ehc

h
qheh

) (
βf (m+ 1)cf

ef ef
+ χfηf

)]
dsh

−χfχhchehqh
[
βf (m+ 1)cf

ef ef
+ χf

(
cf
ef ef

cf
qf
− cf

ef
cf
qf ef

)]
dτh (5)

where the determinant of the coefficient matrix is ∆̄ < 0, the term czezezc
z
qz − czezczqzez > 0

denotes marginal production costs and χz = (1−sz)kz > 0 for z = h, f , ω = βhβf (n+1)(m+

1) − nmγ2 > 0, ηf = cf
ef ef

cf
qf qf
− (cf

ef qf
)2 > 0 by the concavity of the c(·) function.9 The

analysis indicates that an increase in the subsidy in the home country raises (lowers) output

in the home (foreign) country. This is because the subsidy in the home country renders

firms operating in the home(foreign) country more (less) cost competitive via lower (higher)

marginal production costs. In addition, an increase in the tax in the home country lowers

(raises) output in the home (foreign) country because the tax renders home (foreign) firms

less (more) cost competitive. Notice that as products become more differentiated (decrease

in γ) the cross effect of policy becomes negligible since differences in cost competitiveness

become small with more differentiated products. The effect of the policy on emissions in

analyzed next.

Define global emissions as E = neh +mef . Then, the effect of policy on emissions in

9The term czezezc
z
qz −czqzezczez in (5) denotes marginal production costs and so it is positive. From the first

order conditions and using ehqh = −chqheh/c
h
eheh one obtains ph−βhqh− τhehqh = (1− sh)kh(chqh + chehe

h
qh) > 0

where chehehc
h
qh − c

h
ehc

h
qheh = cheheh(chqh + chehe

h
qh) > 0.
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the home country,eh, and foreign country, ef , are given by

∆̄ndeh = χhχfkfmnγchehqh
[
cf
qf ef

cf
ef
− cf

qf
cf
ef ef

]
dsf − χhχffmnγ

[
cf
ef qf

chqheh
]
dτ f

+χfkhn
[(
chqhc

h
ehqh − c

h
ehc

h
qhqh

) (
βf (m+ 1)cf

ef ef
+ χfηf

)
χh

−cheh
(
χfηfβh(n+ 1) + cf

ef ef
ω
)]
dsh

+χfn
[
χhchqhqh

(
βf (m+ 1)cf

ef ef
+ χfηf

)
+
(
χfηfβh(n+ 1) + cf

ef ef
ω
)]
dτh(6)

∆̄mdef = χfχhkhmnγcf
ef qf

[
chqhehc

h
eh − c

h
qhc

h
eheh

]
dsh − χfχhfmnγ

[
chehqhc

f
qf ef

]
dτh

+χhkfm
[(
cf
qf
cf
ef qf
− cf

ef
cf
qf qf

) (
βh(n+ 1)cheheh + χhηh

)
χf

−cf
ef

(
χhηhβf (m+ 1) + chehehω

)]
dsf

+χhm
[
χfcf

qf qf

(
βh(n+ 1)cheheh + χhηh

)
+
(
χhηhβf (m+ 1) + chehehω

)]
dτ f(7)

Consider a policy reform where the home country raises the subsidy unilaterally (i.e.,

a policy reform such that dsh > 0). Using (6) it can be shown that emissions in the

home country fall, if the pollution intensity coefficient in the home country is sufficiently

small i.e., if ch
qh
ch
qheh
− ch

eh
ch
qhqh

> 0. Intuitively, there are two opposing effects at play

here. On the one hand, the subsidy lowers marginal production costs, thereby increasing

output (and therefore emissions); on the other, the subsidy lowers marginal abatement costs

and so emissions fall as a result. Thus, if the country raising the subsidy has a small

pollution intensity coefficient, then the increase in emissions is completely offset by the

reduction in marginal abatement costs. As a special case, consider a cost function of the

end-of-pipe such that cz = c̃z(qz) + gz(δz(qz) − ez) where c̃z ′ > 0, c̃z ′′ > 0, gz ′ > 0, gz ′′ >

0, δz ′′ > 0, δz ′ > 0 for z = f, h; the function δz(·) denotes gross pollution and δz ′ the

pollution intensity coefficient.10 Emissions in the home country fall if 0 < ch
qh
ch
qheh
− ch

eh
ch
qhqh

= −gh′′c̃h′δh′ + δh′gh′
(
c̃h′′ + gh′′δh′′

)
i.e., small intensity coefficient. If δh′′ = 0 and c̃h′′ = 0

10I follow Lahiri and Symeonidis (2007) in the structure of the end-of-pipe cost function.
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emissions in the home country fall if and only if −δh′gh′′c̃h′βf (m+ 1)χh + gh′ω > 0; this is

a necessary and sufficient condition under which emissions in the home country fall.11 This

result applies to the cases where γ ' 0 and βh = βf = γ.

As for the impact on emissions in the foreign country, using (7) the analysis indicates

that with the policy reform dsh > 0 emissions in the foreign country fall unambiguously since

ch
qheh

ch
eh
− ch

qh
ch
eheh

< 0. The intuition is that the subsidy in the home country renders firms

operating in the foreign country less cost competitive, which reduces output and emissions

in the foreign country. Notice that as products become more differentiated (decrease in γ)

the cross effect is negligible since differences in cost competitiveness become small.

The analysis suggests that the unilateral increase in the subsidy in the home coun-

try reduces global emissions, if the pollution intensity coefficient in the foreign country is

relatively large. Intuitively, with a large pollution intensity coefficient in the foreign coun-

try the reduction in emissions in that country (arising from the reduction in output in that

country) as well as the reduction in emissions in the home country (via lower marginal abate-

ment costs in that country) completely offset any increase in emissions in the home country.

In the case of an end-of-pipe cost function as previously specified, global emissions fall, if

δf ′mγ > δh′(βf (m + 1) + χf (cf ′′ + gf ′δf ′′)). In the special case where βh = βf = γ = β̃,

δf ′′ = 0, c̃f ′′ = 0, this condition simplifies to δf ′m > δh′(m + 1). Thus, assuming a fixed

level of environmental R&D global emissions fall with the unilateral increase in the subsidy

in that country with a relatively small pollution intensity coefficient. Notice that with more

differentiated products global emissions are likely to fall by less since differences in cost

competitiveness become small.12 In the case where γ ' 0 global emissions rise if and only

if δh′βf (m + 1) > gh′ω/c̃h′χhgh′′ (large intensity coefficient); that is, if the effect through

marginal production costs (and therefore output) offsets the effect via marginal abatement

11The assumption δf ′′ = 0, c̃f ′′ = 0 implies ηf = cf
qfqf

cf
efef
− (cf

efqf
)2 = 0.

12 Notice that since sh lowers emissions in the foreign country unambiguously then under an end-of-pipe
cost function global emissions also fall if (c̃h′′ + gh′δh′′)/c̃h′gh′′ > δh′, which is the condition for emissions
in the home country to fall with sh.
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costs.

Proposition 3.1. Let the c(·, ·) function be of the end-of-pipe. Then assuming a fixed level

of environmental R&D, global emissions fall with the unilateral increase in the subsidy in

the home country if the foreign country is the pollution-intensive country i.e., δf ′γm >

δh′βf (m+ 1) + χf
(
c̃f ′′ + gf ′δf ′′

)
.

One policy implication of this result is that it proposes a unilateral reform for the

pollution-moderate country which leads to lower global emissions.13

Next, consider the policy reform dsh = dsf > 0 under an end-of-pipe cost function

where δz ′′ = 0 and cz ′′ = 0 for z = h, f . The multilateral increase in the subsidy reduces

global emissions, if the pollution intensity coefficient in the foreign country is relatively small

(i.e., δh′nγ > βh(n + 1)δf ′ ), so that the increase in the subsidy in the foreign country (the

pollution-moderate country) reduces global emissions, and the pollution intensity coefficient

in the home country is sufficiently small (i.e., δh′nβf (m + 1) < ωngh′/c̃h′χhgh′′) so that the

increase in the subsidy in the home country lowers global emissions.14 One policy implication

here is that global emissions may fall if both the pollution-intensive and pollution-moderate

country use R&D subsidies to promote pollution abatement. If γ ' 0, then global emissions

also fall if the pollution intensity coefficient in each country is small.15 This is because in

the case of complete product differentiation the reduction in pollution via differences in cost

competitiveness is negligible.

Using (4) the policy reform dsh = dτh/τh > 0 is now examined.16 Assuming a cost

function of the end-of-pipe the analysis indicates that emissions in the foreign country fall

13This result, as well as the analysis of the role of the degree of product differentiation, is analogous to
McGinty and de Vries (2009) in the context of technology diffusion.

14These two conditions are consistent with each other since βh(n+ 1)mδf ′ < δh′nmγ < δh′nβf (m+ 1) <
ωngh′)/(c̃h′(1− sh)khgh′′) where ω = βhβf (m+ 1)(n+ 1)− nmγ2 > 0.

15Formally, δf ′βh(n+ 1) < gf ′ω/(gf ′′c̃f ′(1− sf )kf ) and δh′βf (m+ 1) < gh′ω/(gh′′c̃h′(1− sh)kh); where
ω = βhβf (n+ 1)(m+ 1)− nmγ2 > 0.

16A related example of this policy reform includes funding for R&D in CCS technology in Nor-
way through the Climit programme and an emission tax imposed by the Norwegian government
on petroleum-related activities. Source: http://www.cslforum.org/incentivesregistry/Norway1.html and
http://www.cslforum.org/incentivesregistry/Norway2.html.
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if and only if c̃h′kh− δh′ > 0, where the first term captures the effect of the subsidy and the

second the effect of the tax. To see the intuition behind this result, recall that an increase

in the subsidy in the home country lowers emissions in the foreign country unambiguously;

on the other hand, an increase in the tax in the home country raises (lowers) emissions in

the foreign (home) country. Thus, from a potentially revenue neutral policy in the home

country, a unilateral increase in the subsidy and tax in that country reduces emissions in the

foreign country if the effect via the tax is small.

Under the same policy reform the analysis suggests that global emissions fall, if

γmδf ′ < βf (m+ 1)δh′ < βf (m+ 1)gh′/χhc̃h′gh′′. This condition says that if the home coun-

try is the pollution-intensive country (first inequality) the own effect of the tax dominates

the cross effect, thereby lowering global emissions. At the same time, a sufficiently small

pollution intensity coefficient in the home country (second inequality) results in a reduction

in emissions in the home country via the subsidy. For completeness, in the case of complete

product differentiation (γ ' 0) global emissions are more likely to fall with policy reform

dsh = dτh/τh > 0, provided that the pollution intensity coefficient in the home country is

sufficiently small i.e., the second inequality holds. If instead dsh < 0 and dτh > 0 then global

emissions fall if the home country is the pollution-intensive country and δh′ > gh′/χhc̃h′gh′′

i.e., the effect of the tax and subsidy, separately, reduce global emissions.

The special case where dsh > 0 and dτh/τh < 0, γ ' 0 and c(·, ·) is a function of

the end-of-pipe where δz ′′ = 0 and c̃z ′′ = 0, suggests that if 1 > khgh′, then global emissions

fall if and only if δh′χhgh′′
(
c̃h′χh + δh′

)
< βh(n+ 1)(1− khgh′).17 This is because the effect

of policy on emissions in the foreign country vanishes with γ ' 0, and a small pollution

intensity coefficient helps offset any increases in emissions arising from the increase in the

subsidy and decrease in the tax. If instead βz ≥ γ and an analogous (sufficient) condition for

17The analysis is developed under the assumption that |dτh/τh| = |dsh|.To illustrate this policy, the govern-
ment in the Netherlands has offered subsidies to run a CCS project by an energy company in that project. Ad-
ditionally, in the Netherlands coal used for electricity production is exempt from a carbon tax, which is effec-
tively a reduction in the carbon tax. Source: http://www.cslforum.org/incentivesregistry/Netherlands.html
and http://cslforum.org/incentivesregistry/netherlands 2aiii.html
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δh′ holds (i.e., intensity coefficient is small), then global emissions also fall since emissions in

the foreign country fall with a decrease in τh and an increase in sh.

This section concludes by looking at the policy reform dτh/τh = dsf > 0. Under the

assumption of an end-of-pipe cost function as previously specified, if the home country is

the pollution-intensive country and the foreign country the pollution-moderate country (i.e.,

δh′n > δf ′(n+1)) , then global emissions fall. The reason is that the decrease in emissions in

the home country (due to the tax) completely offsets any increase in emissions in the foreign

country, and the subsidy in the foreign country leads to lower global emissions because of

the small pollution intensity coefficient in that country. This policy reform illustrates how

different policies implemented across countries (perhaps a tax is more viable in one country

whereas the subsidy is viable in other countries) reduce global emissions.

Proposition 3.2. Let the c(·, ·) function be of the end-of-pipe where δz ′′ = 0 and cz ′′ = 0

for z = h, f . Assume a fixed level of environmental R&D and let the foreign country be

the pollution-moderate country and the home country the pollution-intensive country i.e.,

δh′γn > δf ′βf (n + 1). Then, global emissions fall with an increase and decrease in the tax

and subsidy, respectively, in the pollution-intensive country if the intensity coefficient in the

pollution intensive country is large i.e., δh′n > gh′/χh′gh′′c̃h′. Also, if the pollution-intensive

country raises the tax and the pollution-moderate country raises the subsidy multilaterally

(i.e., dτh/τh = dsf > 0) global emissions fall.

3.1.1 An Illustrative Example

To underscore some of the results previously presented and pave the way for the analysis

in the next section, this section considers the special case where there is one firm in each

country (i.e., m = n = 1) and the cost function is given by c(q, e) = c̃q + (dq − e)2/2, c̃ > 0.

The term dq − e = a denotes units of pollution abated,a, and d is a constant which denotes

the pollution intensity coefficient. In the context of the previous section g(·) = (dq − e)2/2,
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δ
′

= d, δ
′′

= 0, c̃
′′

= 0, g′ = a = dq − e and g′′ = 1. The model is first solved and some of

the comparative statics results are underscored.

Maximization of (1) with respect to qh and eh yields

αh − 2βhqh − γqf − (1− sh)kh(c̃h + ahdh) = 0 (8)

(1− sh)khah − τh = 0 (9)

Using these and analogous expressions for the foreign country gives

ω̃q̃h = 2βh
(
αh − (1− sh)khc̃h − dhτh

)
− γ

(
αf − (1− sf )kf c̃f − dfτ f

)
(10)

ẽh = dhq̃h − τh

(1− sh)kh
(11)

where the last term in (11) denotes pollution abatement and ω̃ = 4βhβf − γ2 > 0.18 Notice

that output in the home country falls (rises) with the level of R&D in the foreign (home)

country since R&D renders firms less (more) cost competitive. In the special case where the

level of environmental R&D is fixed the effect of the subsidy and tax on emissions is given

by

ẽhsh =
−τh

(1− sh)2kh
+

2βfdhkhc̃h

ω̃
ẽhsf =

−γdhkf c̃f

ω̃
< 0 (12)

ẽhτh =
−1

(1− sh)kh
− 2βf (dh)2

ω̃
< 0 ẽhτf =

dhdfγ

ω̃
> 0 (13)

From (12) and (13), and analogous expressions for the foreign country, some of the results

derived in the previous section, where it is assumed that policy changes do not work via

R&D, can be underscored. For instance, a unilateral increase in the subsidy in the home

country, sh, lowers emissions in that country if the reduction via lower marginal abatement

costs offset increases in emissions via more output; this occurs if and only if the pollution

intensity coefficient is sufficiently small i.e., dh < τhω̃/2βf (1 − sh)khc̃h.19 In addition, this

18It is also assumed αz − (1− sz)kz c̃z − dzτz > 0, for z = h, f .
19Where dh < τhω̃/2βf (1− sh)khc̃h ⇔ δh′βf (m+ 1) < gh′ω/(gh′′c̃h′(1− sh)kh).
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policy reduces global emissions if the foreign country is the pollution-intensive country (i.e.,

dfγ > βhdh); this is because the reduction in output in the foreign country (and emissions

in that country) offset increases in emissions in the home country because of the relatively

small intensity coefficient. These results are analogous to those presented in the previous

section. Furthermore, the effect of an increase in the subsidy in the home country on global

emissions, E = eh + ef , is given by

Esh = ẽhsh + ẽf
sh

=
−τh

(1− sh)2kh
+
khc̃h

ω̃

(
2βfdh − γdf

)
< 0, if dfγ > βhdh (14)

where global emissions fall with a unilateral increase in the subsidy in the home country, if

the home country is the pollution-moderate country and the foreign country the pollution-

intensive country (see proposition 3.1). Substituting (10) and (11) back into (1) and differen-

tiating with respect to the level of R&D in the home country yields the following first-order

condition: πh
kh

= −γqhqf
kh
− (1− sh)ch = 0, where the first term denotes the strategic effect

and the second the cost reduction effect. Substituting the expressions for ch and qf
kh

and

using (8) and (9) gives

q̃h(kh)2 =
(τh)2ω̃

4βhβf c̃h
⇒ (kh)3ζ1 + (kh)2ζ2 −

(τh)2ω̃

8βhβf c̃h
= 0 (15)

where ζ1 and ζ2 are expressions of parameter values, the subsidy and tax in each country.20

Under certain parameter values it can be shown that the roots to the polynomial in (15) may

rise or fall with policy variables, thus showing a myriad of cases where policy changes affect

emissions via environmental R&D. Important examples include kh
sh
> 0, kh

sf
< 0, kf

sh
< 0

and kf
sf
> 0. Some of these cases are taken upon in the next section. For completeness, it is

noted that the solution to the model is obtained by substituting the solution to kh and kf

back into (10) and (11).

20In order to illustrate some of the possible cases where the subsidy and tax affect R&D I assume that at
least some environmental R&D is allocated between the foreign and home country i.e., kh + kf = 1.ω̃ζ1 =
−2βf (1− sh)c̃h − γ(1− sf )c̃f < 0 and ω̃ζ2 = 2βf (αh − dhτh)− γ(αf − (1− sf )c̃f − dfτf ) > 0.
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3.2 Effects through Environmental R&D

This section analyzes multilateral and unilateral policy reform under the assumption that

the subsidy or tax in one country affects the level of environmental R&D used by firms

operating in that country as well as the other country.21 As a result, there is an extra

channel through which output, abatement efforts and emissions in each country might be

impacted. The general policy implication derived in this section is that emissions fall if the

pollution intensity coefficient is small in the country which experiences an increase in R&D

with any given policy reform, and large in the country where R&D falls with policy. The

analysis in this section proceeds under the assumption of a cost function of the end-of-pipe

where δz ′′ = 0 and c̃z ′′ = 0; z = h, f .

Consider the policy reform dsh > 0 and its impact on emissions in the home country in

the case where the subsidy induces more environmental R&D in the home country, kh
sh
< 0,

but lowers it in the foreign country, kf
sh
> 0. First, from the previous section recall that the

direct effect of the subsidy (i.e., for given level of R&D) lowers production and abatement

costs and, as a result, emissions in that country fall (rise) if the pollution intensity coefficient

in the home country is small (large) enough. Second, since policy induces more R&D in the

home country then production costs fall and therefore output and emissions rise in that

country, and at the same time marginal abatement costs fall thereby lowering emissions. In

this case the effect viaR&D simply compensates the direct effect of the subsidy. Additionally,

since R&D in the foreign country falls, then production costs in that country rise and

therefore (via the oligopolistic interdependence captured by the parameter γ) home firms

become more cost competitive thereby raising output and emissions in the home country

further. As a result, emissions in the home country rise with the subsidy if and only if

the intensity coefficient in the home country is large. Even though this case illustrates

the possibility of increased emissions when the subsidy induces environmental R&D, it also

21See Carlsson (2000) for an analysis on the impact of the emission tax on environmental R&D in the
context of a duopoly model. Ulph and Ulph (1996, 2007) present a discussion on this topic.
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underscores the case where the subsidy may reduce emissions in a country with a small

enough intensity coefficient. The impact of sh on eh is given by

∆̄deh = gf ′′χf
[
µh
(
−δh′gh′′χhβf (m+ 1)c̃h′ + χfgh′gf ′′ω

)
−δh′c̃f ′gh′′χhmγ(1− sf )kf

sh

]
dsh (16)

where ∆̄ < 0, µh = kh − (1 − sh)kh
sh
> 0 captures the (net) effect of policy via R&D in

the home country as well as the direct effect, and the second term the effect via R&D in

the foreign country. The result derived in the preceding paragraph is stated more formally:

emissions in the home country rise if and only if gh′gf ′′ωµh < δh′χhgh′′(µhβf (m + 1)c̃h′ +

c̃f ′kf
sh

(1 − sf )mγ). It is noteworthy that this result holds as long as µh > 0; this means

that the result follows through even in the case where there is small decrease in R&D in the

home country arising from the subsidy in that country (i.e., kh
sh
< kh/(1−sh) or equivalently

kh
sh
> 0 but small). However, if kf

sh
< 0 and kh

sh
> 0 is large so that µh < 0 (i.e., the effect

of the subsidy via kh offsets the direct effect), then emissions fall with an increase in the

subsidy if the intensity coefficient in the home country is large. The intuition is that eh falls

via kf
sh
< 0 and, in addition, eh falls via kh

sh
> 0 since δh′ is large (eh falls with less R&D, kh,

and large intensity coefficient because a large intensity coefficient offsets increased emissions

from higher marginal abatement costs) and this effect offsets the direct effect of the subsidy

since µh < 0. Lastly, consider the case where the direct effect of the subsidy in the home

country offsets the effect via R&D in that country so that µh = 0. In this case the effect of

policy works entirely via changes in the R&D in the foreign country.

If γ ' 0 the effect via kf vanishes and as a result emissions fall if and only if

gh′gf ′′χfω > δh′βf (m + 1)c̃h′χhgh′′) with kh
sh
< 0 (or kh

sh
> 0 but small). This indicates

that with differentiated products and in the case where R&D rises with the subsidy, emis-

sions in the home country fall, if the intensity coefficient in that country is small. Intuitively,

with a small intensity coefficient the increase in emissions is offset by lower marginal abate-

ment costs. Analogously, in the same case of complete product differentiation, with kh
sh
> 0
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and large so that µh < 0, then emissions in the home country fall with a sufficiently large

δh′ i.e., if and only if −δh′gh′′c̃h′βf (m+ 1) + gh′ω < 0.

In contrast to the previous section, the impact of dsh > 0 on emissions in the foreign

country is no longer unambiguous. In the case where kf
sh
> 0 and kh

sh
< 0, now the subsidy

reduces environmental R&D in the foreign country and so output falls in that country,

but marginal abatement costs rise. Additionally, emissions in the foreign country fall via

the oligopolistic interdependence since kh
sh
< 0 (i.e., µh > 0). As a result, emissions fall

if the pollution intensity coefficient in the foreign country is sufficiently large. Intuitively,

with a sufficiently large intensity coefficient the reduction in emissions completely offsets the

increase in emissions arising from higher marginal abatement costs. In particular, emissions

in the foreign country fall, if δf ′βh(n+ 1) > gf ′ω/c̃f ′gf ′′χf . The impact of sh on ef is given

by

∆̄def = gh′′(1− sf )
[
δf ′gf ′′(1− sh)c̃h′µhnγ + kf

sh

(
δf ′χf c̃f ′gf ′′βh(n+ 1)− gf ′ω

)]
dsh(17)

In the case where γ ' 0 the effect via kh
sh

(as well as the direct effect of sh) vanishes and

so emissions in the foreign country fall with the subsidy in the home country if and only if

δf ′ < gf ′βf (m+1)/c̃f ′gf ′′χf ) with kf
sh
< 0 or if and only if δf ′ > gf ′βf (m+1)/c̃f ′gf ′′χf with

kf
sh
> 0. In the case where βz ≥ γ, kh

sh
> 0 and kf

sh
> 0 emissions in the foreign country fall,

if the effect of the subsidy via kh
sh

is sufficiently small (so that µh > 0) and δf ′ is sufficiently

large. In this case ef falls via kf
sh
> 0 (since δf ′ is large it offsets increased emissions from

higher marginal abatement costs in the foreign country) and also because the direct effect

of the subsidy (which reduces ef ) offsets the effect via kh
sh

(which raises ef ) i.e. µh > 0. If

kf
sh
< 0, kh

sh
> 0 and large (µh < 0) , then emissions fall if δf ′ is sufficiently small. To see this

notice that in this case emissions in the foreign country rise because the direct effect of the

subsidy is offset by the effect via kh (since µh < 0), but fall via kf if the intensity coefficient

is small enough. As a result, a small intensity coefficient, δf ′, is required for emissions in the

foreign country to fall.

18



In terms of global emissions, the analysis indicates that in the case where kh
sh
< 0 and

kf
sh
> 0, global emissions fall with dsh > 0, if the foreign country is the pollution-intensive

country (i.e., γmδf ′ > βf (m+1)δh′) and the pollution intensity coefficient in that country is

sufficiently large i.e., gf ′ω+ gf ′′c̃f ′χfγnδh′ < gf ′′c̃f ′χfβh(n+ 1)δf ′. The intuition is that the

large pollution intensity coefficient in the foreign country (pollution-intensive country) off-

sets, on the one hand, increased emissions in the home country (pollution-moderate country)

and, on the other, increased emissions in the foreign country arising from higher marginal

abatement costs in that country.22 Analogously, global emissions fall with a decrease in the

subsidy if kf
sh
< 0, and kh

sh
> 0 and large (µh < 0). The effect of dsh > 0 on global emissions,

dE = ndeh +mdef , is given by

∆̄dE = gf ′′χfgh′′χh
[
µhnc̃h′

(
gh′ω/χhc̃h′gh′′ + γmδf ′ − βf (m+ 1)δh′

)
+ kf

sh
c̃f ′m

(
−gf ′ω/χf c̃f ′gf ′′ + βh(n+ 1)δf ′ − γnδh′

)]
dsh (18)

In the case where γ ' 0 and under the assumption kf
sh
> 0 and kh

sh
< 0 global emissions fall,

if the pollution intensity coefficient in the home and foreign country is sufficiently small and

large, respectively i.e., δh′βf (m+ 1) < gh′/gh′′c̃h′χh and δf ′βh(n+ 1) > gf ′/gf ′′c̃f ′χf .

Proposition 3.3. Let the c(·, ·) function be of the end-of-pipe where δz ′′ = 0, cz ′′ = 0.

Assume that the foreign country is the pollution-intensive country i.e., γmδf ′ > βf (m +

1)δh′. Then, a unilateral increase (decrease) in the subsidy in the pollution-moderate country

lowers global emissions, if environmental R&D rises (falls) with the subsidy in the pollution-

moderate country, falls (rises) in the pollution-intensive country and the pollution intensity

coefficient in the pollution-intensive country is sufficiently large.

The policy reform dsh = dτh/τh > 0 is now examined. The effect of this policy on

22If kf
sh
< 0 and khsh > 0 (i.e., µh = kh − (1 − sh)khsh < 0), then global emissions fall with an increase

in the subsidy if home and foreign are, respectively, the pollution-intensive and pollution-moderate country
(i.e., γnδh′ > βh(n+ 1)δf ′) and gh′ω + gh′′c̃h′χhγmδf ′ < gh′′c̃h′χhβf (m+ 1)δh′.
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global emissions, dE = ndeh +mdef , is given by

∆̄dE = ν
[
ψhmnc̃h′(δh′βf − δf ′γ) + ψh

(
nc̃h′δh′βf − gh′ω/(1− sh)gh′′

)
+ψfmnc̃f ′(δf ′βh − δh′γ) + ψf

(
mc̃f ′δf ′βh − gf ′ω/(1− sf )gf ′′

)
+ gf ′′(1− sf )nω + ν(1− sh)(1− sf )δh

(
βf (m+ 1)δh′ − γmδf ′

)]
εh (19)

where ψh = (1 − sh)(kh
τh

+ kh
sh

) − kh denotes the net effect of τh and sh on the level of

environmental R&D in the home country and ψf = (1−sf )(kf
τh

+kf
sh

) in the foreign country,

and ν = gf ′′gh′′(1− sh)(1− sf ) > 0. The last term in (19) represents the direct effect of the

tax. There is a myriad of possible cases so only a handful of cases are presented. The case

where ψh > 0 and ψf < 0, indicates that the effect of policy reform raises environmental

R&D in the foreign country and reduces it in the home country.23 In this case and assuming

that the home country is the pollution-intensive country (i.e., γδh′n − βh(n + 1)δf ′ > 0), if

δh′n > gh′ω/gh′(1−sh)c̃h′ and δf ′m < gf ′ω/gf ′(1−sf )c̃f ′, then global emissions fall with the

policy reform dsh = dτh/τh > 0. The intuition is as follows. First, the direct effect of the

tax lowers total emissions since the home country is the pollution-intensive country. Second,

as R&D in the home country falls and rises in the foreign country, a relatively large intensity

coefficient in the home country offsets any increase in emissions in the home country arising

from higher marginal abatement costs in that country; and a small intensity coefficient in

the foreign country helps offset any increase in emissions in the foreign country arising from

more R&D and lower production costs in that country.

In the case where ψf < (>)0, ψh > (<)0 and γ ' 0, if δh′βf (m+1) > (<)gh′ω/gh′(1−

sh)c̃h′ and δf ′βh(n + 1) < (>)gf ′ω/gf ′(1 − sf )c̃f ′, then global emissions fall. In this case

differences in cost competitiveness vanish and as a result the conditions for lower emissions

require a sufficiently large (small) and small (large) intensity coefficients in the home (foreign)

and foreign (home) country.

23It is noteworthy that in the case where ψf < 0 and ψh < 0 results from the previous section follow
through.
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The role of the strategic variable is analogous in the context of the policy reform

dsh = dsf = ds > 0. It can be shown that if ψf > 0 and ψh < 0 global emissions fall

if the foreign country is the pollution-intensive country (i.e., δh′βf (m + 1) < δf ′mγ) and

it has a relatively large intensity coefficient (gf ′ω/gf ′′c̃f ′(1 − sf ) + δh′nγ < δf ′βh(n + 1)).

The intuition is that if policy lowers R&D in the foreign country and raises R&D in the

home country, then a large pollution intensity coefficient in the foreign country offsets any

increases in emissions. Analogously, a multilateral decrease in the subsidy reduces emissions,

if ψf < 0, ψh > 0. For completeness, the effect of the policy reform dsh = dsf = ds > 0 is

given by

∆̄dE =
[
ψ̃f c̃f ′mν

(
−gf ′ω/gf ′′c̃f ′(1− sf ) +

(
δf ′βh(n+ 1)− δh′nγ

))
+ψ̃hc̃h′nν

(
−gh′ω/gh′′c̃h′(1− sh) +

(
δh′βf (m+ 1)− δf ′mγ

))]
ds (20)

where ψ̃h = (1− sh)
(
kh
sf

+ kh
sh

)
− kh and ψ̃f = (1− sf )

(
kf
sh

+ kf
sf

)
− kf .

Proposition 3.4. Global emissions fall under different multilateral policy reforms and pa-

rameter values, if environmental R&D falls with the policy reform in the country which has

a relatively large pollution intensity coefficient, but rises in the country which has a relatively

small pollution intensity coefficient.

4 Policy Reform and Welfare Analysis

This section looks at the impact of different policy reforms on welfare. These policy reforms

can be thought of as multilateral efforts by countries to coordinate policy. The analysis pro-

ceeds by assuming that the initial values of the subsidy and tax are at the Nash equilibrium,

which allows to capture the international externalities of policy reform, the role of product

differentiation and the inefficiencies arising from the non-cooperative equilibrium.24 It is

shown that, starting from the Nash equilibrium, an increase in the tax in, say, the foreign

24Examples in the literature which analyze policy reform from the initial Nash values of policy include
Kayakila and Lahiri (2005) and Hatzipanayotou et al. (2005).
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country raises welfare in the home country; and a decrease in the subsidy in the foreign

country also raises welfare in the home country. A second but important result is that policy

makers have more flexibility to implement different policy reforms to reduce global emissions

in the case where products are very differentiated.

Ulph and Ulph (1996, 2007) and Katsoulacos and Xepapadeas (1996) characterize the

optimal emission tax and R&D subsidy under different scenarios, so the focus here is on the

impact of policy reform on welfare. I shall follow Ulph and Ulph (2007) in the set-up of the

welfare function because in this way clear-cut results are obtained and a connection to the

characterization of policy in their model can be clearly established. In this case the emission

tax finances subsidy payments and firms in each country export to a third country so that

consumer surplus effects are not present.

Define welfare in the home country,W h, as total profits minus the damage from pol-

lution; that is,

W h = nπh − φh(E) (21)

where E = neh +mef and the φ(·) function denotes damage from total pollution satisfying

φh′ > 0, φh′′ > 0. An analogous expression applies to the foreign country, W f . Countries

choose the emission tax and R&D subsidy non-cooperatively taking the other country’s

policy as given. This yields four first-order conditions which implicitly determine the Nash

equilibrium policy vector sh∗, sf∗, τh∗, τ f∗.

Differentiation of (21) and using the first-order conditions of home firms yields (see

appendix for a derivation)

dW h =
[
nπhqf

(
qf
kh
khsf + qf

kf
kf
sf

+ qf
sf

)
− φh′

(
Esf + Ekhk

h
sf + Ekfk

f
sf

)]
dsf

+
[
nπhqf

(
qf
kh
khτf + qf

kf
kf
τf

+ qf
τf

)
− φh′

(
Eτf + Ekhk

h
τf + Ekfk

f
τf

)]
dτ f

+
[
nπhqf

(
qf
kh
khsh + qf

kf
kf
sh

+ qf
sh

)
+ nπhsh − φ

h′
(
Esh + Ekhk

h
sh + Ekfk

f
sh

)]
dsh

+
[
nπhqf

(
qf
kh
khτh + qf

kf
kf
τh

+ qf
τh

)
+ nπhτh − φ

h′
(
Eτh + Ekhk

h
τh + Ekfk

f
τh

)]
dτh(22)
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where an analogous expression applies to W f and E denotes total emissions, neh +mef . It

is noteworthy that (22) captures the effect of policy via the strategic variable and that the

third and fourth terms are equal to zero at the Nash equilibrium. This expression constitutes

the backbone for the analysis that follows.

Consider a decrease in the subsidy in the foreign country starting from the Nash

equilibrium. In the case where the level of R&D is fixed, so that kfsz = 0 and khτz = 0, z = h, f ,

or in the case where policy takes place via R&D (in particular if kf
sf
< 0 and kh

sf
> 0), it can

be shown that a decrease in the subsidy in the foreign country raises welfare in the home

country. In particular, using the foreign country’s welfare first-order condition as well as (2)

and (3), the impact of the foreign subsidy in the home country’s welfare, starting from the

Nash equilibrium, is given by (see the appendix for a derivation)

dW h|Nash =

[(
nπhqf q

f
sf
− φh′

φf ′
mπf

qh
qhsf −

φh′

φf ′
mπf

sf

)
+ khsf

(
nπhqf q

f
kh
− φh′

φf ′
mπf

qh
qhkh

)

+kf
sf

(
nπhqf q

f
kf
− φh′

φf ′
mπf

qh
qhkf

)]
dsf (23)

where qf
sf
> 0, qh

sf
< 0,qf

kf
< 0, qh

kf
> 0, qh

kh
< 0, qf

kh
> 0, πh

qf
= −qhmγ < 0, πf

qh
= −qfnγ <

0, πf
sf

= kfcf (·) > 0. Notice that (23) captures the international externalities of the policy

reform (since the initial values of policy are the Nash equilibrium) and the role of product

differentiation. Additionally, the first term denotes the effect of the subsidy when policy

does not work via R&D and the last two terms capture, respectively, the effect via R&D in

the home and foreign country. There are two positive welfare effects in the first term which

arise from the subsidy. On the one hand, a reduction in the subsidy in the foreign country

raises profits in the home country (this is because foreign firms are less cost competitive

which allows home firms to increase market share and profits) and, on the other, profits,

output and emissions in the foreign country fall and, as a result, transboundary pollution

falls. In the case where policy works via the strategic variable welfare in the home country

rises with a decrease in the subsidy in the foreign country, if kf
sf
< 0 and kh

sf
> 0; this
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case is in line with the “standard case” in Ulph and Ulph (2007, p. 169). The intuition

is that a decrease in R&D in the foreign country, resulting from a decrease in the subsidy

in that country, lowers profits, output and therefore transboundary pollution and raises

profits at home; and an increase in R&D in the home country raises profits in that country,

and output and emissions in foreign fall, thereby lowering transboundary pollution. It is

noteworthy that the effects of policy via the strategic variable of home firms and foreign

firms could potentially offset each other, but additional assumptions about the kh and kf

functions would be needed. The role of product differentiation is also clear from (23). In

particular, as products become very differentiated (i.e., if γ ' 0, then πh
qf

and πf
qh

vanish),

the cross effect of policy works via the effect of transboundary pollution, πf
sf
φh′/φf ′, since

differences in cost competitiveness across countries are negligible: a reduction in the subsidy

in the foreign country lowers profits, output and emissions in that country, thereby reducing

transboundary pollution and raising welfare in the home country. This result is important

because it indicates that the effect of policy reform on welfare becomes smaller with more

differentiated products.

As a second case, consider a policy reform where the tax in the foreign country

increases. In the case where changes in policy do not affect environmental R&D (i.e., kfτz = 0

and khτz = 0, z = h, f) or if kf
τf
> 0 and kh

τf
< 0, welfare in the home country rises. Intuitively,

an increase in the tax in the foreign country raises profits in the home country and lowers

transboundary pollution (two positive welfare effects). In the case where environmental

R&D in the home and foreign country, respectively, rises and falls with the tax in the foreign

country the welfare effects are reinforced. In line with Ulph and Ulph (2007) I consider the

case where R&D rises in each country given a tax increase in the foreign country i.e., kf
τf
< 0

and kh
τf
< 0. In this case an increase in the tax in the foreign country raises profits at home

and lowers transboundary pollution; but now an increase in the tax induces more R&D

in the foreign country which raises emissions in that country and therefore transboundary

pollution, and at the same time lowers profits in the home country. If the effect via changes
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in R&D in the foreign country is small, then welfare in the home country rises. This policy

reform illustrates the inefficiencies from the non-cooperative equilibrium where international

pollution externalities are not accounted for by each country. In the case where products

are completely differentiated (γ ' 0) the cross effect works via the effect of transboundary

pollution, φh′/φf ′πf
τf

: an increase in the tax in the foreign country lowers profits, output,

emissions and therefore transboundary pollution, which consequently raises welfare in the

home country. Starting from the Nash equilibrium the impact on welfare in the home country

is given by

dW h|Nash =

[(
nπhqf q

f
τf
− φh′

φf ′
mπf

qh
qhτf −

φh′

φf ′
mπf

τf

)
+ khτf

(
nπhqf q

f
kh
− φh′

φf ′
mπf

qh
qhkh

)

+kf
τf

(
nπhqf q

f
kf
− φh′

φf ′
mπf

qh
qhkf

)]
dτ f (24)

where πf
τf

= −ef < 0.

Proposition 4.1. Starting from the Nash equilibrium, an increase (decrease) in the emission

tax (R&D subsidy) in one country raises welfare in the other country when R&D is fixed.

In the case where policy works via changes in environmental R&D, an increase (decrease)

in the tax (subsidy) in one country raises welfare in the other country, if the tax (subsidy)

decreases (increases) R&D in the country raising (lowering) the tax (subsidy) and increases

(decreases) R&D in the other country.

Next, I examine a multilateral agreement of an equal increase in the tax and subsidy

in the foreign country (i.e., dsf = dτ f/τ f > 0) in the case where policy does not work via

the strategic variable and the cost function is of the end-of-pipe. Combining (23) and (24)

yields

nπhqf
(
qf
τf

+ qf
sf

)
−mπf

qh

φh
′

φf ′
(
qhτf + qhsf

)
+
φh
′

φf ′
(
ef − kfcf (·)

)
> 0 if ef − kfcf (·) > 0 (25)

Intuitively, an increase in the subsidy and tax in the foreign country raises welfare in the home

country if the tax effect offsets the subsidy effect (i.e., ef > kfcf (·)) assuming that policy
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does not work via the strategic variable.25 The idea here is that the tax (subsidy) effect raises

(lowers) profits in the home country and lowers (raises) transboundary pollution and thus

welfare in the home country rises if the tax effect is large. This result is important because it

indicates that, along with the analysis on page 12, there exists a policy reform which could

be implemented by the pollution-intensive country which may reduce global emissions and

raise global welfare. This result follows through if kh
sf

+ kh
τf
< 0 and kf

sf
+ kf

τf
> 0; that is,

if the subsidy and tax in the foreign country induces less R&D in that country, but induces

more R&D in the home country. The intuition is that with less R&D in the foreign country

and more R&D in the home country, transboundary pollution falls and profits in the home

country rise, thereby raising welfare in that country.

This section concludes by looking at a multilateral agreement where the subsidy

is increased (in order to promote environmental R&D) and then governments are free to

adjust its emission tax subsequently so as to keep tax revenue constant; this policy reform is

important in those countries where the carbon tax may be an important source of revenue.26

The implication here is that the adjustment in the tax adds a channel whereby policy reform

may impact welfare. In this policy reform total differentiation of the tax revenue in the

foreign country, τ fEf , gives

0 = (Ef + τ fEf
τf

)dτ f + τ fEf
sf
dsf ⇒ dτ f/dsf = −τ fEf

sf
/Ef (1 + ρ) (26)

where ρ = (τ f/Ef )Ef
τf

and 1 + ρ can assume a positive or negative value. In the case where

the tax lowers tax revenue, τ fEf , so that 1 + ρ < 0, and the subsidy lowers emissions, an

increase in the subsidy in the foreign country induces the government in that country to

lower the tax. As a result and using proposition 4.1, welfare in the home country rises via

the policy reform (dsf < 0) and the policy adjustment (dτ f/dsf < 0). In contrast, if the tax

raises tax revenue and the subsidy lowers emissions, then with an increase in the subsidy the

25Notice that in the case of end of pipe ef − kfcf (·) > 0 ⇒ df − kf c̃f > 0; where qf
τf

+ qf
sf
< 0 and

qhτf + qhsf > 0 if df > kf c̃f .
26This type of policy has been analyzed in Hatzipanayotou et al. (2005) in the context of an emission tax

along with other policies under perfect competition.
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government adjusts the tax upwards i.e., dτ f/dsf > 0; in this case and also under proposition

4.1, welfare in the home country may rise if the effect through the tax adjustment is large.

The analysis illustrates the viability of a multilateral agreement where an increase in the

subsidy in the pollution-moderate country may raise global welfare.

Proposition 4.2. Consider a multilateral agreement where the foreign and home country

raise the subsidy, starting from the Nash equilibrium, while the government in each country

adjusts the tax so that tax revenue remains constant. In the case where the tax raises tax

revenue and the subsidy lowers emissions, global welfare rises if under proposition 4.1 the

effect via the tax adjustment is large.

5 Conclusion

Emission taxes and subsidies to encourage environmental R&D are two widely used environ-

mental policies. Examples of countries which have implemented these policies in a unilateral

and multilateral fashion include Norway, the Netherlands and member countries in the Asia-

Pacific Partnership on Clean Development and Climate; examples of industries where these

policies have been implemented include the energy sector, a sector characterized by some

degree of product differentiation. From a practical standpoint, different countries may devi-

ate from the Nash equilibrium depending on the type of multilateral/unilateral agreements

with other countries. In this context, the present analysis offers a systematic treatment of

policy reform and its impact on global emissions and welfare. This type of analysis is new

in the literature and so hopefully it will encourage future research in this area.

The comparative statics analysis suggests that unilateral and multilateral policy may

reduce global emissions and raise welfare. The relative size of pollution intensity coefficients,

degree of product differentiation and the effect of policy via R&D are key elements in the

analysis. In particular, in the case where the level of R&D is fixed the unilateral increase in

the subsidy in the home country lowers global emissions if the country raising the subsidy
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is a pollution-moderate country. Secondly, global emissions fall if the pollution-intensive

and pollution-moderate countries raise the subsidy multilaterally. Thirdly, the potentially

revenue neutral policy dτh/τh = dsh > 0 lowers global emissions, if the country raising

the tax and subsidy is the pollution-intensive country. In the case where policy changes

take effect via R&D, the analysis indicates that there are a number of policy reforms under

which global emissions fall if R&D falls in the pollution-intensive country and rises in the

pollution-moderate country.

The nature of the model inevitably leaves out important analytical aspects of en-

vironmental policy and environmental R&D. For instance, the focus here is on quantity

competition; aspects of quantity versus price competition are already present in the litera-

ture (e.g., Symeonidis, 2003). Second, to simplify the analysis no distinction was made about

the type of R&D and issues of technology diffusion are assumed away (see e.g., McGinty and

Vries (2009) for aspects of technology diffusion). Finally, many of the results depend cru-

cially on the assumption that more and less R&D reduces and increases costs, respectively.

Thus, a future venue of research would be to relax this assumption and see how results may

change.

There are several issues which can be studied by extending the present model set-up.

For instance, the role of free-entry could be explored by looking at how the subsidy, in the

context of policy reform, may alter production incentives thereby increasing emissions in

the long-run. A combination of policies may also be incorporated into the analysis. For

example, many industries may be facing not only a subsidy and tax, but also other policies

such as emission standards or operate in an emissions permitting system. Additionally, the

case of many countries with different size may yield interesting results since large countries

may offset emission-reduction policies set by relatively small countries.
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A Appendix

This section presents the system utilized for the comparative statics analysis and analyze

policy reform. In particular, total differentiation of (2) and (3), and analogous expressions

for the foreign country yields the following system



πh
qhqh

πh
qhqf

πh
qheh

0
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ehqh

0 πh
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0
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qf qh

π
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qf qf
0 π

f

qf ef

0 π
f

ef qf
0 π

f

ef ef
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where the determinant of the coefficient matrix ∆̄ < 0, πh
qhqh

= −βh(n+1)−(1−sh)khch
qhqh

<

0, πh
qhqf

= −mγ < 0, πh
qheh

= πh
ehqh

= −(1 − sh)khch
qheh

> 0,πh
eheh

= −(1 − sh)khch
eheh

<

0,πh
qf qh

= −nγ < 0, πf
qf qf

= −βf (m + 1) − (1 − sf )kfcf
qf qf

<, πf
qf ef

= πf
ef qf

= −(1 −

sf )kfcf
qf ef

> 0, πf
ef ef
−(1−sf )kfcf

ef ef
< 0. Using Cramer’s rule one can find deh, def , dqh, dqf .

In the special case of an end-of-pipe function (country-specific subscripts and superscripts

are suppressed) c(q, e) = c̃(q) + g(δ(q) − e), c̃′ > 0,δ′ > 0,δ
′′
> 0,g

′
> 0, g

′′
> 0 one obtains

cq = c̃
′
+g

′
δ
′
, cqq = c̃′′+g

′
δ
′′
+g

′′
δ′2, ce = −g′ , cee = g

′′
, cqe = ceq = −g′′δ′ and cqqcee−c2

qe = 0.

Also, cqceq− cecqq = −c̃′g′′δ′+ g
′
(c̃
′′

+ g
′′
δ
′′
) and cqece− cqcee = g

′′
δ′g
′ − g′′(c̃′ + g

′
δ′) = −c̃′g′′ .

Next, the effect of k on q is derived for a given policy s and τ . In particular, the case

of the home country is considered; an analogous expression applies to the foreign country.

Consider (2) and (3), and analogous expressions for the foreign country as functions of output

and the strategic variable. Then, for the home country total differentiation gives

Ddqh = χhχf
[(
chehehc

h
qh − c

h
qhehc

h
eh

) (
−(m+ 1)βfcf

ef ef
− kfcf

ef ef
cf
qf qf

+ kf (cf
ef qf

)2
)]
dkh

+khkfγmcheheh
[
(cf
ef ef

cf
qf
− cf

qf ef
cf
ef

)
]
dkf (A.1)

where D > 0 is the determinant of the coefficient matrix and czezezc
z
qz − czqzezc

z
ez > 0 for

z = h, f .

Next, I shall derive the expression in (22) and (23). Let E = E(k̆h, k̆f , sh, sf , τh, τ f )

and πh = πh
(
q̆h(·), q̆f (·), k̆h, k̆f , sh, sf , τh, τ f

)
, πf = πf

(
q̆h(·), q̆f (·), k̆h, k̆f , sh, sf , τh, τ f

)
where k̆h = k̆h(sh, sf , τh, τ f ), k̆f = k̆f (sh, sf , τh, τ f ), q̆h = q̆h(k̆h, k̆f , sh, sf , τh, τ f ), q̆f =
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q̆f (k̆h, k̆f , sh, sf , τh, τ f ). Using the first order conditions πh
q̆h

= 0 and πh
k̆h

= 0, and the fact

that πh
k̆f

= 0 differentiation of (21) yields the effects via policy given in (22). Applying the

results in (22) to the foreign country one obtains

W f
sf

= 0⇒
mπf

qh

(
qh
kf
kf
sf

+ qh
kh
kh
sf

+ qh
sf

)
+mπf

sf

φf ′
= Esf + Ekhk

h
sf + Ekfk

f
sf

(A.2)

Substituting (A.2) into W h
sf

and collecting terms gives (23).
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