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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." 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

'Examples 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.



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; Espinola-
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; Rodriguez-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

[ analyze in this paper. McGinty and de Vries (2009) derive the conditions under which



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. Bellelamme 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



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.? 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

ZCarlsson (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.



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,7, and R&D subsidy,s, which

are set optimally by the government in each country.

The cost function, ¢*(¢*, e*) , is characterized by (subscripts denote partial deriva-

: zl zl zl zl zl zl zl zl zl
thGS) qul > 07 qulqzl > O’ Cezl < 07 Cezlezl > O’ qulezl < 07 qulqzlcezlezl - Cezlqzlcqzlezl > 0 fOI‘ a’l]-

z=h,f;l=1,5;i=1,...,n;j =1,...,m. Asin Lahiri and Symeonidis (2007) the pollution



intensity coefficient is given by the ratio _C;ileZl / czilezl; also, demand functions are assumed
to be linear where demand in the home country and foreign country are given, respectively, by
P == (g ") =y (@ g and pf = o =BT (¢ g ) =y (¢ )

where 8" >~ >0, 3/ >~ > 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 K#, which I call
environmental R&D. The strategic variable is estimated indirectly; that is, it is assumed
that k*' = f(K?), where limg=i_,o f = 1, f' <0, f” > 0, limg=_,oo f = 0Vl = i,5. Each
firm chooses K (and therefore k) so as to maximize profits, where the cost of environmental
R&D capital is given by r.*> Hence, a higher K (more R&D) and therefore a lower value for
k reduces costs from e.g., c(+) to ke(+), k € (0,1).* 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 &

.
closer to one.”

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 ¢ in the home country is given by
7]_hi — phqhz' _ (1 _ Sh)khichi(qhi’ ehi) _ ehiTh (1)

where the subsidy rate, s" € (0, 1), reduces overall costs (production and abatement costs)

from k"c"(q", ) to shk"ch(q" e). Profit maximization with respect to ¢™ and e gives

3In particular, firm 4 in country h maximizes profits 7!, which yields r = dn" /dK" = f'dnx"* /dk". 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).



under symmetry

o — BMn 4+ 1)¢" — ymq’ — (1 — sh)khcgh =0 (2)

—(1— sk, — " =0 (3)

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

h h

symmetric values ¢, e", ¢/, e/ as a function of k" and &/, and policy variables s", s/, 7", 7/.
Substituting ¢", e, ¢/, e/ back into 7" and 7/?, maximization with respect to R&D gives

the the symmetric values k”, k7 as a function of policy s", s/, 7", 77.

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 k. =0, kfz =0, k. =0 and /{:f =0; 2= h, £.5 T 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.” In particular, the percentage change in the tax is given by
dr* = €1, z=h,f (4)

where € 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.® In what follows the analysis relies on

the system of equations presented in the appendix.

SNotice that k, = f'K; for instance, if the subsidy raises the level of R&D, K, > 0 , then k, < 0 since
f<o.

"Recall that the subsidy,s, is measured as a subsidy rate and the tax,r, as a per-unit tax.

8Results from Lahiri and Symeonidis’ work hold in the present analysis if » = 1, kf =1, s" =0, s/ = 0.



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
kh. =0, k‘g =0, k. = 0 and k:f = 0; z = h, f. First, the effect of policy on output is
examined. In particular, the impact on ¢" is given by (an analogous expression applies to

output in the foreign country)
_ [Xthkh (CZhehCZh — CthZheh) (5f(m + 1)C£fef + anf>] ds"
_XthCthh [ﬁf(m + 1>C£fef +x! (Cgfefcf;f - szcgfefﬂ dr" (5)

where the determinant of the coefficient matrix is A < 0, the term CorexCoz — CozClzpz > 0
denotes marginal production costs and xy* = (1—s*)k* > 0for z = h, f, w = BB/ (n+1)(m+
1) —nmy? > 0,0/ = czfefcf;qu - (cf:qu)Q > (0 by the concavity of the ¢(-) function.” 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 ) 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 = ne +me/. Then, the effect of policy on emissions in

z

Z. in (5) denotes marginal production costs and so it is positive. From the first

9The term ¢Z. . ci. — iz pzC

order conditions and using egh, = —c'qlheh/c’;heh one obtains p"* — Bl¢" — Thegh =(1- sh)k‘h(cg’h + c’;h eg’h) >0
h o h h h _ h h h _h
where ConenCgn = ConCaneh = Congh (th + ceheqh) > 0.



the home country,e”, and foreign country, e/, are given by
Aoy I B h h h h
Ande” = X kafmnwehqh [Cgfefcff - Ctjchczfefi| ds” =X fmmy [Cgqucqhe”] dr!

+xk"n [(Cghcgh h— CnCingn) <5f(m +1)cl, + Xf77f> X"

—th (anfﬁh(n +1) + czfefw)} ds"

+x'n [thghqh <5f(m + 1)c£fef + anf> + (xfnfﬂh(n +1)+ czfefwﬂ dr"(6)

Amde! = 7 th:hmn'ycf fof [Cghehcgh — CZhCZheh} ds"™ — xIx" fmnry [c’gh

f h

+x "k m [(cf;fcfqu — cgfcf;qu> (5h<n + 1)Cgheh + thh) i

eh

—cf:f (thhﬁf(m +1)+ h ehw)] dst

+x"m [xf el (B 4 Ve +X"") + OB (m+ 1) + CQhehW)] dr!(7)

Consider a policy reform where the home country raises the subsidy unilaterally (i.e.,
a policy reform such that ds" > 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 CZhCZheh — ththqh > 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 ¢* = &(¢%) + ¢°(6°(¢*) — €*) where & > 0, & > 0, ¢* > 0, ¢*" >

0, 0 > 0, 0 > 0 for z = f, h; the function 6*(-) denotes gross pollution and §*' the

h

h gh

pollution intensity coefficient.'” Emissions in the home country fall if 0 < ¢®,c?, , — ct.c
q” qgre €er qrq

= —ghehight 4 g gl (éh” + gh”dh”) i.e., small intensity coefficient. If 6" = 0 and & = 0

107 follow Lahiri and Symeonidis (2007) in the structure of the end-of-pipe cost function.



emissions in the home country fall if and only if —6" g""é" 3 (m + 1)x" + g"w > 0; this is
a necessary and sufficient condition under which emissions in the home country fall.'* This

result applies to the cases where v ~ 0 and g" = 5 = ~.

As for the impact on emissions in the foreign country, using (7) the analysis indicates
that with the policy reform ds” > 0 emissions in the foreign country fall unambiguously since
c’;hehczh — CZhCZheh < 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 )

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
5'mry > 6 (B7(m 4+ 1) + xI (¢/" + ¢7'6!")). In the special case where g" = gf = ~ = j,
§/" =0, &"” = 0, this condition simplifies to §//m > 6"'(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.'* In the case where v ~ 0 global emissions rise if and only
if 3MBH(m+1) > gMw/e" g™ (large intensity coefficient); that is, if the effect through

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

"The assumption §/” = 0, = 0 implies n/ = c;chfcifef - (cichf)2 =0.
12 Notice that since s lowers emissions in the foreign country unambiguously then under an end-of-pipe
cost function global emissions also fall if (¢"" + g"'§""") /&M g""" > §"') which is the condition for emissions

in the home country to fall with s”.

10



costs.

Proposition 3.1. Let the ¢(-,-) function be of the end-of-pipe. Then assuming a fized 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., 6/'ym >

S BT (m + 1) + X7 (eI + g7'67").

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

pollution-moderate country which leads to lower global emissions."?

Next, consider the policy reform ds” = dsf > 0 under an end-of-pipe cost function
where 0*” = 0 and ¢*” = 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., "ny > Bh(n +1)6/" ), 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., 6"ng/(m + 1) < wng™ /é"x"g"") so that the
increase in the subsidy in the home country lowers global emissions.!* 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 v ~ 0, then global emissions
also fall if the pollution intensity coefficient in each country is small.'> 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 ds® = dr" /7" > 0 is now examined.'® Assuming a cost

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

I3This 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.

4 These two conditions are consistent with each other since 8"(n + 1)méf’ < §"nmy < $"npf(m +1) <
wng") /(@ (1 — sM)klgh"") where w = "B/ (m + 1)(n + 1) — nm~? > 0.

BFormally, 67/8"(n 4+ 1) < g/'w/(gf"&"(1 — s k) and "B/ (m + 1) < g"w/(g""E" (1 — s")k"); where
w=pa" n+1)(m+1) —nmy? > 0.

16 A 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 /Norwayl.html and
http://www.cslforum.org/incentivesregistry /Norway2.html.

11



if and only if ¢"k" — 6" > 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
ymd!" < B (m +1)6" < B (m +1)g" /x"¢"g"". 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 (v ~ 0) global emissions are more likely to fall with policy reform
ds" = dr"/m" > 0, provided that the pollution intensity coefficient in the home country is
sufficiently small i.e., the second inequality holds. If instead ds" < 0 and d7"* > 0 then global

hht i

emissions fall if the home country is the pollution-intensive country and 6" > g"'/x"¢"g

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

The special case where ds" > 0 and dr"/7" < 0, v ~ 0 and c(-,-) is a function of
the end-of-pipe where §*” = 0 and & = 0, suggests that if 1 > k"¢, then global emissions
fall if and only if "' x"g"" (¢"'x" + ") < Bh(n+1)(1 — k"¢").'" This is because the effect
of policy on emissions in the foreign country vanishes with v ~ 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 8% > « and an analogous (sufficient) condition for

17"The analysis is developed under the assumption that |dr" /7"| = |ds"|.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

12



6" holds (i.e., intensity coefficient is small), then global emissions also fall since emissions in

the foreign country fall with a decrease in 7" and an increase in s".

This section concludes by looking at the policy reform dr" /7" = ds/ > 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.,
§"n > 67'(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 6*" = 0 and ¢ =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.,
SMam > 6785 (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

hi1ght = Also, if the pollution-intensive

pollution intensive country is large i.e., 8"'n > g" /x"g
country raises the tax and the pollution-moderate country raises the subsidy multilaterally

(i.e., d" /" = ds’ > 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) = ¢q + (dg — €)?/2, ¢ > 0.
The term dg — 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(-) = (dg — €)?/2,
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§ =d, ¢ =0, =0,¢ =a=dg—e and ¢ = 1. The model is first solved and some of

the comparative statics results are underscored.

Maximization of (1) with respect to ¢" and e yields

o — 28" —ygh — (1= sME"(E 4+ a"d") =0 (8)

(1—sMka" —7" =0 (9)
Using these and analogous expressions for the foreign country gives

of" = 28" (a" — (1 ="k —d"t") — v (of — (1 = Nk — dl7) (10)

7_h

sh —  ghah — 11
é (i (11)

where the last term in (11) denotes pollution abatement and & = 438"35 — 42 > 0.¥ 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
__h f ah1.hh o ghLfaf
C— AN AR
Ean = 1= 52k - Cor = - <0 (12)
i —1_ 28(dy g dhdly
b . ho _
R (Y <0 &y=———>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, s", 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., d" < 7"@ /287 (1 — s")k"¢h.* In addition, this

181t is also assumed o® — (1 — s*)k*¢* — d*7* > 0, for 2 = h, f.
YWhere d" < 770 /265 (1 — sh)khéh < 67 BF (m + 1) < gMw/(g""e" (1 — s™)kM).
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policy reduces global emissions if the foreign country is the pollution-intensive country (i.e.,
d’y > phd"); 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 = e" + ¢/, is given by

h h~h
~ - —T ke
En=¢é"+él, = + =

(T (287/d" —~d') <0, if d'y>ptd (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: ﬂzh = —vqhql’:h — (1 — sM)c" = 0, where the first term denotes the strategic effect
and the second the cost reduction effect. Substituting the expressions for ¢ and qgh and
using (8) and (9) gives

2 _ (T")*@

- 4phpten

(TM)2&

= (K")°C+ ("¢ — 3G I

q" (k") =0 (15)

where (; and (, are expressions of parameter values, the subsidy and tax in each country.?’
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 k:gh > 0, k:sf < 0, ksfh <0
and kf ; > 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 k" and k'

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., k" + kf = 1.0¢; =
=287 (1 — s")eh — y(1 — s5)éf <0 and ©¢ = 28/ (ol — d'r") — y(af — (1 — s/)el —df77) > 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

L' As a result, there is an extra

operating in that country as well as the other country.?
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 " =0 and ¢#" =0;z=h, f.

Consider the policy reform ds” > 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, k‘i}h <0,
but lowers it in the foreign country, kﬁ » > 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 via R& 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 ) 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

21Gee 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 s” on e is given by

Adeh — gf//Xf [Mh (—5h/ghﬁxhﬁf(m+ 1)5}1/ +ngh/gf//w)

—6ME g Py (1 — sf)k:fh ds" (16)

where A < 0, pu* = k" — (1 — s")k", > 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 g™ g/"wu™ < §Mx g™ (u" B (m + 1)e" +
&l k:fh(l — sf)m~y). Tt is noteworthy that this result holds as long as " > 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., k%, < k"/(1—s") or equivalently
k%, > 0 but small). However, if k;fh < 0 and k%, > 0 is large so that 4" < 0 (i.e., the effect
of the subsidy via k" 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 e” falls
via kf , < 0 and, in addition, e" falls via k;gh > () since 6" is large (e” falls with less R&D, k",
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 u" < 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 u" = 0. In this case the effect of

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

If v ~ 0 the effect via k/ vanishes and as a result emissions fall if and only if
99" w > "B (m + 1) x"¢g"") with k", < 0 (or k", > 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 k;gh >0
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and large so that u" < 0, then emissions in the home country fall with a sufficiently large

" ie., if and only if —0"g""e"Bf (m + 1) + g"w < 0.

In contrast to the previous section, the impact of ds" > 0 on emissions in the foreign
country is no longer unambiguous. In the case where kfh > 0 and ki}h < 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 k?h < 0 (ie., p* > 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 67/8"(n + 1) > g/'w/¢/"¢g’"x/. The impact of s" on e/ is given
by

Ade! = ¢"'(1— %) |67g7"(1 — ") i nry + k:fh (67Tl g!" B (n + 1) — gf'w)] ds{'17)

In the case where v ~ 0 the effect via k", (as well as the direct effect of s") vanishes and
so emissions in the foreign country fall with the subsidy in the home country if and only if
61" < g7 BI(m+1) /e g/"xT) with kfh < 0or if and only if 6" > g/'B5(m+1)/¢"g/"x! with
k‘f » > 0. In the case where 5% > =, k:gh > 0 and kf » > 0 emissions in the foreign country fall,
if the effect of the subsidy via k%, is sufficiently small (so that x" > 0) and 67" is sufficiently
large. In this case e/ falls via sz , > 0 (since 87’ 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 k", (which raises ef) i.e. p" > 0. If
sz p <0, k" > 0and large (1" < 0) , then emissions fall if /" 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 k" (since p”* < 0), but fall via &/ if the intensity coefficient
is small enough. As a result, a small intensity coefficient, §/’, is required for emissions in the

foreign country to fall.
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In terms of global emissions, the analysis indicates that in the case where k?h < 0 and
k:f , > 0, global emissions fall with ds" > 0, if the foreign country is the pollution-intensive
country (i.e., ymd/’ > 37 (m+1)d") and the pollution intensity coefficient in that country is
sufficiently large i.e., ¢/'w + g/"é/' x yné" < g7"¢!" ) B"(n + 1)67’. 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.?> Analogously, global emissions fall with a decrease in the
subsidy if kf » <0, and k", > 0 and large (" < 0). The effect of ds" > 0 on global emissions,

dE = nde" + mde’, is given by

AdE _ gf//ngh//Xh [uhnéh' (gh/w/xhéh/gh// + def/ . 5f<m + 1)5h/)

+ kL&' m (—gPw/x e gt + B (n + 1)6" — 'yn(Sh’)} ds" (18)

In the case where v ~ 0 and under the assumption kf , > 0 and k’gh < 0 global emissions fall,
if the pollution intensity coefficient in the home and foreign country is sufficiently small and

large, respectively i.e., 8V (m + 1) < g"' /g""e"x" and 67" (n + 1) > g/'/g/"e "X/

Proposition 3.3. Let the c(-,-) function be of the end-of-pipe where 6*” = 0, ¢*” = 0.
Assume that the foreign country is the pollution-intensive country i.e., ymd!' > B/(m +
1)6™. 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 ds" = dr"* /7" > 0 is now examined. The effect of this policy on

21f kfh < 0and k" >0 (ie., ph = k" — (1 — s")k", < 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., ynd™ > BM(n 4+ 1)67") and gM'w + g""'e xPyms!" < gh"ev " Bf (m + 1)6M.
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global emissions, dE = nde" + mde’, is given by

AdE = v whmngh’((;hfﬁf _ 5f/7) + ¢h (néhléh/ﬁf _ gh/w/(l _ Sh)gh//)
o mnd (578" — 6" y) + f (met's7' 8" — g7'w/(1 — s7)g™")

+¢7"(1 = sHnw +v(1 - ") (1 - sH)s" (ﬁf(m +1)6" — Wméf’)} " (19)

where " = (1 — s")(k", + k) — k" denotes the net effect of 7 and s" on the level of
environmental R&D in the home country and ¢/ = (1—s/ )(k‘f n +k‘£ ») in the foreign country,
and v = ¢g/"g""(1 — s")(1 — s/) > 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 1" > 0 and ¢/ < 0, indicates that the effect of policy reform raises environmental
R&D in the foreign country and reduces it in the home country.?® In this case and assuming
that the home country is the pollution-intensive country (i.e., 76" n — g*(n + 1)§/ > 0), if
M > gMw /g (1—s")e" and §'m < g/'w/g’’ (1 — /)¢, then global emissions fall with the
policy reform ds" = dr" /7" > 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 1/ < (>)0, ¥" > (<)0 and v ~ 0, if "3/ (m+1) > (<)g"w/g" (1—
sh)eh and §7'p"(n + 1) < (>)g'w/g/"(1 — s/)&’’, 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.

231t is noteworthy that in the case where ¥/ < 0 and " < 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
ds" = ds/ = ds > 0. It can be shown that if 1/ > 0 and ¥" < 0 global emissions fall
if the foreign country is the pollution-intensive country (i.e., "3/ (m + 1) < 6/'m~y) and
it has a relatively large intensity coefficient (g/'w/g/"¢/"(1 — s/) + 8"ny < §7'B"(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 1/ < 0, ¥" > 0. For completeness, the effect of the policy reform ds" = dsf = ds > 0 is

given by
AdE = [@féf'my (—g""w/g”" " (1= sI) + (67" (n+ 1) — "ny))

+" My (—gMw /g e (1 — s") + (M BT (m + 1) — 6f’m7))} ds  (20)

where " = (1 — s") (kP + k" )—khandzzf:(l—sf)<k§h+k§f>—k:f.

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.?* 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,JW", as total profits minus the damage from pol-
lution; that is,

Wh = na" — ¢"(E) (21)

where E = ne" + me/ and the ¢(-) function denotes damage from total pollution satisfying
& >0, ¢ > 0. An analogous expression applies to the foreign country, W/. 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 s"*, s/* 7h* /%

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

appendix for a derivation)

AWt — [mj;f (qkhksf +qf kY + qsf) — g (Esf + Bkl + Ekfk;‘fﬂ ds’

+ [ty <qkh K+l K+ ) e ( E.r + Bkl + Ekfkff)] dr!
+ mrqf (qkhksh + qkfk:fh +q h) + mr <E8h + Ekhk:gh + Ekfkfhﬂ ds"
+ nwgf (qkhk‘hh + qf k:fh +q h) + n7r <E7-h + Ekhk’:}h + Ekfkfhﬂ dr22)
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where an analogous expression applies to W/ and E denotes total emissions, ne + me/. 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 k;fz =0and k" =0,z = h, f,
or in the case where policy takes place via R&D (in particular if k:f ; < 0and k?f > 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)

Tt B O A N L 1 w9 g
W |NGSI'L - nﬂ-qquf - Wmﬂ—qhqsf - Jmﬂ-sf —I— sf nﬂ-qukh - Wmﬂ-qhqkh
f h f ¢h/ f _h
+k; (mrqquf — —(bf/mﬂqhqkf)} ds’ (23)

where qff > 0, qgf < O,q,’:f < 0, qu > 0, q,’;h < 0, q,]:h > 0, ng = —¢"m~y <0, Wgh = —¢/ny <
0, 7T£ ; = kfc/(-) > 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 k;f ; < 0 and k:?f > 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 k" and &'
functions would be needed. The role of product differentiation is also clear from (23). In
particular, as products become very differentiated (i.e., if v ~ 0, then ﬂgf and 7T§ , vanish),
the cross effect of policy works via the effect of transboundary pollution, 7T;c ;oM @ 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., kfz =0
and k. =0,z = h, f) orif kf ;> 0and kff < 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 ;<0
and k:ff < 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 (y ~ 0) the cross effect works via the effect of transboundary
pollution, ¢ /¢/’ ﬂf ;o 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
h O A S S L N N
dW |Nash = {(mrqfqﬂ — Wmﬁqhqﬂc - Wmﬂﬁ) + ]{?Tf (mrqquh — Wmﬂ'qhqkh)
¢h/
-I—k:ff (nﬂgqu:f - Jmﬂghqu dr! (24)
where ﬂff = —el <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 fized.
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., ds/ = dr//7/ > 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
b’ b
nwf;f <qf_cf + qi}) — mw(fh% (qff + qgf) + % (ef — k:fcf(')) >0 if e — k;fcf(-) >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., e/ > k/c/(-)) assuming that policy
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does not work via the strategic variable.? 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 ", + k", < 0 and k:f s+ k:f s > 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.?’
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, 7/ E/, gives
0= (B + 7B Yar! + T/ ELdst = drfjds’ = -7 B!, /B (1 + p) (26)

where p = (7//E/ )Ef ; and 1+ p can assume a positive or negative value. In the case where
the tax lowers tax revenue, 7/ E/, so that 1 + p < 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 (ds’ < 0) and the policy adjustment (d7//ds’ < 0). In contrast, if the tax

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

Z5Notice that in the case of end of pipe ef — kfcf () > 0 = df — kfé/ > 0; where qf_cf + qff < 0 and
¢" + g > 0if df > kFE

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., d7/ /ds/ > 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 taxr 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 dr" /7" = ds" > 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

;hqhﬂ'}hqfﬂ',};hch 0 dq™ qh (k 7(175h)kh )dsh’+cgh(175h)k:fdsf +c2h(17sh’)k:”hd‘rh’+csh(175h)kf_”fd7'f
W}thh 0 Trthh 0 dqf c (k:h (1-— sh)khh) dsh + (1 — sh)c:hk?fdsf + (1 + (1 — sh)c:hk}:h) drh 4+ (1 - sh)c:hkﬁfdrf
Zf hﬂ'gqu 0 Trc{fef de ff (1 7.sf)kf dsh — cff (kf —(1- sf)kf )dsf +cff (1 7sf)kf d'rh +cf (1 75f)kf drf
0 n:qu 0 w:fef def ef(l—sf)kihds —cff( —(1—sf)kf)dqf+(1—sf)pf kf drh +(1+(1—ef)kff ff)rirf
where the determinant of the coefficient matrix A < 0, 7, , = =" (n+1) = (1—s")k"cl, . <
h _ h _ —h _ h\ 1.h ~h h _ h\ 1.h -h
0, T h f — _mﬁy < 07 7rqh6h — Wehqh — _(1 - 8 )k theh > O,ﬂ—eheh — _(1 - 8 )k Ceh‘ h <
_ f _ f Ay i f _ _
qufq = —ny <0, my = —Bm+1)— 1 —sHkle, , < 7 =75, =—(1-

sf)k:fcqfef > 0, ﬂgfef—(l—sf)k:fcffef < 0. Using Cramer’s rule one can find de”, de’, dg", dq”.
In the special case of an end-of-pipe function (country-specific subscripts and superscripts

are suppressed) c(q,e) = &(q) +g(6(q) —e), & > 0,8/ > 0,0° > 0,4 >0, g" > 0 one obtains

1"

_~/ s = I " ,2 o ’ _ o _ iy 2 _
Cq=C+gd,cyu=0"+g0 +9 07, cc=—g,Cce =9 ,Cle = Ceqg=—g 0 and cyyCee — 5 = 0.

1"

AlSO, CyCog— CoCoq = —C g 6 +g (¢ +9"0") and cyeCe —CyCee =g 0'g —g (€ +g0') = —Cg".

Next, the effect of k on ¢ is derived for a given policy s and 7. 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

quh = Xth [(CZhehCZh — CZhehCZh) < (m+ 1)ch fef k‘fcgfeququ +k’ ( ef f) )] dkh
+kM kel ymeh, [(cf o=, e )] dk’ (A.1)

e'te efef qf qfef ef *
where D > 0 is the determinant of the coefficient matrix and ¢ ..c;. — cf...ci. > 0 for

z=h,f.

Next, I shall derive the expression in (22) and (23). Let £ = E(kh kf st sl oh 77
and 7" = 7" (éh() g (), Jih kf | sh, sf 7t Tf>, al = nf (dh(-),jf(-),Eh,lgf,sh,sf,Th,Tf>
where kh = k:vh(sh,sf,fh,ff), ko= k:uf(sh,sf,Th,Tf), §h = cjh(l;h,k?f,sh,sf,fh,ff), i
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Q’f(kuh, k:uf, sh, s/ 78 7). Using the first order conditions Wgh =0 and Wlilh = 0, and the fact
that 7'(':7 = 0 differentiation of (21) yields the effects via policy given in (22). Applying the
results in (22) to the foreign country one obtains

mieh, (alskl, + aukly +dly ) +ma,

W/ =0= o = By + Euk"; + Epsk?, (A.2)

Substituting (A.2) into W/ and collecting terms gives (23).
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