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countries to employ them because these technologies tend to be too costly to be implemented
for developing countries despite the recent dramatic improvements in the cost-exectiveness
of clean technologies. The Technology and Innovation Report 2021 at the United Nations
Conference on Trade and Development reported several challenges of adapting new technolo-
gies by developing countries: digital divides, inadequate infrastructure, and skill shortages
make using new clean technologies more expensive than dirty technologies.? Even if devel-
oped countries successfully transfer clean technologies to developing countries, it does not
necessarily follow that developing countries would employ them. Firms in a developing coun-
try may still employ low-cost dirty technologies if the government® enforcement level of its
environmental policies is low. In such a case, developed countries must also help southern
governments monitor and enforce the environmental policies.?

In this paper, we develop a new theoretical model for a free trade agreement (FTA) with
environmental provisions between developed (northern) and developing (southern) countries,
taking the issues listed above. Unlike most existing papers that deal with stable multinational
environmental agreements (MEAs) among symmetric countries, we assume that there is one
northern country and multiple southern countries and that the northern country can sign an
FTA with any number of southern countries. We consider high-marginal-cost clean and cheap
dirty technologies that produce manufacturing goods to be traded; the northern country has
clean technology, and the southern countries have only dirty technology without free trade
agreements with the northern country. If a southern country establishes an FTA with the

northern country, the clean technology becomes available. However, without being su¢ ciently
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enforced, the southern Orms have an incentive to use the cheaper dirty technology as a result
of their optimization. Thus, southern countries may not want to participate in an FTA with
the northern country if its environmental provision requires a strict enforcement of clean
technology unless access to the northern market is su¢ ciently lucrative or participating in
the FTA comes with monetary support from the northern country.

We Orst show that for any given level of enforcement and monetary support, there is a
stable free trade agreement for southern countries, in the sense that (i) no southern insider
wants to quit the FTA unilaterally, and (ii) no southern outsider wants to participate in the
FTA unilaterally (Proposition 1). This stability notion was Orst introduced by d#Aspremont
et al. (1983) to analyze cartels and is widely used by environmental economists (see Barrett
1994). Note that Proposition 1 assures neither that the stable FTA is nontrivial (at least
one southern country participates in the FTA), nor that the northern country wants to have
an FTA. This is because Proposition 1 is for any arbitrary combination of enforcement and
monetary support policies. Thus, we try to characterize the optimal FTA policy for the
northern country, then Ond the conditions for a nontrivial optimal FTA.

Unfortunately, it is generally di¢ cult to characterize the optimal FTA for the northern
country, so we specify functional forms. Using linear demand functions, we Orst character-
ize the optimal policies for each number of southern countries in the FTA and Ond that
the enforcement level of the clean technology use (the fraction of production that uses the
clean technology) goes down as the size of the FTA increases. Second, we characterize the
optimal number of southern countries in the FTA by maximizing the northern country pay-
oa (Proposition 2). Proposition 3 provides su¢ cient conditions for the optimal FTA being
nontrivial. This implies that the northern country has an incentive to form an FTA with en-
vironmental provisions with southern countries when (a) the clean technology is signiGcantly
superior to the dirty technology for reducing emissions, and (b) the northern country values
reductions in emissions su¢ ciently.

With Proposition 2, we can easily see that there is a trade-oo between having more



southern countries in the FTA and the level of enforcement. If the number of southern
countries in the FTA is small, these countries receive great beneOts from being included
in the FTA (i.e., by having exclusive accesses to a lucrative northern market), and thus
they are willing to enforce the high-cost clean technology while demanding fewer transfers.
Including more southern countries in the FTA, the enforcement level will decrease, and
they may demand more transfers. Additionally, with more southern members, the northern
country® consumer surplus increases while its domestic Orm& proOt and its taria revenue
decrease. Analyzing the optimal size of an FTA requires more speciOcations. Moreover, we
do not know how the total level of emissions would be acected by an increase in the number of
southern countries in the FTA, because the enforcement level for the FTA members decreases
while the number of southern countries increases. Additionally, as the southern membership
increases, the total transfers become increasingly costly for the northern country. As all of
these factors are important and it is di¢ cult to obtain qualitative results, we will present
an example with reasonable parameter values and observe the optimal FTA policy for the
northern country and its environmental implications.

With a numerical example, we conOrm that these considerations play important roles in

evaluating FTA policies. Setting the taric rate at the optimal level (without envi-



southern countries. Comparative static analyses of the numerical example demonstrate that
if the number of member countries is kept constant, an increase in emissions from southern
countries (as their dirty technology worsens) raises the aggregate emissions. However, this
also shows that once the number of member countries is endogenized, its overall ecect on
the aggregate emissions can be negative, due to the subsequent increase in the number of
southern participants that adopt clean technologies.

The rest of the paper is organized as follows. The following subsection provides a brief
literature review. Section 2 presents the model and preliminary analysis, and Section 3
analyzes stable FTAs in the general model. Section 4 further analyzes the optimal stable
FTAs using linear demand, and Section 5 is devoted to a numerical analysis. Section 6

concludes.

1.1 A Brief Literature Review

In this subsection, we Orst review four important issues related to our study: FTA formation
between developed and developing countries, FTAs with environmental provisions between
northern and southern countries, clean technology transfers, and their enforcement. Then,
we also review several industrial organization papers that are directly related to our modeling
strategy.

Until the beginning of the 21st century, FTAs were signed mostly between
developed or developing countries and very few between developed and devel-
oping countries. In order to explain this fact, Das and Ghosh (2006) considered
a world economy consisting of asymmetric countries, speciCcally, a world econ-
omy with two developed countries in the north and two developing countries in
the south, and analyzed what kind of FTAs would be formed. Using a stylized
Cournot oligopoly model, they showed that high-income northern countries are
more willing to form an FTA between themselves. In contrast, a low-income

southern country will want to be a partner with a high-income northern country,



but since the northern country will gain little beneOts, the southern countries
are likely to form an FTA between them as leftovers.* Thus, in such North-South
type models, it has been theoretically shown that an FTA is more likely to be
formed between the two northern or the two southern countries, and less likely
to be formed between a northern and a southern countries.®

In reality, as noted in the introduction, North-South FTAs have increased
in recent years. This fact, as Limé&o (2007) pointed out, seems to illustrate the
importance of considering factors other than gains from trade when analyzing
North-South FTAs. This perception is now shared by many researchers and is
widely discussed as a matter of 1deep integration, T which is an FTA with various
non-taric issues such as the environment, labor, technology standard, and intel-
lectual property rights. For example, Maggi and Ossa (2020,2021) discussed the
political economy of deep integration and suggested that the welfare analysis of
such deep integrations would be very complicated. Our research interests are in
line with the literature on deep integration, but we are speciOcally interested in
the exects of clean technology transfer and imperfect enforcement under FTAS.
The importance of technology upgrades induced by an FTA in developing coun-
tries was empirically investigated by Gutierréz and Teshima (2018). Pointing out
that the adoption of superior clean technology can be associated with a reduction
in abatement expenditure, they analyzed Mexican data on NAFTA and found
that these two phenomena occur simultaneously in Mexico.

Many theoretical and empirical studies have investigated how FTAs acect the trade barri-

ers of member countries to nonmember countries as external trade barriers. On the empirical

4“Many papers investigated whether or not subsequent formations of FTAs and customs
unions will lead to the global free trade (for example, Yi 1996, Goyal and Joshi 2006, Furusawa
and Konishi 2007, and Daisaka and Furusawa 2014). However, these papers mostly assume
that countries are ex ante homogenous by employing symmetric oligopoly models, and the
results are mixed depending on the formulation of the game and the solution concepts.

5See also Missios and Yildiz (2017) and Wang and Zhao (2022) for related analysis using a four-country
North-South type model.



front, several authors such as Martinez-Zarzoso and Oueslati (2018), and Brandi et al. (2020)



2 The Model

2.1 The basic structure of the model

In this model, there are one northern country and m southern countries, each
of which has a representative consumer who consume a numeraire good and an
industrial good. The industrial good is produced competitively. The consumer is
endowed with the numeraire good, which is used for production of the industrial
good with a constant marginal cost. We assume that the numeraire good is freely
tradable.

The set of southern countries is denoted by S = f1;::;; mg. The northern country (denoted
by 0) has an inverse demand function for an industrial good P (Q), whereas the southern
countries have identical inverse demand functions for the industrial good p(g;), where Q and
g; are aggregated quantities in the northern and southern country j & markets, respectively.
We assume that P and p are twice continuously dicerentiable.

There are two technologies that produce industrial goods: clean and dirty. Although
these two technologies produce the same goods, the clean technology emits less environmental
pollutants in production.® Northern country 0 always employs clean technology C, whereas
southern countries have only dirty technology D initially. Northern country® marginal
cost of production using clean technology is denoted by cy,, and each southern
country B marginal costs of productions using technologies C and D are denoted

by cc and cp, respectively. We naturally assume:
(Al) Co=>Cc >cp=>0:

To produce one unit of an industrial good, clean technology costs more than

dirty technology for southern countries. This assumption re&ects the challenges



The emissions from producing one unit with clean and dirty technologies are

denoted by ec and ep, respectively. By deOnition, we assume:
(A2) ep >ec O

The northern country applies a common taria rate > 0 on imports from southern
countries. Unless southern country j has a free trade agreement with the northern country,

the taria rate  applies. We Ox  throughout this study ( is not a policy variable).
(A3) >0 is unarected by the formation of an FTA.

This is because the WTO prohibits increasing tarias when countries form an FTA and a
customs union.® The northern and southern countries have a single (monopoly) Orm each.
Southern country j B export quantity to the northern country 0 is denoted by Q; and country
06 domestic supply is denoted by Q. We do not consider indirect exports via a third
country.!® Thus, the total supply in country 0 is Q = Pjes Qj + Qo. For simplicity, we

assume that the southern countries do not import industrial goods.!!

2.2 Free trade agreement, environmental provisions, and law en-

forcement

We consider FTAs with environmental provisions between northern country 0 and some of

the southern countries. We denote FTA partners with northern country O by set A S =

90ne of the key principles of the WTO is nondiscrimination (Obviously, an FTA is itself discriminatory,
but the GATTE Article 24 allows for FTAs and customs unions as long as they do not provide negative
externalities to outsiders.). Increasing appears to discriminate outsiders from FTA members, even though
it is motivated by a northern country & intention to encourage southern countries to join. See Furusawa and
Konishi (2007).

10 Although an FTA does allow to export via a third country that is a member of the FTA, it is necessary
to certify the origin of the goods to apply the adequate taria rate in the importing country. Thus, in our
simple model, we do not need to consider indirect export.

1 As our main concern lies in environmental pollution from technologies used in production in developing
countries, production activities in developed countries using clean technologies are not of great importance.
Therefore, we assume away imports of the southern countries from the northern country. A similar assump-
tion is imposed by Lim&o (2007), where small (developing) countries derive no utility from non-numeraire
(industrial) goods to narrow the focus of the analysis.
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T1;::;;mg. Country 0 levies no taria on the imports from countries j 2 A; following the
WTOGE requirements for forming FTAs. With the environmental provisions accompanied
with FTAs, we assume that countries j 2 A must accept a clean technology C transferred
from country 0 and need to use technology C that requires a higher marginal cost than
dirty technology D to produce the industrial good. However, as ¢ > p, country j& Orm
is tempted to use technology D without an enforcement mechanism, so law enforcement
of country j needs to randomly audit Orms to check if the clean technology is being used.
Suppose that country j faces the level of enforcement of technology C, 2 [0;1]. Then, Orm
J produces a fraction of its output with technology C and the rest 1 is produced with
technology D to save money. Enforcing the use of technology C is costly for the government
of country j as it requires strong infrastructure, such as an audit system, and well-disciplined
police. Let Fj( ) be country j B cost of establishing law enforcement that achieves enforcement
level 2 [0;1]. We assume that F;( ) = F +f;( ) with F 0, f;(0) =0, f;() > 0, and
f'() > 0, and that southern countries can dizer in their enforcement costs and can be

ordered (country 1 is the most e¢ cient in law enforcement).

(A4) Ordered Enforcement Cost: for 2 [0;1], f:( ) f.() =1 fn() and ()
f) m fh():

A special case of the above is that all southern countries have the same enforcement costs:
f()="15()forany j =1;:;;S and any 2 [0;1]. Knowing the southern countriesienforce-
ment costs, northern country 0 chooses southern FTA members and sets up an enforcement

level standard 2 [0; 1], ocering them a sign-up subsidy 0 for joining the FTAs.

2.3 Northern market

The industrial good market in northern country O is a Cournot oligopoly with
an inverse demand function P = P(Q). Firms in dicerent countries have dicerent

exective marginal costs. Northern Orm 0 has marginal cost ¢;, Orm j 2 A has
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marginal cost ¢; = cc or c¢p, depending on the type of technology j uses. And
Orm j 2 SnA has marginal cost ¢; =cp + . When there are m southern countries that
supply the product to country 0, and they have heterogeneous costs (Co; C1:::;Cm). Country

J B best response is a solution of
arg rrga}xP Qi +Q-)Qi ¢Qj; (1)
J

P "
where Q_; = i Qi. Summing up the Orst order conditions over j = 0;1;:::; m, we obtain

>
(m+1P Q ci+P’'Q Q=0 )

i=0
which determines equilibrium total output Q. We assume:

(A5) Northern country® demand satisOes strategic substitute condition: P’'(Q)+P”(Q)Q;
0 for all Q and Q; < Q.



2.4 Southern markets

In contrast, we greatly simplify each southern country s market equilibrium. Let country j &

domestic inverse demand function be p(g;). Firm j uses the dirty technology D:
i(05) = p(g;)a;  C;0;: ()

If Orm j uses dirty technology, Orm j & monopoly output and proOt with dirty technology
Dbygoand p = % where qp is implicitly deGned by p(dp) o + P'(dp)do = O.
Similarly, with marginal cost cc, southern countriesi monopoly output and proOt with clean
technology C by gc (deOned in the same way as gp) and ¢ = % As cp < Cc,
0c <(p and ¢ < p hold.

If country j is a nonmember of an FTA (j 2 SnA), Orm j uses surely technology D. If
country j is a member of the FTA, we can have several dicerent possible scenarios for the

output of Orm j as country j has a clean technology enforcement level

(A6) Southern FTA member j & industrial good production is capped with Q¢ +qc, and the

average marginal cost under is cc+(1 )cp.

This assumption that 1j & industrial good production is capped with Qc +qcTis
justiOed if the law enforcement enforces and monitors Orm j & output level.'? If
Orm j produces more than Q¢ +(qc, law enforcement proves that Orm j uses dirty
technology D, since cc > c¢p. Still, Orm j has an incentive to use dirty technology D to
produce Q¢ + gc to earn the dicerence in the marginal costs. Based on enforcement level

, Orm j produces (1  )qc with dirty technology D, and the rest with clean technology C.

This assumption implies that each country s



Under this assumption, Orm j earns exporting and domestic proOts with the clean tech-
nology, and some additional proOt with the dirty technology (1 ) (cc  ¢p) (Qc + gc) due

to limited enforcement.

2.5 Externalities from pollution
The total amount of pollutive emissions in the world is described as follows

> >
E=ecQo+ (ec+ (@ )ep)(Qj+g;)+ ep (Qp +Up); (6)
jeAa jes\A
where ec + (1  )ep is the emission rate of country j for j 2 A, and Q (Qqo;:::; Qm) and
q (qq;::5gm) denote supply vectors in the northern and southern countries, respectively.
Northern and southern countries receive negative externalities from pollutive emissions in an

additive manner (global pollutive emissions) by dyE and dsE, respectively. For simplicity,

we assume that only the northern country cares about these negative externalities:

(A7) Marginal disutility from negative externalities E from pollutive emissions is dy > 0 in

northern country, where it is ds = 0 in southern countries.

Evenifds >0



northern country® consumer surplus is described by CS(k) = ROQ(k) P(Q) P(Qk)) dQ.
Let Q(k)  (Qo(k); Qu(K); 5 Qm(k)) and (k) ( o(k); a(K);:: m(k)) be such that
Qi(k) Q;(Q(k)) and (k) j(Q(k)) for the above ¢ = (Co; C1; ::3; Cm). Countriesisupply
and proOt vectors in the northern market are dependent on their technologies: Q;(k) = Qc (k)
and (k) = (k) for j 2 A, and Qj(k) = Qp(k) and (k) = p(k) forj 2 A. The
southern countriest domestic supply vector is simply determined as q; = qc if j 2 A, and
Jj = o otherwise.

The worldwide emission of pollutive substance under this free trade agreement is described

by

X X
E(k; ) =ecQo(k) + _ (ec+(1 )ep)(Qj(k)+qc)+ ep(Qj(k) +dp)

JEA JES\A

=ecQo(k) +k(ec+(1 )ep)(Qc(k)+dc) +(m Klep(Qo(k) +ap): (V)

The northern country sets a clean-technology enforcement level 2 [0;1] and a sign-up
subsidy 0 for its FTA member (southern) countries, and the northern country agrees
to form a free trade agreement with southern country j if country j is willing to adopt
the clean technology by spending enforcement cost Fj( ) 0 (open membership, or non-

discrimination). The northern country & social welfare can be written as

SWi(k; ; )=SW(k) k dvE(K; ); 8
where SW(K) = CS(k) + o)+ (m Kk)Qp(k) is the northern country® gross social
welfared the sum of consumer surplus, producer surplus, and the taria revenue.

R
Southern country j Tconsumer surplus is described by cs; = csp OqD (p(@) p(gp))dg

R
if j 2 A, and csj = cs¢ (f'c (p(q) p(ac))dgif j 2 A. As we assume ds = 0, the southern

countriesigross social welfare excluding the enforcement cost and the sign-up subsidy for the
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FTA can be written as

swT(k; ) csp(k)+ p(K)+ o (9)

if j 2 A, and

sw'N(k; ) esc(K)+ c(k)+ ¢



Donsimoni et al. (1986), we can show that there always exists a stable FTA.

Proposition 1. For all 2 [0;1] and all 0, there exists a stable FTA for southern
countries under (Al)-(A7).



to Ond the optimal FTA policy for the northern country, we can use the following two-step
procedure: Orst, for each k = 1;::;;m, Ond an optimal combination of policies ( ¥; ¥), then

solve the optimal FTA size k.



memberships for southern countries k*:

k*=arg max SW(k; e, Ky (17)

.....

Proposition 2. Suppose that (Al)-(A4), (A51), (A6), and (A7) hold. Then, the optimal sta-



Proposition 3. Suppose that (Al1)-(A4), (A51), (A6), and (A7) hold. If (i) there are positive
joint gains from forming an FTA between the northern country and southern country 1
(SW() dyvE@ D) +sw'N(; 1) (F + (1) >SW(0) dnE(0;0)+sweVT(0;0)), and (i)
the northern country & gains from the emission reduction from forming the FTA exceeds its
loss in the gross total surplus (SW (1) dnE(1;1) SW(0) dnE(0;0)), then the optimal

FTA for the northern country is nontrivial.

Condition (i) may seem restrictive since it is likely that SW (1) < SW(0) holds especially
if is close to the optimal taria rate for no FTA case. However, it is not di¢ cult to show that
condition (ii) holds, if (a) ec is signiOcantly smaller than ep, and (b) the northern country
has a su¢ ciently high concern about environmental damages (dy is signiCcantly high). This

can be seen by rewriting the reduction in the emissions by the above FTA:

j Ej=E(0;0) E(L1)

_eC



we demonstrate the quantitative properties of our model. In particular, we are interested in
how the law enforcement level , the sign-up transfer to the southern member countries,
and total emissions of environmental pollutants E are acected by the number of southern
member countries in an FTA. We specify the T function as follows:

fil()=Ff()=> % (19)

N =

for all k = 1;::;;m. This formulation satisOes f/(0) = 0 while f(1) = < 4. Then, | is

written as

;=0 %) 4y +aq)

1+co+kec+(m K)(cp+ ) (m+2)Cc+a Cc
m + 2 2b

k C









( and ) to increase southern countriesi membership by evaluating CS, o, and TR (tario
revenues), in addition to emissions E. Here, k = 4 is the optimal number of southern
countries in the FTA (Table 1).

(5) Under some parameter values, nonmember southern countries can be exectively ex-
cluded from the northern market (if P (k) <cc + ).

Moreover, we can easily see how changes in enforcement cost , taric rate
cost of the clean technology cc, and emissions from the dirty technology ep; acect
the optimal number of southern countries participating in the FTA. In Appendix
3, we show the results of the changes in these values ( « = from 0.02 to 0.03,
from 0.1333 to 0.1, cc from 0.08 to 0.06, and ep from 0.3 to 0.5), from which we
can observe the following.

(1) If the enforcement e¢ ciency is lower (higher ), enforcement of clean technology im-
plementation is more di¢ cult and FTA membership declines. This is because to support
the southern FTA members becomes more costly. (Table 3)

(2) A lower taria rate () decreases the number of member countries. Southern countries
have less incentive to become a member with lower tariz rate, since they can still have
access to the northern market even if they are outsiders. (Table 4)

(3) If clean technology is less costly (lower cc), more states will join the FTA. Additionally,



total emissions under the stable FTA in Table 1 is 0.38 whereas the ones under
the stable FTA in Table 6 is 0.3762 due to expanded southern membership.
(Tables 1 and 6)

The above numerical example implies that the optimal size of the FTA for the northern
country cannot be large so that the southern member countries are su¢ ciently motivated to
introduce strict environmental regulations. Brandi et al. (2020) investigated the ecects of
environmental provisions on exports from developing countries based on the newly created
dataset on a broad range of environmental provisions across 680 FTAs. Their analysis shows
that only developing countries with stricter enforcement of environmental policies can green
their exports in response to environmental provisions in trade agreements. Thus, if many
participating countries have a low level of enforcement of environmental regulations, they
may not necessarily contribute to emission reductions even under trade agreements with

environmental provisions.

6 Conclusion

In this paper, we analyzed the stable free trade agreements with environmental provisions
between northern and southern countries, explicitly considering clean technology transfers
and the enforcement of tighter environmental regulation. We characterized the optimal stable
FTA for the northern country, and provided su¢ cient conditions for the optimal stable FTA
to be nontrivial. Our numerical results indicated that the optimal size of the FTA for the
northern country could be rather small to assure the southern member countries su¢ cient
beneCts of getting access to the lucrative northern market so that they are willing to imple-
ment strict environmental measures. It should be noted that behind this result is Proposition

2:



environmental regulations in southern countries. As several empirical studies examine the
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Appendix 1: Proofs

Proof of Proposition 1. First, note f1( ) f() 1 fn( ) forall 2[0;1] by (A4d).

We will prove that there is a stable FTA by an induction argument.

1. Start with k =0. If sw!'N(1; ) F f()+ swOYT(0; ), then, k = 0 is a stable

FTA, and we are done. Otherwise, we have sw'N(1; ) F f( )+ >sw®'T(0; ).

2. For an FTA size k 1, suppose that sw'N(k; ) F fi()+ >swT(k 1;)
holds. This implies sw'N(k; ) F fj()+ =>swYT(k 1; )forallj2A. If
swiN(k+1; ) F Fiea( )+  swOUT(k; ), thensw!N(k+1; ) F ()+
sweUT (k; ) holds for all j 2 A, and A = f1;:::;kg is a stable FTA. Otherwise, we have
sw'N(k+1; ) F fia( )+ =>swCYT(k; ), and the induction hypothesis holds for

an FTA size k + 1.

3. By induction, sw'N(m; ) F f,()+ >sw®T(m 1; ) holds. This implies that
A = S is internally stable. As there are no more southern countries, we conclude that

A =S is a stable FTA.

We completed the proof. Q.E.D.

Proof of Lemma 1. First, note that given k and , the northern country® social welfare
SW (k; ; ) is monotonically decreasing in . Thus, as long as the constraints in (14) are
satisCed, should be minimized. In the following, we show that if the Orst constraint is

satisCed with equality then the second condition is also satisGed. From the above calculations,
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we know

swNK)= c(k)+csc+ ¢+ )@ +Qc(K)(cc c¢p)

2 2
1 Th4e m+Dectm@ot ) ko+  co)f + o8 )

m+ 2 8b
2 k
+ (1 ) a 2bCC + 1+ (m + )CC + Tn(-?-D2+ ) (CD T CC) (Cc CD);
(21)
and
Qc(k)=1+co (m k+2)cc+(m K)(cp+ ); 22)

m+2

swUT(k 1)= pk)+csp+ b
2
= ——— [l+c 2(cp+ )+(@p+ c) k(@o+ co)f

m+2
2
+ 20 g camEor o) o+ cof
[L+c 2(p+ )+(p+  co): (23)

Thus, subtracting the former from the latter, we have

wOUT(k 1) sw'N(k)

(m+D@o+ cc)2(1+c) (M+2)cc+(M+2)(co+ ) 2k(o+  cc)l

(M + 2)?
@ fpEelte edeien) Kot 0 ¢ o o
(24)

where D = 3(""‘8?)2 3("";§D)2. That is, swPYT(k 1) sw'N(k) is increasing in k and
Because fi( ) fie1( ), we conclude that if the Orst condition holds with equality
swN(k; ) F fi()+ =swCT(k 1), then the second condition holds with slack

swN(k+1; ) F fiei()+ <swOT (k). Q.E.D.
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Proof of Proposition 2. The Orst statement follows from Lemma 1. Problem (14) can be

written as
SW(k; ; (ki ))=CS(k)+ ok)+ (M Kk)Qo(k) k (ki) dnEC(k; ): (25)

Thus, given Kk, the social optimum | is characterized by

E
kg— + dN%— =0; (26)

Rewriting this, we obtain

l+cyg+kecec+(m Kk)(cp +






written as

Qo(k) = ﬁ fl+(kkecc+(M K)(cop+ ) (M+1)ceg; (33)
QM= 46 (M k+2oc+m Ko+ )l (34)
QoK) = o li+corkic (k+2) @+ )] (3)

respectively. Thus, the equilibrium total output in the northern market is

(m+1) (co+kecc+(m Kk)(cp+ )),
m + 2 '

XX
Qk) = Qik) =

i=0

(36)

Since j = QJ?, proOts from the northern market earned by Orms in the northern country,
the southern FTA country (with the clean technology), and the southern non-FTA country
(with the dirty technology) are

2

(W= Lo 0 meDorkec+m Ko+ I @
2
W= — [+ M k+Dec+m Ko+ N (@)
2
W= o [rarkec (K+2)(+ F; (39)

respectively. Thus, the northern country® equilibrium consumer surplus CS is calculated as

[(m+1) (co+kec+(m Kk)(co+ NI

cst) = 2 (m + 2)?

(40)
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The amount of equilibrium total emissions is written as

B )=(2ep ec) ML CGtkeerm Ko+ )

m+ 2 m+ 2
a Cc a Cp
(eo ec)(I cc)+ep K % +(m k) b
o ec) 1+c+kecc+(m Ko+ ) (M+2)co
D C m+ 2
1+co+kcc+(m KkK)ep (m+2)cc a c¢
(e ec)k pe—— + (41)
The Northern countryE taria revenue is
m Kk
TR(k) = (m k) Qp(k)= mT2 [L+co+kee (k+2)(co+ )] ; (42)
and its social welfare without environmental concerns is
SWE(k) = CS(K) + o(k) + TR(K) (43)

_[(m+1) (co+kec+ (M K)o+ NI
B 2 (m + 2)?

TRB#m k) Qok)=""

k



rate is



Table 4: Lower Taric Rate: =0:1

k 0 1 2 3 4 5 6 7 8 9 10
Q | 0.78333] 0.78917| 0.79500| 0.80083| 0.80667| 0.81250| 0.81833| 0.82417| 0.83000| 0.83583| 0.84167
P | 0.21667| 0.21083| 0.20500| 0.19917| 0.19333| 0.18750| 0.18167| 0.17583| 0.17000| 0.16417| 0.15833
Qo | 0.11667] 0.11083| 0.10500| 0.09917| 0.09333| 0.08750| 0.08167| 0.07583| 0.07000| 0.06417| 0.05833
Qc | 0.13667] 0.13083] 0.12500| 0.11917| 0.11333] 0.10750| 0.10167| 0.09583| 0.09000| 0.08417| 0.07833
Qp | 0.06667| 0.06083| 0.05500| 0.04917| 0.04333] 0.03750| 0.03167| 0.02583| 0.02000| 0.01417| 0.00833
o | 0.01361] 0.01228] 0.01103| 0.00983| 0.00871| 0.00766| 0.00667| 0.00575| 0.00490| 0.00412| 0.00340
c | 0.01868| 0.01712| 0.01563| 0.01420| 0.01284| 0.01156| 0.01034| 0.00918| 0.00810| 0.00708| 0.00614
o | 0.00444| 0.00370 0.00303| 0.00242| 0.00188| 0.00141| 0.00100| 0.00067| 0.00040| 0.00020| 0.00007
CS | 0.30681] 0.31139| 0.31601| 0.32067







