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Abstract

This paper introduces the Razmi (2016) model, including technology transfers from the postin-
dustrial Global North regarding environmental technologies to the comparatively underdeveloped
Global South. We examine the varying impact of regulations and technology transfer policies for
greenhouse gas emissions and pollution exports with and without an international permit trading
market.

The main conclusions are as follows. With a sufficient international permit trading market,
policies that promote technology transfer to the South or reduce pollution exports increase the
North–South gap. Such policies reduce the North–South gap without an international emissions
trading market. In sum, specific environmental policies and North–South interests differ depending
on the presence or absence of an international permit trading market.

Key words: North–South economy, Environmental Macroeconomics, Greenhouse Gases,
Emissions, Technology Transfer

JEL Classifications: Q50, F18, O44

1 Introduction

Global warming due to carbon dioxide emissions and other greenhouse gases has become increas-
ingly severe, and environmental macroeconomics, which focuses on macroeconomic sustainability, has
flourished. The environment is fundamentally supply-constrained, and few studies initially emerged
from the postKeynesian perspective, which emphasizes effective demand. Nonetheless, research has in-
creased recently, and the field of environmental macroeconomics has taken a firm position. Ando (2021)
stated that this increase occurred because emphasizing irreversible historical time has highlighted the
importance of the postKeynesian approach. Furthermore, sizable effective demand shortfalls are ex-
pected as greenhouse gas emissions are curbed, and unrealistic “weak sustainability” expectations of
resource and artificial capital substitutability are also anticipated. However, most existing studies
apply closed models for a single country.

The conflict between developed countries in the Global North (North) and developing countries
in the Global South (South) persists at international conferences on controlling greenhouse gas emis-
sions. While there is a shared recognition of the differentiated responsibilities of North and South,
disagreements often arise over specific emission control measures. Conflicts of interest between North
and South, how to resolve them, and how to promote cooperation are key to resolving this problem.

Since Taylor (1981), research has been conducted using a structuralist North–South model, which
focuses on the structural differences between the North and South. Murshed (1995) introduces a
North–South permit trading market for greenhouse gases into an earlier conventional model (Murshed,
1992). He discusses the impact of changes in the emission efficiency of the two regions on the economies
of the North and South. In Murshed (1992), price adjustments are made in the South’s goods market,
and the adjustment variable is the terms of trade. In the Northern goods markets, quantity adjustments
are made, and output is the adjustment variable. The main conclusions of this paper are as follows.
Emission efficiency in the South tends to decrease the terms of trade in the South while increasing
output in the North. Conversely, emission efficiency in the North tends to decrease terms of trade
in the South while decreasing output in the North. In other words, the results show that efficiency
in the South benefits the North, while emission efficiency in the North does not benefit the South.
Based on the above results, additional policies, such as debt cancellation from the North to the South,
are needed to bring the South into the emissions trading market. This study is limited to a constant
short-term analysis of capital and does not discuss its impact on income distribution, such as wages
and profits.
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Razmi (2016) constructs a structuralist North–South model that considers the long run as capital
changes and explicitly impacts income distribution, including wages and profits. The study discusses
the impact of emission regulations in the respective North and South on the North–South economy,
with and without an international permit market. The main conclusion is that when an international
permit market exists, a tradeoff arises between an international distribution and environmental regu-
lation because, under certain conditions, the relative capital stock of the emission-regulated country is
reduced1. Without an international permit market, tighter emission controls in the North will cause
technological progress that reduces emissions in the North to maintain the desired capacity utilization
rate. However, because the desired long-term utilization rate remains unchanged, the distributional
relationship within the North and South countries remains unchanged. Because the North’s economy
cannot influence the permit market, emission permit prices also remain unchanged. As a result, the
profit rates in North and South remain unchanged, and the capital ratio between North and South is
unaffected; thus, there is no impact on international distribution. Conversely, stricter emission controls
in the South will increase the price of emission permits, thereby decreasing the South’s profit rate and
relative capital ratio. The results differ when an international permit market exists. First, tighter
emission controls in the North increase the price of emission permits through an international permit
market. This situation increases the South’s profit rate and capital ratio because of the income trans-
fer from the North to the South through permits trading sales and purchases. In contrast, increasing
the price of emission permits promotes technological innovation in the North, which moderates the
rise in emission permit costs and reduces the capital ratio in the South. The magnitude of these two
effects determines the impact on international distribution. Tighter emission controls in the South
have essentially the same result.

The work by Althouse et al. (2020) is based on the Thirlwall (1979) model, representing a homo-
geneous two-country Keynesian game rather than a structuralist model that assumes a North–South
economic asymmetry. The difference is that this approach assumes that the North is primarily respon-
sible for innovations related to environmental technology, which are then transferred to the South. The
paper then imposes worldwide greenhouse gas emission constraints and examines the conditions under
which sustainable growth is possible. The paper is unique because it assumes technology transfers and
pollution exports from the North to the South.

This current paper discusses the impact of North–South greenhouse gas emission regulation. We
introduce North-to-South technology transfer and pollution export into the Razmi (2016) model,
referencing Althouse et al. (2020). Technology transfer from the North to the South is a promising
policy for resolving the North–South conflict over greenhouse gas emission controls. Furthermore, the
North may arguably achieve greening by forcing pollution on the South in an ecologically unequal
exchange. This argument should be examined in a structuralist North–South model, such as the one
presented in this paper.

This paper is organized as follows. Section 2 describes the structure of the model, and Section
3 discusses a case without an international permit market. Section 4 discusses the case with an
international permit market, and Section 5 concludes.

2 Structure of the model

This section constructs the model.
First, the production function is assumed to be of the Leontief type as follows.

Yi = min{ Li
aLi

,
Ki

aKi
,
Ei
aEi

}; i = N,S (1)

Here, Y is production, L is labor, and aL is labor per one unit of output, K is capital. Furthermore,
aK is capital per one unit of output, E is the annual flow of emission permits, and aE is emission
permits per unit of output. The subscript i denotes N for the North and S for the South. Note that
the goods in the North serve as both consumption and investment goods. In contrast, the goods in
the South are consumption goods, and capital goods are imported from the North. Both countries
also require emission permits per unit of production.

Next, we discuss the demand for consumption in the North. We assume that workers consume all
their wages and capitalists put some of their income into savings. Moreover, the government directs all
the proceeds from the initial sale of emission permits to consumption. We assume that the spending
proportions of workers, capitalists, and the government in the North (concerning their goods) and
those in the South are the same. In this case, the demand CNN for goods in the North is

CNN = Aqα(1− sNΠN )YN (2)

1Dutt (1990) called the decrease in the capital ratio of the South to the North “uneven development.” This paper
follows this definition for the North–South gap.
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Let q be the relative price of goods in the South and Aqα be the ratio of consumption in the North to
goods in the North. Moreover, sN is the saving rate of capitalists in the North, and ΠN is the profit
share of the North.

The North’s profit share, ΠN , is as follows.

ΠN = 1− ωNaLN − qENaEN (3)

Here, ωN represents real wages in the North, and qEN represents the relative price of emission permits.
Note that both variables are based on goods in the North.

The North’s demand, CSN , for the South’s good, is as follows.

CSN = (1−Aqα)(1− sNΠN )
YN
q

(4)

Workers consume their wages in the South, and capitalists save some of their income. We also
assume that the South consumes only their own goods. Thus, the South’s consumption CSS of South’s
goods is as follows.

CSS = (1− sSΠS)YS (5)

sS is the savings rate of capitalists in the South, and ΠS is the South’s profit share.
The South’s profit share, ΠS , is as follows.

ΠS = 1− ω̄SaLS − qES
q
aES (6)

Here, ωS represents the real wage in the South, which is constant, assuming abundant surplus labor
in the hinterland.

We assume that the North’s capital accumulation rate gN is a positive function of its profit rate
rN = ΠNYN

KN
. Thus, we obtain the following equation.

gN = f(rN ) (7)

The South’s capital accumulation rate gS is determined to establish a trade balance equilibrium.
The South produces no capital goods and imports capital goods from the North. Thus, we obtain the
following equation.

gS = sSrS (8)

The profit rate rS in the South is evaluated in terms of goods in the North; therefore, rS = qΠSYS

KS
.

Next, the equilibrium conditions for the South’s goods market are as follows.

YS − CSS − CSN = 0 (9)

Substituting equation (4)(5) into equation (9), we obtain the following.

qSSΠSYS − (1−Aqα)(1− sNΠN )YN = 0 (10)

The goods market equilibrium equation for the North is as follows.

YN = CNN + gNKN + gSKS (11)

Substituting equations (2)(7) into equation (11), we obtain the following.

[1−Aqα(1− sNΠN )]YN − f(ΠN
YN
KN

)KN − gSKS = 0 (12)

Using the trade balance equation gSKS = (1−Aqα)(1−sNΠN )YN , equation (11) can be rewritten
as follows.

sNΠNYN − f(ΠN
YN
KN

)KN = 0 (13)

Next, we describe the permits trading market. First, emission permits are capped and then used as
input in production and as assets for future use. Thus, the emission permits trading market equilibrium
can be expressed as follows.

Ēpast + Ēcurrent − aESYS − aENYN − edS(1−
qE

q̄E
) = 0 (14)
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Here, Ēpast and Ēcurrent are the limits on the amount of allocated emission permits as past and current
limits, respectively. edS is the demand function for emission permits as an asset that can be stored, and
q̄E is the expected long-term trading price of emission permits. The difference between the expected
and actual prices affects the demand for emission permits as an asset.

In the following, we consider cases with and without an international permits trading market.
Equation (14) represents the case where North and South participate in the international permits
trading market. Without an international permits trading market, we assume permit trading occurs
in the South; thus, we use the following equation instead of equation (14).

Ēpast + Ēcurrent − aESYS − edS(1−
qES
q̄ES

) = 0 (15)

In this case, the emission permit price is determined in the South and changes from qE to qES in
equation (15).

3 Act I: No international permit trade

This section considers the case where there is no international permit trade. In this case, the amount
of emission permits constrains production in the North, while capital constrains production in the
South.

First, we aggregate the equations.
We have the following from equation (10).

S(q, ωN , q
E
S ) ≡ sSΠS

k

aKS
− (1−Aqα)(1− sNΠN )

ēN
qaEN

= 0 (16)

We have the following from equation (13).

N(q, ωN , q
E
S ) ≡ sNΠN

ēN
aEN

− f(ΠN
ēN
aEN

) = 0 (17)

We have the following from equation (15).

E(q, ωN , q
E
S ) ≡ ēpast + ēS − aES

aKS
k − edS(1−

qES
q̄ES

) = 0 (18)

The dynamic equation for the North–South capital ratio is then as follows.

k̂ = gS − gN (19)

Furthermore, the dynamic equation for the environmentally conservative innovation in the North
is as follows.

âEN = η(
ēN
aEN

− µ) (20)

Here, µ is the desired utilization rate that the firm uses as a benchmark. If this utilization rate is
lower than the actual utilization rate, environmentally conservative innovations occur to increase it;
the incentive is to surpass environmental constraints.

The following presents the dynamic equation for environmentally conservative innovation in the
South.

âES = −c− σ
aES
aEN

+ bgN (21)

The formulation of this equation follows Althouse et al. (2020). The first term on the right-hand side
represents the South’s original capacity for technological innovation. The second term on the right-
hand side represents the technological spillover from the North to the South; the larger the North–South
technology gap, the greater the spillover effect. The third term on the right-hand side represents the
transfer of pollution from the North to the South; as the North’s growth rate increases, the South’s
greenhouse gas emissions per output increase. This situation is referred to as the international rebound
effect. Althouse et al. (2020) indicate that increased resource use due to growth in the North increases
pollution and resource-intensive (i.e., greenhouse gas emission-intensive) production in other regions.
This current paper is new in that it introduces equation (21) into the Razmi (2016) model. That is,
aES is endogenized.
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The above model includes eight endogenous variables (q, ωN , qES , k, aEN , aES , ΠN and ΠS) and
eight equations—(3)(6)(16)–(21). The decision relations are as follows. First, if k, aEN , and aES take
appropriate values, then (18) determines qES . Then, (3) and (18) determine ΠN and ωN , and (6) and
(16) determine ΠS and q. Then, from (19)–(21), k, aEN and aES move and the model changes.

Table 1 presents the results of the comparative statistics.2.

Table 1: Comparative statics, Act I
k aEN aES

eN ± + +
eS + 0 0
c + 0 −
σ + 0 −
b − 0 +

The increase in eN implies a relaxation of emission restrictions in the North; aEN increases because
emissions per output in the North increase accordingly. This situation reduces the technology gap
between the North and South, weakening the spillover effect and increasing emissions per output in
the South, which increases aES . The increase in eN increases the South’s profit rate by increasing the
North’s production and the South’s exports. Conversely, increases in aEN and aES result in higher
emission rights costs, which decrease the South’s profit rate. Therefore, the impact on k depends on
which of these two effects is larger. In Razmi (2016), aES is unchanged because aES is not endogenized,
and the emissions trading market is not affected; thus, k is unchanged.

The increase in eS implies a relaxation of emission restrictions in the South, and the emission
permit market is correspondingly oversupplied; thus, emission permit prices decrease, the profit rate
in the South increases, and k increases. These effects are completed in the South’s economy and do
not change the North’s emissions per output, aEN . Thus, no new technology spillovers or pollution
transfers from the North occur; therefore, the South’s emissions per output, aES , remain unchanged.

An increase in c implies an upsurge in the South’s technological innovation, which decreases the
South’s emissions per output aES . This situation increases k because the South’s profit rate increases.

An increase in σ implies a more substantial spillover effect; therefore, the result is the same as an
increase in c.

An increase in b implies a transfer of pollution from the North to the South; therefore, the emissions
per output aES in the South increase.

4 Act II: Introducing international trade in permits

This section considers the case of an international permit trading market. First, emission permits are
traded internationally; hence, emission permits do not constrain the North’s production. We follow
Razmi (2016) and assume that the amount of capital constrains the North’s production. The North
can procure emission permits for production on the international permit trading market.

Emission permits are traded internationally; therefore, the goods market equilibrium equations for
the North and South differ slightly from those in the previous section. The goods market equilibrium
equation for the South becomes 3.

S(q, wN , q
E) ≡ sSΠS

k

aKS
− (1−Aqα)(1− sNΠN )

qaKN
− Aqα

qaKN
qEψ = 0 (22)

Note that ψ = aEN − eNaKN .
The goods market equilibrium equation for the North is as follows.

N(q, wN , q
E) ≡ sNΠN

aKN
− f(

ΠN
aKN

)− h = 0 (23)

Here, h is the capital account balance valued at the North’s capital and is constant.
The equilibrium equation for the permit trading market is as follows.

E(q, wN , q
E) ≡ ēpast + ēS + ēN − aES

aKS
k − aEN

aKN
− edS(1−

qE

q̄E
) = 0 (24)

2See Appendix 1 for the calculation process.
3See Appendix 2 for the derivation of this equation.
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The dynamic equation for the North–South capital ratio k is as follows.

k̂ = sSrS − f(
ΠN
aKN

) (25)

The dynamic equation for the North emission efficiency aEN is as follows.

âEN = θ(Λ− qEaEN ) (26)

Here, Λ is the baseline expected emission cost. Equation (26) shows that as the real emission cost
rises, firms increase their emission efficiency to reach the baseline expected emission. Without an inter-
national permit trading market, emission permits would constrain production in the North; however,
this is no longer the case, and technological progress depends on price factors.

The dynamic equation for the southern emission efficiency aES is as follows.

âES = −c− σ
aES
aEN

+ bf(
ΠN
aKN

) (27)

The model is completed with eight endogenous variables (q, ωN , qE , k, aEN , aES , ΠN and ΠS)
and eight equations: (3)(6)(22)–(27).

The decision relationship is as follows. First, we assume that k, aEN and aES take appropriate
values. Then, qE is determined from (24) equation. Therefore, (3) and (23) determine ΠN and ωN
and (6) determines ΠS . Next, q is determined by (22). Then, k, aEN and aES move from (25)–(27),
and the entire model moves.

Table 2 presents the results of the comparative statistics.4.

Table 2: Comparative statics, Act II
k aEN aES

eN − + +
eS ± + +
c − + −
σ − + −
b + − +

As eN increases, the demand for goods in the South decreases as the North pays more emission
rights costs to the South, and the terms of trade q in the South decreases. This works to decrease the
profit rate in the South. An increase in eN also means a loosening of the North’s emissions constraints,
so that the emissions price qE falls, thereby affecting the South’s emissions revenues and the North’s
incentives for eco-efficient technological progress. These effects also affect the South’s profit rate, but
we assume that this effect is not very large. This assumption is based on the realistic assumption that
the price elasticity of demand for emission permits is quite large. Thus, the effect of reduced terms of
trade in the South ultimately outweighs the other effects. As a result, the relative amount of capital
in the South also decreases. The decrease in qE reduces the incentive for emission efficiency in the
North and increases the North’s per-unit emissions aEN . An increase in aEN reduces the North–South
technology gap and weakens spillover effects, thus increasing per-unit emissions aES in the South.

An increase in eS decreases the emission permits price, qE , and the profit rate in the South. In
contrast, a decline in qE reduces the North’s incentive for eco-efficient technological progress, increasing
the North’s per-unit emissions, which; this rise, in turn, increases qE . This effect also increases the
rate of profit in the South. The larger of these two effects determines the impact on k. These results
are the same as that of Razmi (2016).

An increase in c leads to a decrease in aES . Thus, the emission rights price, qE , decreases since
demand in the emissions trading market falls; therefore, k, which represents the relative capital accu-
mulation in the South, also decreases. Decreasing permit prices weakens the incentive for technological
progress in the North and increases emissions per unit.

The σ and b results can be interpreted similarly to c.

5 Conclusion

This paper introduced the Razmi (2016) model, including technology transfers from the North regard-
ing environmental technologies in the South. This approach allows us to investigate how the impact

4See Appendix 3 for the calculation results.
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of tighter emission controls in the North and South differs depending on the presence or absence of an
international permits trading market.

If an international permit trading market exists, tighter emission controls in the North, i.e., a
decrease in eN , increases the South’s profit rate and relative capital accumulation due to higher the
terms of trade q in the South. Conversely, without an international permit trading market, tighter
emission controls in the North reduce Northern production, reducing the South’s profit rate.

Tighter emission regulations in the South increase emission permit prices; however, an international
emission permit trading market increases revenues for the South from the emission permit trading
market and higher production costs. Higher emission permit prices also lead to environmental cost-
saving technological progress in the North, which decreases the price of emission permits and depresses
the South’s rate of profit. Thus, the greater of these two effects determines the impact on the South’s
relative capital accumulation. Without an international permits trading market, the South’s relative
capital ratio decreases because higher permit prices depress the South’s profit rate due to higher
production costs. These results are generally the same as those of Razmi (2016).

Improvements in autonomous environmental technology in the South decrease emission permit
prices; however, with a sufficiently large international emission permit trading market, the South’s
rate of relative capital accumulation decreases because revenues from the North decline. Without an
international permits trading market, the relative rate of capital accumulation in the South increases
because the drop in permit prices reduces the cost of production and increases the rate of profit in the
South.

If spillovers from the North proceed with and without an international permits trading market, the
results would be the same as if environmental technology in the South were to improve autonomously.

As the South’s per-unit greenhouse gas emissions increase, emissions of pollution exports increase
the price of emission permits. Then, if a sufficiently large international permits trading market exists,
permit revenues from the North to the South increase, and the South’s profit rate rises. As a result, the
South’s relative rate of capital accumulation increases. Conversely, if no international permit trading
market exists, the cost of production increases and the rate of profit in the South declines. As a result,
the relative rate of capital accumulation in the South increases.

The above results reveal that, with a sufficiently large international permits trading market, policies
promoting technological progress in the South and reducing pollution exports increase the North–
South gap. In other words, Southern countries may not favor policies that promote emission-saving
technological progress and technology transfer from the North to the South or reduce pollution exports
in the South. Conversely, without an international permit trading market, such policies may be
acceptable to Southern countries, but Northern countries may resist them.

Note that this paper did not consider the case of a small permit trading market to clarify the effect
of an international permit trading market. This issue can be addressed in future research.

Appendix 1

We next investigate the Jacobian in the vicinity of equilibrium.
From South’s goods market equilibrium equation, the following equation holds.

∂q

∂k
=

− sS
aKS

[(1− ω̄SaLS)q − qES aES ] +
sSkaES

aKS

∂qES
∂k

sS(1− ω̄SaLS)
k

aKS
+ (1− sNΠN ) ēN

aEN
Aqα−1

< 0 (28)

From the permit trading market, the following equation holds.

∂qES
∂k

=
aES q̄

E
S

aKSed
′
S

> 0 (29)

Therefore, the following equation holds.

a11 =
sS
aKS

[(1− ω̄SaLS)
∂q

∂k
− aES

∂qES
∂k

] < 0 (30)

From South’s goods market equilibrium equation, the following equation holds.

∂q

∂aEN
= −

(1−Aqα)ēN [sNaLN
1−ωNaLN

aENaLN
+ 1− sN (1− ωNaLN )]

(aEN )2[sS(1− ω̄SaLS)
k

aKS
+ (1− sNΠN ) ēN

aEN
Aqα−1]

< 0 (31)

Therefore, the following equation holds.

a12 =
sS
aKS

(1− ω̄SaLS)
∂q

∂aEN
< 0 (32)
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From South’s goods market equilibrium equation, the following equation holds.

∂q

∂aES
=

sSk
aKS

(aES
∂qES
∂aES

− qES )

sS(1− ω̄SaLS)
k

aKS
+ (1− sNΠN ) ēN

aEN
Aqα−1

< 0 (33)

From the permit trading market, the following equation holds

∂qES
∂aES

=
kq̄ES

aKSed
′
S

> 0 (34)

Therefore, the following equation holds.

a13 =
sS
aKS

(1− ω̄SaLS)
∂q

∂aES
− sS
aKS

(
∂qES
∂aES

aES + qES ) < 0 (35)

a21 = 0 (36)

a22 = −η ēN
a2EN

< 0 (37)

a23 = 0 (38)

a31 = 0 (39)

a32 =
σaES
(aEN )2

> 0 (40)

a33 = − σ

aEN
< 0 (41)

Next, we consider the stability conditions.

a11 + a22 + a33 < 0 (42)

∣∣∣∣ a11 a12
a22 a23

∣∣∣∣+ ∣∣∣∣ a11 a13
a31 a33

∣∣∣∣+ ∣∣∣∣ a22 a23
a32 a33

∣∣∣∣ = a11a22 + a11a33 + a22a33 > 0 (43)

|det|= a11a22a33 < 0 (44)

Therefore, the stability condition is satisfied.

Comparative statics of eN
From South’s goods market equilibrium equation, the following equation holds.

∂q

∂eN
=

1−Aqα
aEN

(1− sNΠN )

sS(1− ω̄SaLS)
k

aKS
+ (1− sNΠN ) ēN

aEN
Aqα−1

> 0 (45)

Therefore, the following equation holds.

b1 = − sS
aKS

(1− ωSaLS)
∂q

∂eN
< 0 (46)

b2 = − η

aEN
(47)

b3 = 0 (48)

dk

deN
=

∣∣∣∣∣∣
b1 a12 a13
b2 a22 0
0 a32 a33

∣∣∣∣∣∣
|det|

=
b1a22a33 + b1a13a32 − b2a12a33

|det|
(49)

daEN
deN

=

∣∣∣∣∣∣
a11 b1 a13
0 b2 0
0 0 a33

∣∣∣∣∣∣
|det|

=
a11b2a33
|det|

> 0 (50)
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daES
deN

=

∣∣∣∣∣∣
a11 a12 b1
0 a22 b2
0 a32 0

∣∣∣∣∣∣
|det|

=
−a11b2a32

|det|
> 0 (51)

Comparative statics of eS

c1 = −
sS
aKS

aES q̄
E
S

ed
′

S

(1− sNΠN ) ēN
aEN

Aqα−1

Sq
< 0 (52)

Sq = sS(1− ω̄SaLS)
k

aKS
+ (1− sNΠN )

ēN
aEN

Aqα−1 > 0 (53)

c2 = 0 (54)

c3 = 0 (55)

dk

deS
=

∣∣∣∣∣∣
c1 a12 a13
0 a22 0
0 a32 a33

∣∣∣∣∣∣
|det|

=
c1a22a33
|det|

> 0 (56)

daEN
deS

= 0 (57)

aES
deS

= 0 (58)

Comparative statics of c

d1 = 0, d2 = 0, d3 = 1 (59)

dk

dc
=

∣∣∣∣∣∣
0 a12 a13
0 a22 0
1 a32 a33

∣∣∣∣∣∣
|det|

= −a22a13
|det|

> 0 (60)

daEN
dc

=

∣∣∣∣∣∣
a11 0 a13
0 0 0
0 1 a33

∣∣∣∣∣∣
|det|

= 0 (61)

daES
dc

=

∣∣∣∣∣∣
a11 a12 0
0 a22 0
0 a32 1

∣∣∣∣∣∣
|det|

=
a11a22
|det|

< 0 (62)

Comparative statics of σ
It is basically the same as the comparative statics of c.

Comparative statics of b
The comparative statics of c and σ are the same, except that the signs are opposite.

Appendix 2

First, the goods market in the South can be written as follows.

qYS = (1−sSΠS)qYS+YNqE(EN−ĒN )+(1−Aqα)(1−sNΠN )YN−(1−Aqα)YNqE(EN−ĒN ) (63)

The first term on the right-hand side of equation (63) is the South’s demand for the consumption
of goods. The second term on the right-hand side is the expenditure by the South’s government on
goods. In other words, the South’s expenditure on goods directs emission permit payments from the
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North to the South’s government. The third term on the right-hand side is the North’s demand for
goods in the South. The fourth term on the right-hand side represents the reduced demand for goods
in the South due to permit payments from the North to the South’s government.

Transforming equation (63), we obtain the following.

sSΠSYS − (1−Aqα)(1− sNΠN )

q
YN − Aqα

q
YNq

E(
EN
YN

− ĒN
YN

) = 0 (64)

Dividing both sides of this equation by KN , we obtain equation (22).

Appendix 3

From the balance of payments equilibrium equation, we obtain sSrS = (1−Aqα)(1−sNΠN )+AqαqEψ
aKNk

. In
the following, we use this equation to find the Jacobian in the neighborhood of the equilibrium value.

b11 =
1

aKNk2
{[Aαqα−1(qEψ−1+sNΠN )

dq

dk
+Aqαψ

dqE

dk
]k−(1−Aqα)(1−sNΠN )−AqαqEψ} (65)

dq

dk
=

− sSΠS

aKS
+ [ sSkaES

aKSq
+ Aqαψ

qaKN
]dq

E

dk

Sq
(66)

Sq =
1

q2
{sSqEk

aES
aKS

+ (1− sNΠN )
1− (1− α)Aqα

aKN
+

(1− α)qEAqαψ

aKN
} > 0 (67)

dqE

dk
=
aES q̄

E

aKSed
′
S

(68)

Assume that the price elasticity of demand for emission permits ed
′

S is relatively large and the value

of dqE

dk is negligibly small. We also assume sufficient permit trading and that qEψ − 1 + sNΠN > 0.

Thus, dqdk < 0 and b11 < 0. The above assumptions are also used in the following calculations.

b12 =
1

aKNk
[Aαqα−1(qEψ − 1 + sNΠN )

dq

daEN
+Aqαψ]

dqE

daEN
> 0 (69)

dqE

daEN
=

q̄E

aKNed
′
S

> 0 (70)

dq

daEN
=

( sSkaES

aKSq
+ Aqαψ

qaKN
) dqE

daEN

Sq
> 0 (71)

b13 =
1

aKNk
[Aαqα−1(qEψ − 1 + sNΠN )

dq

daES
+Aqαψ]

dqE

daES
> 0 (72)

dqE

daES
=

kq̄E

aKSed
′
S

> 0 (73)

dq

daES
=

( sSkaES

aKSq
+ Aqαψ

qaKN
) dq

E

daES

Sq
> 0 (74)

b21 = −θaEN
dqE

dk
< 0 (75)

b22 = −θ(aEN
dqE

daEN
+ qE) < 0 (76)

b23 = −θaEN
dqE

daES
< 0 (77)

b31 = 0 (78)

b32 =
σaES
(aEN )2

> 0 (79)

b33 = − σ

aEN
< 0 (80)
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Thus, the following stability conditions hold in the neighborhood of the equilibrium value.

b11 + b22 + b33 < 0 (81)

∣∣∣∣ b11 b12
b22 b23

∣∣∣∣+ ∣∣∣∣ b11 b13
b31 b33

∣∣∣∣+ ∣∣∣∣ b22 b23
b32 b33

∣∣∣∣ = b11b23 − b12b22 + b11b33 + b22b33 − b23b32 > 0 (82)

|det|=

∣∣∣∣∣∣
b11 b12 b13
b21 b22 b23
b31 b32 b33

∣∣∣∣∣∣ = b11b22b33 + b21b32b13 − b11b23b32 − b12b21b33 < 0 (83)

Comparative statics of eN
From South ’s goods market equilibrium equation, the following equation holds.

dq

deN
=

( sSkaES

aKSq
+ Aqαψ

qaKN
) dq

E

deN
− AqαqE

q

Sq
< 0 (84)

From the permits trading market, the following equation holds

dqE

deN
= − q̄

E

ed
′
S

< 0 (85)

Thus, the sign of the following equation is determined.

c′1 = −d(sSrS)
deN

= − 1

aKNk
[(qEψ − 1 + sNΠN )Aαqα−1 dq

deN
+Aqαψ

dqE

deN
−AqαqEaKN ] > 0 (86)

c′2 = θaEN
dqE

deN
< 0 (87)

c′3 = 0 (88)

dk

deN
=

∣∣∣∣∣∣
c′1 b12 b13
c′2 b22 b23
0 b32 b33

∣∣∣∣∣∣
|det|

=
c′1(b22b33 − b23b32) + c′2(b13b32 − b12b33)

|det|
(89)

c′1(b22b33 − b23b32) + c′2(b13b32 − b12b33) = − 1

aKNk
[Aαqα−1(qEψ − 1 + sNΠN )×

( sSkaES

aKSq
+ Aqαψ

qaKN
) dq

E

deN
− AqαqE

q

Sq
+Aqαψ

dqE

deN
−Aqαq̄EaKN ]

θσ

aEN
(aEN

dqE

daEN
+ qE + aES

dqE

daES
)

+ θaEN
dqE

deN

σ

aKNkaEN
(
aES
aEN

+ 1)[Aαqα−1(qEψ − 1 + sNΠN )
( sSkaES

aKSq
+ Aqαψ

qaKN
) dqE

daEN

Sq
+Aqαψ

dqE

daEN
]

(90)

Here, assuming that the price elasticity of GHG permits trading as an asset is relatively large, the

effects of dq
E

deN
, dqE

daEN
, and dqE

daES
can be ignored. Therefore, c′1(b22b33 − b23b32) + c′2(b13b32 − b12b33) > 0

and dk
deN

< 0.

daEN
deN

=

∣∣∣∣∣∣
b11 c′1 b13
b21 c′2 b23
0 0 b33

∣∣∣∣∣∣
|det|

=
b33(b11c

′
2 − b21c

′
1)

|det|
(91)

b11c
′
2 − b21c

′
1 =

θaEN
aKNk

[Aαqα−1(qEψ − 1 + sNΠN )(
dq

dk

dqE

deN
− dqE

dk

dq

deN
)

− (1−Aqα)(1− sNΠN ) +AqαqEψ

k

dqE

deN
− dqE

dk
(Aqαψ

dqE

deN
−Aqαq̄EaKN )] > 0 (92)
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Therefore, daEN

deN
> 0.

daES
deN

=

∣∣∣∣∣∣
b11 b12 c′1
b21 b22 c′2
0 b33 0

∣∣∣∣∣∣
|det|

=
b32(b21c

′
1 − b11c

′
2)

|det|
(93)

b21c
′
1 − b11c

′
2 =

θaEN
aKNk

[Aαqα−1(qEψ − 1 + sNΠN )(
dqE

dk

dq

deN
− dqE

deN

dq

dk
)

−AqαqEaKN
dqE

dk
+

(1−Aqα)(1− sNΠN )

k2
dqE

deN
+
Aqαq̄Eψ

k2
dqE

deN
] < 0 (94)

Therefore, daES

deN
> 0.

Comparative statics of eS
From South’s goods market equilibrium equation, the following equation holds.

dq

deS
=

( sSkaES

aKSq
+ Aqαψ

qaKN
)dq

E

deS

Sq
< 0 (95)

From the permit trading market, the following equation holds

dqE

deS
= − q̄

E

ed
′
S

< 0 (96)

Thus, the sign of the following equation becomes

d′1 = −d(sSrS)
deS

= −
Aαqα−1(−1 + sNΠN + qEψ) dqdeS +Aqαψ dq

E

deS

aKNk
> 0 (97)

d′2 = θaEN
dqE

deS
< 0 (98)

d′3 = 0 (99)

dk

deS
=

∣∣∣∣∣∣
d′1 b12 b13
d′2 b22 b23
0 b32 b33

∣∣∣∣∣∣
|det|

=
d′1(b22b33 − b23b32) + d′2(b13b32 − b12b33)

|det|
(100)

If θ is large and the effect of d′2 is sufficient, dk
deS

< 0.

daEN
deS

=

∣∣∣∣∣∣
b11 d′1 b13
b21 d′2 b23
0 0 b33

∣∣∣∣∣∣
|det|

=
d′2b11b33 − d′1b21b33

|det|
> 0 (101)

daES
deS

=

∣∣∣∣∣∣
b11 b12 d′1
b21 b22 d′2
0 b32 0

∣∣∣∣∣∣
|det|

=
d′1b21b32 − d′2b11b32

|det|
> 0 (102)

Comparative statics of c

e′1 = 0, e′2 = 0, e′3 = 1 (103)

dk

dc
=

∣∣∣∣∣∣
e′1 b12 b13
e′2 b22 b23
e′3 b32 b33

∣∣∣∣∣∣
|det|

=
b12b23 − b22b13

|det|
< 0 (104)
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daEN
dc

=

∣∣∣∣∣∣
b11 e′1 b13
b21 e′2 b23
0 e′3 b33

∣∣∣∣∣∣
|det|

=
b13b21 − b11b23

|det|
> 0 (105)

daES
dc

=

∣∣∣∣∣∣
b11 b12 e′1
b21 b22 e′2
0 b23 e′3

∣∣∣∣∣∣
|det|

=
b11b22 − b12b21

|det|
< 0 (106)

Comparative statics of σ and b
This comparison is omitted since the calculation is the same as that for c.
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