RIETI Discussion Paper Series 26-E-053

Carbon Tariffs, Emissions Leakage, and Production Relocation

MA, Yan
Kobe University

YOMOGIDA, Morihiro
Sophia University

RIETI

Research Institute of Economy, Trade & Industry, IAA

The Research Institute of Economy, Trade and Industry
https://www.rieti.go.jp/en/



RIETI Discussion Paper Series 26-E-053
June 2026

Carbon Tariffs, Emissions Leakage, and Production Relocation®
Yan Ma (Kobe University) and Morihiro Yomogida (Sophia University)

Abstract
We study whether carbon tariffs can prevent emissions leakage which occurs when firms relocate
production across countries. We extend a segmented market model of international trade to a North-
South setting with polluting firms. A northern firm may relocate its plant to the South to avoid the
higher carbon costs imposed on its domestic production relative to those on its offshored production.
To prevent emissions leakage through the firm's relocation, the North can adopt a carbon tariff and an
export rebate that can offset its gap in carbon taxes with the South. We find that the North’s carbon
tariff and export rebate prevent emissions leakage, which causes an increase in global emissions, if
the northern firm uses less emissions-intensive technology relative to the southern firm and its
emissions intensity exceeds fifty percent of that of the southern firm. However, if the northern firm’s
emissions intensity is less than fifty percent of that of the southern firm, the North’s carbon tariff fails
to prevent emissions leakage even with its export rebate. We also find that the North’s optimal carbon
tax regime includes its carbon tariff and export rebate. Furthermore, we show that the North's optimal

carbon tax regime actually benefits the South through a reduction in global emissions.
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1 Introduction

The Paris Agreement on climate change requires nations to take actions for enhancing the
global effort to tackle climate change. One such action is carbon pricing, an important
instrument that can help countries achieve their targets for carbon emissions reduction.
A number of countries have priced carbon but these prices exhibit regional heterogene-
ity.! These disparities can lead to carbon leakage: that is, carbon emissions reduction in
countries that adopt stringent carbon prices could be offset, or more than offset by an
increase in carbon emissions in countries that adopt lenient carbon regulations. Possible
channels of carbon leakage include trade and firm relocation. Products of countries with
stringent carbon prices could be replaced by more carbon-intensive imports, and firms
based in countries having high carbon prices could relocate their plants to countries with
low carbon prices.?

Carbon tariffs address this risk of carbon leakage. Since January 2026, the European
Union (EU) has officially imposed carbon tariffs on imports of carbon-intensive goods
through its carbon border adjustment mechanism (CBAM). This mechanism places a
price on carbon emitted during the production of goods imported into EU, ensuring that
the carbon price of imports is equivalent to the carbon price of EU products.?

Export rebates of carbon prices can also address carbon leakage. Although the EU
CBAM does not include export rebates as of now, the EU Commission announced plans
to mitigate carbon leakage risk for exports in July 2025. While some expert critics argue
for export measures to deal with carbon leakage with respect to exported goods,* others
oppose the inclusion of export rebates in the CBAM because such rebates could be in-
consistent with World Trade Organization (WTO) rules or contradict the polluters pay

principle.’

'High-income countries tend to have higher carbon taxes and Emissions Trading System (ETS) prices
than middle-income countries (World Bank, 2023).

2Tn addition, carbon leakage could occur through an energy price channel. A country that increases its
carbon price reduces the demand for fossil fuels and, thus, its carbon emissions. The decrease in demand
for fossil fuels leads to a corresponding decline in their world price. As a result, in countries with lenient
climate regulations, the demand for fossil fuels increases and, accordingly, their carbon emissions expand.

3The EU CBAM covers energy-intensive and trade-exposed sectors such as cement, iron and steel,
aluminum, fertilizers, electricity, and hydrogen (European Commission, 2023). On October 1, 2023,
CBAM entered its transitional phase. During the transitional phase, importers of CBAM goods are
asked to report the amounts of greenhouse gases (GHGs) emitted during the production of imports.
The CBAM has been applied in its definitive regime since January 2026. Under the definitive regime,
importers of over 50 tonnes of CBAM-covered goods are required to buy and submit a certain number of
CBAM certificates according to GHG emissions embedded in goods imported into the EU. The price of
CBAM certificates is determined in accordance with the EU ETS allowance price.

4For instance, Marcu et al. (2022) state that “failure to address the impact of the carbon costs on EU
products exported to global markets incurs a high likelihood of carbon leakage.”

Export rebates could be inconsistent with WTO rules if they are considered to be export subsidies that
are strictly prohibited under WTO rules (Cosbey et al. 2019). Tamellin (2025) states that exporters of
CBAM goods should pay for their emissions in line with the polluter pays principle and the internalization
of social costs of pollution.



Then, how do carbon tariffs prevent carbon leakage? Does the adoption of export re-
bates complement carbon tariffs? How can we evaluate carbon tariffs and export rebates
in terms of social welfare and global emissions? We examine these questions by construct-
ing a model with firm’s choice on production location. We extend a segmented market
model of international trade to a North-South setting with polluting firms. A northern
firm may relocate its plant to the South to avoid the higher carbon costs imposed on its
domestic production relative to those on its offshored production. To prevent emissions
leakage through the firm’s relocation, the North can adopt a carbon tariff and an export
rebate that can offset its gap in carbon taxes with the South.

We examine the effects of the North’s carbon tariff on the incentive for the northern
firm to relocate its plant to the South. One the one hand, the North’s carbon tariff
negatively affects the incentive for relocation of the northern firm. This is because it
raises carbon costs imposed on the northern firm’s imports from its offshored plant in the
South. On the other hand, the carbon tariff positively affects the incentive for the firm’s
relocation. That is, the northern firm’s lower emissions intensity relative to that of the
southern firm offers a competitive advantage for the northern firm, and its competitive
advantage is enhanced owing to the firm’s relocation. We determine whether the negative
effect of the North’s carbon tariff outweighing the positive effect depends on the magnitude
of the gap in emissions intensities between the northern and southern firms.5

We analyze the effects of the North’s carbon tariff on emissions leakage that could
occur owing to the unilateral carbon tax of the North. We show that, if the northern firm
uses less emissions-intensive technology relative to the southern firm and its emissions
intensity exceeds fifty percent of that of the southern firm, then the North’s carbon tariff
prevents emissions leakage through northern firm’s relocation as long as its export rebate
is implemented together. In this case, the carbon tariff also prevents an expansion of
global emissions that would occur if emissions leakage arose. Meanwhile, if the northern
firm’s emissions intensity is less than fifty percent of that of the southern firm, then
the North’s carbon tariff fails to prevent emissions leakage even with its export rebate.
Nonetheless, in this case, we show that emissions leakage through relocation does not
worsen the global environment because it contributes to a reduction in global emissions.

We further investigate the North’s optimal carbon tax regime. We show that when
the North sets its carbon tax rate to maximize its social welfare, its optimal tax regime
incorporates both a carbon tariff and an export rebate. This is because its carbon tariff
and export rebate prevent emissions leakage, which would then increase global emissions.
In addition, they alleviate the negative effect of the North’s carbon tax on the northern

firm’s production efficiency. We also examine the impact of the North’s optimal carbon

A recent report of the EU Commission shows that there are significant differences in CO2 emission
intensities in iron and steel industry between developed and developing countries. In terms of Scope 1
emissions, the CO2 emission intensity of EU is 1.04 tonne CO2 per tonne steel and that of Japan is 1.55,
which are lower than that of China 1.58 and that of India 2.70 (Koolen and Vidovic, 2022).



tax regime on the South, revealing that it can benefit the South as well. This result is
obtained when the North’s optimal carbon tax provides a sufficiently large gain for the
South owing to a reduction in global emissions.

The rest of this article is organized as follows. Section 2 reviews the literature. Section
3 presents our model. Section 4 explains how the North’s carbon tarift affects the produc-
tion location of the northern firm under each carbon tax regime. Section 5 evaluates the
effects of the North’s carbon tariff on emissions leakage and global emissions. Section 6
analyzes the North’s optimal carbon tax regime and examines its impact on the South’s

welfare. Section 7 concludes this article.

2 Related Literature

Our study is related to several strands of the literature. Existing studies on border car-
bon adjustments (BCAs) that include carbon tariffs and export rebates explore different
channels of carbon leakage theoretically and quantitatively. Fontagné and Schubert (2023)
presents a recent survey on the development in the economics of BCA. Quantitative stud-
ies that consider trade channels include those by McKibben and Wilcoxen (2009), Elliott
et al. (2010), Bohringer et al. (2012, 2017), Takeda et al. (2012), Mattoo et al. (2013),
and Takeda and Arimura (2024). These scholars use computable general equilibrium
(CGE) models to examine the effects of BCAs on carbon leakage under various scenar-
ios of climate policies.” Larch and Wanner (2017) develop a structural gravity model of
international trade to examine the quantitative effects of carbon tariffs.

Theoretical studies that use general equilibrium models include those by Jakob et
al. (2013) and Eichner and Pethig (2015). Jakob et al. (2013) consider leakage caused
through a change in the terms of trade, while Eichner and Pethig (2015) focus on an
intertemporal channel of leakage. Yomogida and Tarui (2013) use a partial equilibrium
model to explore the effects of BCA on emissions leakage through trade in oligopolistic
sectors. They also show how BCA affects a welfare-maximizing emissions tax when the
emission tax is implemented unilaterally. Hecht and Peters (2019) extend Yomogida and
Tarui’s (2013) analysis and examine a non-cooperative game in emissions tax between
countries. They show that BCA could support more stringent environmental policy. Kim
(2025) uses a heterogeneous firms model of trade to examine the effects on welfare and
the environment of unilateral environmental policy with BCA.

Among studies that consider firm relocation as a channel of leakage, empirical find-
ings show mixed evidence on the relocation effect of climate policies. On the one hand,
Dechezleprétre et al. (2022) examine the impact of the EU ETS on relocation by multi-
national firms and do not find significant evidence in the period 2007-2014. On the other

"Fischer and Fox (2012) examine the effects of BCA on competitiveness and leakage in a given sector
by using a partial equilibrium model parameterized with simulations of a CGE model.



hand, Ben-David et al. (2021) explore the impact of climate policies on multinational
firms based in 48 countries and find strong evidence of the relocation effect. Babiker
(2005) use a CGE model with oligopoly in energy-intensive sectors and find that unilat-
eral climate policies in developed countries can cause significant carbon leakage through
relocation of energy-intensive sectors. Sanna-Randaccio et al. (2017) use a partial equi-
librium model with multi-plant oligopoly and show that a unilateral climate policy can
cause leakage through firm relocation. Richter et al. (2021) examine the strategic effects
of non-cooperative choice of emissions taxes by using a model with imperfect competition
and mobile polluting firms. Although these studies do not consider BCA as a policy tool,
Ishikawa and Okubo (2017) and Cheng and Ishikawa (2021) theoretically examine the
effects of emissions tax on firm relocation under BCA by using a footloose capital model
and a two-country oligopoly model, respectively. Elboghdadly and Finus (2022) examine
the effects of BCAs on strategic emissions tax competition between countries with a model
of endogenous plant location.

Recent works also explore the effects of BCA under bilateral or multilateral climate
policies. Keen and Kotsogiannis (2014) examine the role of BCA in achieving a Pareto-
efficient outcome when countries cooperatively establish their trade and climate policies.
Helm et al. (2012) and Sanctuary (2018) determine whether BCA induces a trade partner
to adopt more stringent climate policy. Studies that explore the effects of BCAs on self-
enforcing cooperation in climate policies include those by Eyland and Zaccoury (2014),
Anoulies, (2015), Helm and Schmidt (2015), Bakski and Chaudhuri (2017, 2025), and Al
Khourdajie and Finus (2020). Hagen and Schopf (2024) examine the effects of industrial
lobbying on international climate agreement when coalition countries use BCAs.

Our study is the closest to those by Cheng and Ishikawa (2021) and Elboghdadly and
Finus (2022) in that it examines the effects of BCA with a model that incorporates firm’s
choice on production location. Our study complements existing works in the following
respects. While Ishikawa and Chen (2021) consider the case in which carbon taxes are
exogenous and countries are symmetric, we examine how one country’s adoption of BCA
affects its optimal carbon tax in a setting with asymmetric countries. Elboghdadly and
Finus (2022) focus on a carbon tariff as a BCA policy measure and do not consider an
export rebate of carbon tax. In contrast, we introduce an export rebate to deal with
emissions leakage through exports. Our analysis on the effect of an export rebate is
relevant to the recent policy debate on whether the EU CBAM should include a measure
to deal with a risk of carbon leakage for exports. In addition, unlike Elboghdadly and
Finus (2022), our model allows asymmetric emissions intensity between northern and
southern firms. We show that this asymmetry plays a crucial role in the effects of a

carbon tariff on emissions leakage through firm’s relocation.



3 The Model

Consider a partial equilibrium model with two countries, N (North) and S (South). The
industry is a homogeneous product duopoly with a northern firm (firm 1) and a southern
firm (firm 2) based in country N and S, respectively.® Both countries have segmented
markets wherein one firm competes with the other.” The inverse demand function in the

market of country K is linear and written as follows:
Pk = a — b(%K + q_jK)a aab > Oa

with i,j = 1,2, 7 # j, K = N, S, and ¢;x denotes firm ¢’s output sold to the market of
country K.

Firm production emits carbon dioxide, which is a primary driver of global warming.
Carbon emissions per output of each firm are constant, e; (i = 1,2). The northern firm
has a lower emissions intensity than the southern firm, e; < e, because the northern firm
has adopted low-carbon technology, but the southern firm continues to use high-carbon
technology. The northern firm produces in the North or relocates its plant to the South.
Under domestic production in the North, the northern firm produces with a constant
marginal cost, ¢;y. If the northern firm relocates its plant to the South, it incurs a fixed
cost, fi, and produces with a constant marginal cost, c;5. We assume that its marginal
cost in the South is lower than that in the North, ¢;5 < ¢;x. The southern firm produces
with a constant marginal cost, csg, in the South.

We focus on a unilateral carbon tax imposed by the North. We consider three different
regimes of a carbon tax in the North: (1) a carbon tax, (2) a carbon tax with a carbon
tariff, and (3) a carbon tax with a carbon tariff and an export rebate of a carbon tax.
The timing of decision-making is as follows: First, the government of the North makes
a commitment to one of the carbon tax regimes. Second, it chooses an optimal carbon
tax that maximizes the welfare of the North. Third, the northern firm chooses to produce
in the North or relocate its plant to the South. Fourth, firms compete in each country’s
market a la Cournot.

Let 7; denote a carbon tax per unit of carbon emissions in country K (K = N, J5).
Suppose that the North’s carbon tax is higher than that of the South, 7y > 75. Then,
the government of the North can impose a carbon tariff on imports from the South. Let
tn denote a carbon tariff per unit of embedded carbon emissions of goods imported from
the South. In addition, the government of the North can rebate a carbon tax to firms
exporting goods to the South. Let ry denote a carbon tax rebate per unit of embedded

emissions of goods exported to the South.

8Our framework is based on the reciprocal dumping model developed by Brander and Krugman (1983).
9To simplify the analysis, we assume that the firms do not incur transportation costs to ship their
products across borders, but such costs are prohibitively high for any third-party arbitragers.



The profit of the northern firm depends on its plant location and the carbon tax regime
of the North. If the northern firm produces in the North, its profit will be

m = (py —an —e™n)an + [ps — an —el(Tn — rn)|qis-

If the northern firm relocates its plant to the South, its profit will be

m = [pn — c1s — e1(tn + 7)) + (ps — c1s — e17s)qus — fi-

When the North implements neither a carbon tariff nor an export rebate, ty = ry = 0.
In this case, for the northern firm, an increase in the carbon tax of the North would raise
carbon-emissions costs of domestic production relative to those under plant relocation
to the South. This could induce the northern firm to move its plant to the South and
result in carbon leakage. The carbon tariff of the North ¢y could reduce the northern
firm’s incentive to relocate its plant by increasing the embedded-carbon emissions cost of
imported goods from the South. The export rebate of the North ry could increase the
northern firm’s incentive to produce in the North by reducing the carbon-emissions cost

of goods exported to the South. Then, the profit of the southern firm will be

Ty = (Ps — Cag — €2Ts)Gas + [PN — C2s — e2(ty + Ts)|qan-

When the carbon tariff and export rebate exactly offset the difference in carbon taxes
between the North and the South, i.e., ty = ry = 7§y — 75, firms will face the same carbon
tax on their sales to each country’s market. For their sales to the northern market, the
carbon tax imposed on either firm becomes 7y regardless of their production location.
Similarly, for their sales to the southern market, either firm incurs the same carbon tax
Ts regardless of their production location. In the following analysis, we will focus on the
case in which the carbon tariff and export rebate achieve a level playing field, namely,
tny = Ty — Tg if the carbon tariff is implemented and ry = 75 — Ty if the export rebate
is implemented. For simplification of the analysis, we also assume that the carbon tax of
the South is fixed at zero, 75 = 0.

We can derive the equilibrium output of each firm by using the first order conditions
of profit maximization. If the northern firm produces in the North, its output sold for the

northern market and the southern market can be derived, respectively, as

a— 2ciy + cas + esty — 2e17Tn

an(an, TN, tN) = 3D ; (1)
a—2ciny + g — 2e1(Ty — 1
Q1S(01N,TN,7“N) = Ll 2S3b 1( al N)- (2)



The output of the southern firm for each country’s market can be derived as

a — 2025 +cny+eiTny — 2€2tN

@n(ein, TN, tN) = o ) (3)
a—2cs+conyt+e(tn —r
@s(an, TN, TN) = 25 11\;1) (7 N>. (4)

If the northern firm relocates its plant to the South, its output for the northern market

and the southern market can be obtained, respectively, as

a—2c15+ cag + (€2 — 2e1)ty (5)
3b ’

a—2ci5+c
qislers) = ——5— (6)

Q1N(015’7 tN) =

The output of the southern firm for each country’s market can be obtained as

a — 2625 —+ C1s + (61 — 262)tN (7)
3b ’

a— 2cy5 +c¢
Qs(crs) = ———. (8)

@n(as,ty) =

If the North adopts the carbon tax regime without the carbon tariff and export rebate,
the North will choose 7y subject to the constraints ¢ty = ry = 0. In this regime, the
North’s carbon tax affects each firm’s output as long as the northern firm produces in the
North. If the North adopts the carbon tax regime with the carbon tariff, it will choose
Ty subject to the constraints ty = 7 and ry = 0. In this regime, the North’s carbon
tax affects each firm’s output sold in the northern market regardless of northern firm’s
production location but also affects their output sold in the southern market only under
the northern firm’s production in the North. If the North adopts the carbon tax regime
with the carbon tariff and the export rebate, it will choose 7 subject to the constraints
ty = ry = 7n. In this regime, regardless of the northern firm’s production location, the
North’s carbon tax affects each firm’s output sold in the northern market but does not

affect their output sold in the southern market.

4 Effects of Carbon Tariffs on Firm’s Plant Location

Let us consider how the North’s carbon tax affects the northern firm’s choice on domestic
production or relocation to the South in each carbon tax regime. If the northern firm

produces in the North, its profit can be derived as

mi(ein, T, tn, ) = blaiv (aiv, T, t)]2 4 blgus(ean, T, )] (9)



If the northern firm chooses to relocate to the South, its profit can be obtained as

m(cis, tn) = blgin(eis, tn)]* + blgis(cis)])? — fi. (10)

The northern firm’s variable profit increases with its output sold in each country’s mar-
ket. The northern firm would shift its production plant to the South if m(c15,ty) >
m(cin, Tn, tv, 7). If the North adopts the carbon tax regime without the carbon tariff

and export rebate, the northern firm’s gain from relocation to the South is

7T1<CL5‘, 0) - 7T1(01N7 N, 07 0)

An increase in the North’s carbon tax reduces the northern firm’s profit under domestic
production and induces plant relocation to the South.
If the North implements the carbon tax regime with the carbon tariff, the northern

firm’s gain from production relocation to the South is

mi(c1s,tn) — m(cin, T, tn, 0).

An increase in the North’s carbon tax 7y negatively affects the northern firm’s profit
under its domestic production. At the same time, an accompanied increase in its carbon
tariff ¢y positively affects the northern firm’s profit from its sales to the domestic market.
This is because a carbon tariff provides a competitive advantage to the northern firm
relative to the southern firm in the northern market. We can show that the total effects
of the North’s carbon tax and carbon tariff on the northern firm’s profit depends on a gap
in emissions intensities between the northern and southern firms. If the North raises 7
and ty under the constraint that ¢y = 7x, the northern firm’s profit obtained from sales
to the domestic market would increase if and only if e; € (0,e2/2), which implies that
the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm.'® This is because firm’s profit increases with its output and the positive effect of the
carbon tariff on northern firm’s output exceeds the negative effect of the carbon tax on
its output. A similar result is obtained when the northern firm relocates its production
to the South. If the North imposes the carbon tariff on imports from both northern and
southern firms, then the carbon tariff increases the import from the northern firm at the
expense of the import from the southern firm if and only if e; € (0,e2/2). Thus, the
North’s carbon tariff can positively affect the northern firm’s profit under its production

in the South. We can state the results in the following proposition.!!

10The critical level of the northern firm’s emissions intensity is fifty percent of that of the southern
firm. The fifty percent comes from symmetry of the number of firms in each country, i.e., there is one
firm headquartered in each country.

HFor the derivations of the results, see Appendix A.



Proposition 1 Suppose that the North raises its carbon tax and carbon tariff by the
same amount. Then, the northern firm’s profit obtained from its domestic sales increases
regardless of its production location if and only if the northern firm’s emissions intensity
is less than fifty percent of that of the southern firm, e; € (0,e3/2).

In addition, the impact on the northern firm’s profit of the North’s carbon tax with its
carbon tariff is greater under its production in the South than that under its production in
the North. The northern firm can expand its output by relocating its plant to the South
because its marginal production cost decreases from c¢;y to ¢;5. The northern firm’s profit
gain owing to the carbon tax and the carbon tariff increases with its output scale. Thus,
if the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm, e; € (0,e2/2), the North’s carbon tax with its carbon tariff would provide a larger
profit gain under the northern firm’s production relocation as compared to that under
its domestic production. This result is somewhat surprising because the North’s carbon
tariff aims to prevent relocation to the South, but implementing the carbon tariff can
positively affect the northern firm’s incentive to relocate its plant to the South.

Meanwhile, if the northern firm’s emissions intensity exceeds fifty percent of that of
southern firm, e; € (e3/2, e2), then an increase in the North’s carbon tax with its carbon
tarift decreases the northern firm’s profit obtained from its domestic sales regardless of
its production location. In addition, its impact on the northern firm’s profit is magnified
under northern firm’s production in the South as compared to that under its production
in the North. Thus, if e; € (e3/2, €2), the carbon tax with the carbon tariff would have a
larger negative effect on the northern firm’s profit under its production relocation relative
to that under its domestic production. This implies that an increase in the North’s carbon
tax with its carbon tariff would reduce the northern firm’s incentive to relocate its plant
to the South if e; € (e3/2, €3).

When the North implements the carbon tax with the carbon tariff, it also imposes
a carbon tax on the northern firm’s emissions from its output exported to the South.
An increase in the North’s carbon tax reduces the northern firm’s export to the South,
negatively affecting its profit obtained from the southern market. The negative effect
on the northern firm’s export would increase its incentive to relocate production to the
South. Note that this effect holds regardless of the size of the difference in emissions
intensities between the northern and southern firms.

The above results imply that the North’s carbon tariff on imports from the South does
not necessarily reduce the northern firm’s incentive to relocate its plant to the South. If
the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm, then the North’s carbon tax with its carbon tariff has two positive effects on the
northern firm’s relocation to the South. One is an increase in its profit from sales to
the northern market and another is an increase in its profit from sales to the southern

market. Thus, an increase in the North’s carbon tax with its carbon tariff would increase

10



the incentive for plant relocation to the South. Meanwhile, if the northern firm’s emissions
intensity exceeds fifty percent of that of the southern firm, then the North’s carbon tax
and its carbon tariff have both negative and positive effects on the incentive to relocate
the plant to the South. The negative effect arises due to a decrease in its profit from sales
to the northern market and the positive effect occurs due to an increase in its profit from
sales to the southern market. Thus, an increase in the carbon tax with the carbon tariff
could reduce the northern firm’s gain from plant relocation to the South if the negative

effect more than offsets the positive effect. The results are stated as follows.!?

Proposition 2 Suppose that the North implements a carbon tax with a carbon tariff. If
the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm, e; € (0,e2/2), then an increase in the North’s carbon tax with its carbon tariff
positively affects the incentive of the northern firm to relocate its plant to the South. If
the northern firm’s emissions intensity exceeds fifty percent of that of the southern firm,
e1 € (e1/2,e3), an increase in the carbon tax with the carbon tariff may or may not reduce

the incentive of the norther firm to relocate its plant to the South.

When the North implements the carbon tax regime with the carbon tariff and the

export rebate, the northern firm’s gain from plant relocation to the South is

m(cis,tn) — (e, Tn, N, TN)-

The North’s carbon tax affects the northern firm’s profit from its domestic sales in the
same way as in the carbon tax regime with the carbon tariff. However, unlike the regime
with the carbon tariff, implementing the export rebate eliminates the negative effect of
the carbon tax on the northern firm’s profit from its export to the South. Thus, in the
carbon tax regime with the carbon tariff and the export rebate, the North’s carbon tax
affects the northern firm’s incentive to relocate to the South only through its effects on
the northern firm’s profit from its domestic sales. We can state the results as follows.'?

Proposition 3 Suppose that North adopts a carbon tax regime with a carbon tariff and
an export rebate. If the northern firm’s emissions intensity is less than fifty percent of
that of the southern firm, e; € (0,e2/2), then an increase in the North’s carbon taz with
its carbon tariff and its export rebate would raise the northern firm’s incentive to relocate
its plant to the South. If the northern firm’s emissions intensity exceeds fifty percent of
that of the southern firm, ey € (e2/2,e2), an increase in the North’s carbon tax with its
carbon tariff and its export rebate would reduce the northern firm’s incentive to relocate

its production to the South.

12Gee Appendix A for the derivations of the results.
13See Appendix A for the derivations of the results.
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Figure 1: Northern firm’s variable profit gain from its plant relocation under the condition
that the northern firm’s emissions intensity is more than fifty percent of that of the
southern firm

Let us compare the impacts of its carbon tax on the northern firm’s incentive to
relocate its plant to the South under different carbon tax regimes. Figure 1 shows the
case with a condition that the northern firm’s emissions intensity exceeds fifty percent of
that of the southern firm, e; € (e3/2,€3).!* In each carbon tax regime, the northern firm
would relocate its plant to the South if an increase in its variable profit is greater than its
fixed cost, fi. Given a level of the carbon tax, a gain from production relocation for the
northern firm is largest under the carbon tax regime without the carbon tariff and the
export rebate. If the North adopts its carbon tariff, it reduces the northern firm’s gain
from production relocation to the South. However, it cannot prevent the northern firm’s
relocation. If the North adopts its export rebate with its carbon tariff, the northern firm
stays in the North. Thus, in this regime, the North can increase its carbon tax without
inducing the northern firm’s relocation to the South.

Figure 2 shows the case with a condition that the northern firm’s emissions intensity
is less than fifty percent of that of the southern firm, e; € (0,e5/2). The carbon tariff
reduces a variable-profit gain for the northern firm from production relocation but an
increase in the North’s carbon tax with its carbon tariff would induce the northern firm
to shift its plant to the South. Meanwhile, unlike the previous case, if the North adopts
its carbon tariff and export rebate, an increase in the North’s carbon tax would raise a
variable-profit gain for the northern firm from plant relocation to the South. This implies
that a unilateral increase in the North’s carbon tax results in the northern firm’s plant

relocation to the South even if it implements its carbon tariff and its export rebate.

14See Appendix D for the details of the numerical example.
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Figure 2: Northern firm’s variable profit gain from its plant relocation under the condition
that the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm

5 Impacts of Carbon Tariffs on Emissions

We have examined the effects of the North’s carbon tax on the northern firm’s choice for
production location. In this section, let us turn to how the North’s carbon tax affects
global emissions under a possibility of plant relocation to the South. Let Fx denote a
country K’s carbon emissions and Eg denote global emissions, i.e., K¢ = Ey + Fg. If

the northern firm produces in the North, the emissions of each country can be derived as

EN(ClNaTNat]\hrN) =€ [QIN(CIN7TN7tN) +QIS(01N77'N>7"N)]a

Es(ein, Tn,tn, TN) = €2 [gan (cin, T, EN) + qas(can, T, TN )] -

If the northern firm relocates its plant to the South, the emissions of each country can be

obtained as

EN(Clsa tN) = 07
Es(cis,tn) = e1[an(cis, tn) + qis(cis)] + ez [gan(cis, tn) + qas(cis)] -

If the North does not adopt its carbon tariff and export rebate, global emissions under

the northern firm’s domestic production can be derived as
Eg(cin, v,0,0) = Ex(cin, v, 0,0) + Es(cin, 7w, 0, 0).

An increase in the North’s carbon tax reduces its emissions but increases those of the

South. The effect on global emissions depend on the gap in emissions intensities be-
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tween the firms. If the northern firm’s emissions intensity exceeds fifty percent of that
of the southern firm, e; € (ez/2,e3), global emissions decrease because a reduction in
the emissions of the North exceeds an increase in those of the South. However, if the
northern firm’s emissions intensity is less than fifty percent of that of the southern firm,
e1 € (0,e3/2), global emissions increase because the negative impact on the North’s emis-
sions falls short of the positive impact on those of the South. In the latter case, the
North’s carbon tax results in an increase in global emissions owing to emissions leakage
through international trade. If the northern firm relocates its plant to the South, global

emissions can be derived as
Ec(c1s,0) = Es(cs, 0).

The impact of the northern firm’s relocation on global emissions depends on the gap
in emissions intensities between the firms. If the northern firm relocates to the South,
its output produced with its low-carbon technology expands, but southern firm’s output
produced with its high-carbon technology decreases. If the northern firm’s emissions
intensity exceeds fifty percent of that of the southern firm, e; € (e2/2, e3), global emissions
expand because an increase in northern firm’s emissions exceeds a decrease in southern
firm’s emissions. However, if the northern firm’s emissions intensity is less than fifty
percent of that of the southern firm, e; € (0,e3/2), global emissions shrink because an
expansion of northern firm’s emissions falls short of a reduction in those of the southern

firm. The results are stated as follows.!?

Proposition 4 Suppose the North adopts a carbon tax regime without a carbon tariff and
an export rebate. If the northern firm’s emissions intensity exceeds fifty percent of that
of the southern firm, e; € (e3/2,e3), then an increase in the carbon tax decreases global
emissions under the northern firm’s domestic production. In addition, the northern firm’s
relocation to the South expands global emissions. If the northern firm’s emissions intensity
is less than fifty percent of that of the southern firm’s, ey € (0,e3/2), then an increase in
the carbon tax expands global emissions under the northern firm’s domestic production.

Moreover, the northern firm’s relocation to the South reduces global emissions.

Next, suppose that the North adopts the carbon tax regime with the carbon tariff.

Global emissions under northern firm’s domestic production is

E¢(cin, v, tn, 0) = En(cin, T, tn, 0) + Es(cin, T, tn, 0).

Under this carbon tax regime, both firms would incur the same carbon tax 7 (or carbon
tariff ¢y = 7y) on emissions released from producing goods sold in the northern market.
Then, regardless of the gap in emissions intensities between the firms, an increase in the

North’s carbon tax and its carbon tariff reduces emissions of either firm’s output sold

15See Appendix B for the derivations of the results.
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in the northern market. Meanwhile, in the southern market, the North’s carbon tax is
imposed only on the northern firm’s emissions of its exported good. This implies that an
increase in the North’s carbon tax reduces emissions of the northern firm but increases
those of the southern firm. As to their output sold in the southern market, the sum of
northern and southern firms’ emissions increases if the northern firm’s emissions intensity
is less than fifty percent of that of the southern firm’s, e; € (0,e3/2). Meanwhile, it
decreases if the northern firm’s emissions intensity exceeds fifty percent of that of the
southern firm, e; € (e3/2,e3). In sum, under the carbon tax regime with the carbon
tariff, an increase in the North’s carbon tax reduces firms’ emissions in producing their
output sold in the northern market but it may increase or decrease the sum of their
emissions from producing their output sold in the southern market, depending on the gap
in emissions intensities. We can show that, regardless of the gap in emissions intensities
between the firms, global emissions decrease under our assumption that consumers of the
countries have identical demand functions.

In the North’s carbon tax regime with its carbon tariff, if the northern firm shifts its

production to the South, global emissions can be derived as

Eq(cis,ty) = Es(c1s, tn)-

The impact of the northern firm’s relocation on global emissions depends on the gap in
emissions intensities. Global emissions increase if the northern firm’s emissions intensity
exceeds fifty percent of that of the southern firm, e; € (e2/2, 5). Meanwhile, they decrease
if the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm’s, e; € (0,e2/2). The reason is the same as that in the carbon tax regime without
the carbon tariff and the export rebate.

Imposing a carbon tariff on imports from the South, the North can affect the South’s
emissions even in the case of the northern firm’s relocation to the South. An increase in
the North’s carbon tariff reduces imports from both firms if e; € (e2/2,e5). Thus, global
emissions decrease. If e; € (0,e2/2), an increase in the North’s carbon tariff increases
imports from the northern firm at the expense of those from the southern firm. Again,
the northern firm’s output produced with its low-carbon technology expands and the
southern firm’s output produced with its high-carbon technology shrinks. Thus, global
emissions decrease. In sum, regardless of the gap in emissions intensities, an increase in
the North’s carbon tariff reduces global emissions under the northern firm’s production

in the South. We can summarize the results as follows.'®

Proposition 5 Suppose the North adopts a carbon tax regime with its carbon tariff. If
the northern firm produces in the North, an increase in its carbon tax with its carbon

tariff reduces global emissions. The northern firm’s relocation to the South expands global

16See Appendix B for the derivations of these results.
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emissions if its emissions intensity exceeds fifty percent of that of the southern firm, e, €
(e2/2,€2). However, it reduces global emissions if northern firm’s emissions intensity is
less than fifty percent of that of the southern firm, e; € (0,e5/2). Under the northern
firm’s production in the South, an increase in the North’s carbon tariff reduces global

emaissions.

If the North adopts the carbon tax regime with its carbon tariff and its export rebate,

global emissions under the northern firm’s domestic production can de derived as

EG(ClN’TN7tN7TN) - EN<CIN7TN7tN7TN) +ES(ClNaTN7tN)-

In this regime, the North implements the export rebate; thus, the northern firm does not
incur any carbon tax on emissions released from producing its output exported to the
southern market. The North’s carbon tax and its carbon tariff affect only the emissions
of either firm’s output sold in the northern market. As in the carbon tax regime with the
carbon tariff, an increase in the North’s carbon tax and its carbon tariff reduces global
emissions. However, the marginal effects of the North’s carbon tax on global emissions are
different between these two carbon tax regimes. As compared to the carbon tax regime
with the carbon tariff, an increase in the carbon tax leads to a smaller reduction in global
emissions if e; € (e2/2,e3). This is because the export rebate of the carbon tax reduces
the marginal effect of the carbon tax on global emissions. However, if e; € (0,e5/2), the
export rebate leads to a larger marginal reduction in global emissions.

If the northern firm relocates its plant to the South, global emissions can be derived

as
Eq(cis,ty) = Es(cis, tn)-

The impact of the northern firm’s relocation on global emissions is the same as that in
7

the carbon tax regime with the carbon tariff. The results are summarized as follows.!
Proposition 6 Suppose the North adopts a carbon tazx with its carbon tariff and its export
rebate. If the northern firm produces in the North, an increase in the carbon tax reduces
global emissions. If the northern firm’s emissions intensity is less than fifty percent of that
of the southern firm, e; € (0,e3/2), then the northern firm’s relocation decreases global
emissions. An increase in the North’s carbon tariff reduces global emissions under the

northern firm’s production in the South.

We can compare the effects of the North’s carbon tax on global emissions under dif-
ferent carbon tax regimes. Figure 3 shows the case in which the northern firm’s emissions

intensity exceeds fifty percent of that of the southern firm.!® In the carbon tax regime

17See Appendix B for the derivations of the results.
18We use the same numerical example as in the previous section.
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Figure 3: The effects of the North’s carbon tax on global emissions under the condition
that the northern firm’s emissions intensity is more than fifty percent of that of the
southern firm

without the carbon tariff and the export rebate, an increase in the North’s carbon tax
causes emissions leakage through the northern firm’s plant relocation to the South, leading
to an increase in global emissions. Even if the North implements the carbon tariff, it can-
not prevent emissions leakage, which results in an increase in global emissions. However,
after relocation to the South, the North’s carbon tariff reduces global emissions unlike the
case with the carbon tax only. If the North implements the carbon tariff and the export
rebate, then it can achieve the lowest level of global emissions by preventing emissions
leakage through the northern firm’s relocation to the South.

Figure 4 shows the case in which the northern firm’s emissions intensity is less than
fifty percent of that of the southern firm. In contrast to the previous case, global emissions
decrease owing to emissions leakage caused by the northern firm’s plant relocation to the
South. In addition, under the northern firm’s production in the South, the lowest level of
global emissions is attained in the carbon tax regime with the carbon tariff or with the

carbon tariff and the export rebate.

6 North’s Optimal Carbon Tax Regime

We now analyze the North’s optimal carbon tax regime. We show that when the North
sets its optimal carbon tax rate to maximize its social welfare, the optimal tax regime
incorporates both a carbon tariff and an export rebate. We analyze the impact of this
regime on the South, revealing that it can yield positive welfare benefits for the South as

well.
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Figure 4: The effects of the North’s carbon tax on global emissions under the condition
that the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm

The utility function of each country is quadratic and quasi-linear,

b
UKZQQK_§Q%(+QKO_6KEG> K =N,S,

where qx denotes the country K’s consumption of goods produced in the duopoly sector,
qro denotes its consumption of a numeraire good, and 6k denotes its constant marginal
damage from global carbon emissions. We assume that consumers regard damages caused
by carbon emissions as external costs. The numeraire good sector is competitive and it is
produced with labor. In country K = N, .S, the production of the nemeraire good requires
ar units of labor. We assume that ag > ay, i.e., the North has higher productivity than
the South and the unit labor requirement of the North equals one, ay = 1. We also assume
that each country has a sufficiently large amount of labor, so that both countries produce
the nemeraire good in equilibrium. Since the nemeraire good is tradable and its price is
normalized to one, the competitive conditions imply that wyay = 1 = wgag, where wg
denotes the wage rate of country K = N, S. These conditions imply that the North has
higher wages than the South, wy > wg, i.e., the northern wage equals one, wy = 1 and
the southern wage is smaller than one, wg = 1/ag < 1 because of ag > ay = 1.! Then,

the social welfare of the North can be derived as follows:
wy = CSy +m +gn + Ly — OnEg,

where C'Sy denotes its consumer surplus, gy denotes its government budget surplus, and

19We assume that the production of the numeraire good does not release carbon emissions.
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Ly denotes its labor endowment.?’ The consumer surplus is

b
CSy = aqn — 56112\/ — PNYN-

In equilibrium, ¢y = ¢1n + gon. Under the northern firm’s production in the North, the

North’s government budget surplus is

gy = Tver(qin + qis) + tnesqan — Tveiqis-

If the northern firm produces in the South, its government budget surplus is

gy =tn(eriqin + e2qon).

The North’s social welfare depends on northern firm’s production location and the
North’s carbon tax regime. We can denote the North’s welfare as wy = wy(cin, 7n, tv, 7N )
under the northern firm’s domestic production. Suppose that the North adopts the car-
bon tax regime without the carbon tariff and the export rebate, i.e. {5y = ry = 0. Then,
under the northern firm’s domestic production, the effects of the North’s carbon tax on

its social welfare can be derived as follows:?!

Own(cin,Tn,0,0) Opn Iqn
= —Q2N7— + (pv — ciw)
87’ N 67’ ‘N (97' N
terms of trade effect in imports production efficiency effect in domestic sales
Ops Oqis 5 O0E¢
+ Qs — + (ps — cin) — NG
aT N 87' ‘N 87 N

TV
terms of trade effect in exports production efficiency effect in exports external cost effect

On the right hand side (RHS), the first term is the terms of trade effect in imports, the
second term is the production efficiency effect of output sold in the northern market,
the third term is the terms of trade effect in exports, the fourth term is the production
efficiency effect of output exported to the southern market, and the last term is the
external cost effect of global emissions. An increase in the North’s carbon tax raises the
domestic price and reduces the northern firm’s output sold in the domestic market. Thus,
the first and second terms on the RHS negatively affect the North’s social welfare. An
increase in the carbon tax also raises the price in the southern market because it reduces
the northern firm’s output exported to the South. Thus, the third term is positive, but
the fourth term is negative. We can show that the negative effect of a worsening in the

production efficiency exceeds the positive impact of an improvement in the terms of trade.

20See Appendix C for the derivation of the social welfare of the North.

2I'We derive the effects of the carbon tax on the North’s welfare by applying the method used for
deriving a welfare change owing to trade policies (Helpman and Krugman, 1989 and Feenstra, 2016). See
Appendix C for the derivation.
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The external cost effect depends on the gap in emissions intensities between the northern
and southern firms. If e; € (ey/2,e3), the North’s carbon tax reduces global emissions
and the external cost effect has a positive impact on the social welfare. Meanwhile, if
e1 € (0,e3/2), the external cost effect negatively affects the North’s social welfare owing
to an increase in global emissions.

In sum, under the northern firm’s domestic production, the North may not have an
incentive to impose a positive carbon tax on domestic emissions even if its carbon tax
reduces global emissions. This result holds because deteriorations in its production effi-
ciency outweigh a gain from a decreasing external cost of global emissions. This outcome
is obtained when the northern firm’s emissions intensity exceeds fifty percent of that of
the southern firm and the North’s marginal damage is not large enough. Meanwhile, if
the northern firm’s emissions intensity is less than fifty percent of the southern firm’s, a
small carbon tax of the North worsens its production efficiency and increases its external
cost of global emissions. Thus, under this situation, the North would not adopt a positive
carbon tax.

If the northern firm relocates its plant to the South, the welfare of the North can be
denoted as wy = wy(c15,tx). Under the North’s carbon tax regime without the carbon
tariff and the export rebate, the impact of the northern firm’s plant relocation on the

North’s welfare becomes

wN(CLS'; 0) - wN(ClN> Tn1, 0, 0),

where 71 denotes the critical level of the carbon tax that causes the northern firm’s plant
relocation to the South, i.e., m(c15,0) = 7 (c1n,7n1,0,0). Relocation by the northern
firm has a positive effect on its consumer surplus owing to a reduction in the price and
a negative effect on its government budget surplus owing to a reduction in its carbon
tax revenue. The effect on the external cost depends on the gap in emissions intensities
between the firms. If e; € (e3/2,es), the external cost increases due to an expansion
in global emissions. However, if e; € (0,e2/2), the external cost decreases owing to a
reduction in global emissions.

In sum, the northern firm’s relocation has a positive effect on the North’s consumer
surplus, a negative effect on its tax revenue, and a positive or negative impact on its
external cost of emissions. Thus, the North’s marginal damage to global emissions is
key to the welfare impact of relocation by the northern firm. If the marginal damage is
sufficiently large, the change in the external cost could be a crucial factor that determines
the welfare impact of the northern firm’s relocation. Namely, if e; € (e3/2,ez), the
northern firm’s relocation to the South can worsen the North’s welfare due to an increase
in global emissions. However, if e; € (0, e2/2), the northern firm’s relocation can improve

the welfare of the North due to a reduction in global emissions. The results could be
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stated as follows.??

Proposition 7 Suppose that the North adopts a carbon tax regime without a carbon tariff
and an export rebate. If the northern firm’s emissions intensity exceeds fifty percent of that
of the southern firm, e; € (e2/2,e3), then, under the northern firm’s domestic production,
the North may not impose a positive carbon tax on domestic emissions. This result arises
if the worsening in its production efficiency outweighs the gain from a reduction in its
external cost of global emissions. If the morthern firm’s emissions intensity is less than
fifty percent of that of the southern firm, e; € (0, e3/2), then a positive carbon tax definitely
reduces the welfare of the North. The welfare impact of the northern firm’s relocation
depends on the marginal damage of the North and the gap in emissions intensities between
the firms. If the North’s marginal damage is sufficiently large, then the northern firm’s
relocation to the South negatively affects the North’s welfare under the condition that
e1 € (e2/2,e3). However, it positively affects the North’s welfare under the condition that
e1 € (0,e3/2).

Next, suppose that the North implements the carbon tax regime with the carbon tariff.
Under the northern firm’s domestic production, the North’s welfare can be denoted as
wy = wy(cin, T, tw, 0). The effects of the North’s carbon tax with its carbon tariff on

the North’s welfare can be derived as

awN(ClN7TN7tN70> + awN(ClN7TN7tN70)

87' N 875 N
Opn | Opan Ogan | Oqan Oqn | Oqin
= —@nN |z + + tyer | — + + (pyv —can) +
87’]\] 8tN aTN 8tN 87’]\] 8tN
N TV 4 TV 4 ~ TV -
terms of trade effect in imports consumption distortionary effect production efficiency effect in domestic sales
Ips Oq1s 5 OEqg  0Eq
+ Q57— + (ps — i) —ON |\t |
or N or N or, N ot N
terms of trade effect in exports production efficiency effect in exports exterrlaltzrost effect

where poy denotes the producer price of the southern firm in the northern market, poy =
pn—eaTn. We evaluate the welfare effects of the carbon tax under the constraint, 7y = ty.
On the RHS, the first term is the terms of trade effect in imports. Although the carbon tax
worsens the terms of trade for the North, the carbon tariff improves it. The positive effect
of the carbon tariff outweighs the negative effect of the carbon tax because the northern
firm’s emissions intensity is lower than that of the southern firm. Thus, the terms of
trade effect in imports positively affects the welfare of the North. The second term is the
consumption distortionary effect due to the carbon tariff. This term negatively affects

the North’s welfare because the carbon tax with the carbon tariff reduces the volume of

22Gee Appendix C for the derivations of the results.
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imports from the South.?® The third term is the production efficiency effect of output
sold in the northern market. The carbon tariff increases the northern firm’s domestic
sales while the carbon tax decreases them. If the northern firm’s emissions intensity is
less than fifty percent of that of the southern firm, e; € (0,e2/2), then the positive effect
of the carbon tariff exceeds the negative effect of the carbon tax. This implies that the
production efficiency effect improves the welfare of the North. Meanwhile, if the northern
firm’s emissions intensity exceeds fifty percent of that of the southern firm, e; € (e2/2, e5),
then the positive effect of the carbon tariff falls short of the negative effect of the carbon
tax. Thus, the production efficiency effect negatively affects the welfare of the North. The
fourth term is the terms of trade effect in exports and the fifth term is the production
efficiency effect of output exported to the South. These two terms are the same as those in
the carbon tax regime without the carbon tariff and the export rebate. As we have shown,
their sum has a negative effect on the North’s welfare. The last term is the external cost
effect. Unlike the regime with the carbon tax only, the external cost effect improves the
North’s welfare because the carbon tax with the carbon tariff reduces global emissions.

In sum, the carbon tariff alleviates the North’s welfare loss from the carbon tax. It
improves the terms of trade in imports and the production efficiency of output for domestic
sales. In addition, the external cost effect positively affects the North’s welfare regardless
of the gap in emissions intensities between the firms. Meanwhile, as in the carbon tax
regime without the carbon tariff, the carbon tax on exported output negatively affects the
North’s welfare due to the deteriorations in its terms of trade and production efficiency.
For a small carbon tariff, the consumption distortionary effect is negligible. These results
imply that, under the northern firm’s domestic production, a carbon tariff would raise the
North’s incentive to adopt a positive carbon tax because it improves the terms of trade
in imports, alleviates the negative effects of the carbon tax on production efficiency, and
reduces the external costs of global emissions.

Suppose that the northern firm relocates its plant to the South. Then, the welfare of
the North would be denoted as wy = wy(c1s,tx) under the North’s carbon tax regime
with the carbon tariff. The welfare impact of the northern firm’s relocation can be derived

as

wy(c1s, tn2,0) — wn(cin, Tve, tn2, 0),

where 79 denotes the critical level of the carbon tax that causes the northern firm to
shift its plant to the South, i.e., m1(c15,tn2,0) = m(c1n, T2, tn2, 0). Note that Tyo = tye.
The impact of the northern firm’s relocation on consumers surplus is positive due to a

reduction in the price. The effect on government budget surplus is not clear because

23Note that the carbon tax imposed on the northern firm increases the volume of imports from the
southern firm, but the carbon tariff on imports from the South reduces the volume of imports from the
southern firm. The total effect on the volume of imports can be shown to be negative. See Appendix C
for the details.
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the North would lose its revenue from the carbon tax imposed on the northern firm’s
domestic emissions but it would obtain its new revenue from the carbon tariff imposed
on the embedded emissions of northern firm’s output produced in the South. The effect
on the external cost of global emissions depends on the gap in the emissions intensities
between the firms. As in the case of the carbon tax only, the North’s marginal damage
is key to the welfare impact of the northern firm’s relocation. If the marginal damage
is sufficiently large, the effect on the North’s welfare is determined by the change in the
external cost of global emissions. Namely, the northern firm’s plant relocation to the
South would negatively affect the North’s welfare if e; € (e3/2,e3). However, it would
positively affect its welfare if e; € (0, e3/2).

Under the northern firm’s production in the South, the effects of the North’s carbon

tariff on its welfare can be derived as

Own(c1s,tn) Opan Oq2n
— = — @2N + Ines
Oty Oty Oty
terms of trade effect in imports consumption distortionary effect
oqin OEq
+  (py —c19) - N —
Oty Oty
~ ~~ 4 \ﬁf_/
production efficiency effect external cost effect

On the RHS, the first term is the terms of trade effect in imports from the southern
firm. The terms of trade effect positively affects the welfare because the carbon tariff
reduces the southern firm’s export price. As compared to the case of the northern firm’s
domestic production, the terms of trade effect is smaller. This is because the volume
of import from the southern firm is smaller under the northern firm’s production in the
South. The second term is the consumption distortionary effect that negatively affects the
northern welfare. Its magnitude is the same as that under the northern firm’s domestic
production. The third term is the production efficiency effect of the northern firm’s
output exported to the northern market. If e; € (0, e5/2), the production efficiency effect
is positive because the carbon tariff expands the import volume from the northern firm.
Meanwhile, if e; € (e2/2, e3), it is negative because the import volume from the northern
firm decreases due to the carbon tariff. In either case, the production efficiency effect
has a greater effect on the North’s welfare as compared to the case of the northern firm’s
domestic production. This is because the northern firm has a lower marginal production
cost under its production in the South. The last term is the external cost effect of global
emissions. The external cost effect positively affects the North’s welfare due to a reduction
in global emissions. Moreover, unlike the case of the northern firm’s production in the
North, the terms of trade effect of exports and the production efficiency effect of export
sales disappear, which positively affects a North’s welfare gain from the carbon tax with

the carbon tariff because the sum of these two effects is negative. We can show that
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increasing the carbon tariff by a small amount improves the welfare of the North under
4

the northern firm’s production in the South. The results are summarized as follows.?
Proposition 8 Suppose that the North adopts a carbon tax regime with a carbon tar-
iff. The carbon tariff alleviates the North’s welfare loss from the carbon tax because it
improves the terms of trade in imports from the South and alleviates the worsening in
the production efficiency of the northern firm. It also reduces the external cost of global
emissions regardless of the gap in emissions intensities between the firms. The North can
improve its welfare with a small amount of the carbon tax with the carbon tariff regard-
less of the northern firm’s production location. If the marginal damage of the North is
sufficiently large, the northern firm’s production relocation negativity affects the North’s
welfare under the condition that ey € (e3/2,e3), but positively affects its welfare under the
condition that e; € (0,e3/2).

Suppose that the North adopts the carbon tax regime with the carbon tariff and the
export rebate. Under the northern firm’s domestic production, the welfare of the North
can be denoted as wy = wy(cin, 7w, tny, 7n). Then, the effects of the carbon tax with the

carbon tariff and the export rebate on the North’s welfare can be derived as

awN<C1N7TN,tN,TN) 8u}]\/'(clf\/v’7—]\/'7t]\/'77n]\7) a,LU]\/'<01]\777-1\/v7t1\/v77,]\/')
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We evaluate the welfare effects of the North’s carbon tax under the constraint, 7y =ty =
ry. On the RHS, the first three terms are the same as those in the case of the carbon tax
regime with the carbon tariff. Unlike the carbon tax regime with the carbon tariff, the
terms of trade effect in exports and the production efficiency effect of output for export
sales disappear. This is because the export rebate of the carbon tax exactly offsets the
carbon tax imposed on emissions of output exported to the South. Without these two
terms, increasing the carbon tax by a small amount would lead to a greater improvement
in the North’s welfare. This is because the sum of these two terms has a negative effect
on the North’s welfare. The external cost effect that is the last term on the RHS has
a positive effect on the welfare of the North because global emissions decline due to an
increase in the carbon tax with the carbon tariff and the export rebate. Moreover, the

external cost effect can have a larger positive effect on the North’s welfare as compared

24See Appendix C for the derivations of the results.
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to the carbon tax regime with the carbon tariff. This occurs under the condition that
e1 € (0,e2/2) because the export rebate of the carbon tax prevents emissions leakage that
could result in an increase in global emissions. Meanwhile, if e; € (e3/2, e2), the external
cost effect leads to a smaller improvement in the North’s welfare under the carbon tax
regime with the carbon tariff and the export rebate as compared to the carbon tax regime
with the carbon tariff. This is because the export rebate weakens the negative effect of
the carbon tax on global emissions.

In sum, under the northern firm’s domestic production, the North can improve its
welfare by increasing its carbon tax with its carbon tariff and its export rebate by a small
amount. Its positive effect on the North’s welfare can be greater as compared to the
carbon tax regime with the carbon tariff. This is because the export rebate eliminates the
negative effect of the carbon tax on production efficiency in the northern firm’s export
sales to the South.

If the northern firm relocates to the South, the welfare of the North can be denoted
as wy = wy(cys,ty). The impact on the North’s welfare of the northern firm’s relocation

can be derived as

wn(c1s,tys) — wn(cin, Tvs, tNs, TNs),

where 7y3 denotes a critical level of the carbon tax that causes the northern firm’s relo-
cation to the South under the condition that e; € (0,e2/2), i.e., mi(c1n, TN, tN3, T'N3) =
m1(c1s,tn3). Note that 7y3 = ty3 = rn3. We can easily confirm that the impact of the
northern firm’s relocation on the welfare of the North is positive if the marginal damage
is greater than the critical level of the carbon tax 73. The northern firm’s relocation has
a positive impact on consumer surplus of the North due to a decrease in the price and a
negative effect on the northern government’s tax and tariff revenue due to a reduction in
emissions covered by the carbon tax and the carbon tariff. In addition, the external cost
effect of global emissions is positive because of a reduction in global emissions covered
by the carbon tax and the carbon tariff. If the marginal damage 6y is greater than the
critical level of the carbon tax 7y3, the positive effect of a reduction in the external cost
exceeds the negative effect of a decrease in the revenue of the carbon tax and the carbon
tariff. Thus, the northern firm’s relocation to the South has a positive impact on the
North’s welfare. Note that, under the northern firm’s production in the South, the effects
of the carbon tariff on the North’s welfare are the same as those in the carbon tax regime
with the carbon tariff. The results are stated as follows.?®

Proposition 9 Suppose that the North adopts a carbon tax regime with a carbon tariff
and an export rebate. Under the northern firm’s domestic production, the North can
improve its welfare by raising the carbon tax with the carbon tariff and the export rebate

by a small amount. Its welfare improvement can be greater as compared to the carbon tax

25See Appendix C for the derivations of the results.
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Figure 5: The effects of the North’s carbon tax on its welfare under the condition that
the northern firm’s emissions intensity is more than fifty percent of that of the southern
firm

regime with the carbon tariff because the export rebate eliminates the negative effect of the
carbon tax on production efficiency in its export to the South. Under the condition that
the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm, ey € (0,e3/2), the northern firm’s relocation to the South has a positive impact on
the North’s welfare if its marginal damage s larger than the critical level of the carbon
tax that causes the northern firm’s relocation to the South. Under the northern firm’s
production in the South, the effects on the North’s welfare of the carbon tariff are the

same as those in the carbon tax regime with the carbon tariff.

We can compare the effects of the carbon tax on the North’s welfare under different

carbon tax regimes?®.

Figure 5 shows the case in which the northern firm’s emissions
intensity exceeds fifty percent of that of the southern firm, e; € (e3/2,€3). In the carbon
tax regime without the carbon tariff and the export rebate, it is optimal for the North not
to impose a positive carbon tax because its welfare is maximized under the zero carbon tax.
In the carbon tax regime with the carbon tariff, the northern firm’s relocation negatively
affects the North’s welfare. The welfare is maximized when the carbon tax is high enough
for the northern firm to relocate its plant to the South. In the carbon tax regime with the
carbon tariff and the export rebate, the northern firm’s relocation to the South does not
occur. Thus, the North can attain the maximum level of its welfare under northern firm’s
production in the North. Furthermore, in this regime, the North achieves the maximum

welfare among the three carbon tax regimes.?’” Recall that the carbon tariff alleviates

26We use the same numerical example as in the previous section.
2"The optimal carbon tax rate is smaller than the prohibitive carbon tariff rate that eliminates the
import from the southern firm. See Appendix D for the details.
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Figure 6: The effects of the North’s carbon tax on its welfare under the condition that
the northern firm’s emissions intensity is less than fifty percent of that of the southern
firm

the North’s welfare loss from the carbon tax because of an improvement in the terms
of trade in imports from the southern firm and an increase in the production efficiency
of the northern firm’s domestic sales. These positive effects of the carbon tariff on the
North’s welfare are greater under the northern firm’s domestic production as compared
to its production relocation to the South. In addition, the export rebate eliminates the
negative effect of the North’s carbon tax on its production efficiency in its export sales to
the South. These results imply that the North can achieve the maximum welfare under the
northern firm’s domestic production by implementing the export rebate with the carbon
tariff.

Figure 6 shows the case with the condition that the northern firm’s emissions intensity
is less than fifty percent of that of the southern firm, e; € (0,e2/2). In the regime with the
carbon tax only, the North would not rase its carbon tax above zero under the northern
firm’s domestic production. However, the northern firm’s relocation has a positive welfare
impact. Thus, it is optimal for the North to choose the carbon tax at the level just inducing
the northern firm to relocate its plan to the South. In the carbon tax regime with the
carbon tariff, the North can attain the maximum welfare by inducing the northern firm
to relocate its plant to the South. If the North adopts its export rebate in addition to its
carbon tariff, it can attain the same maximum welfare as in the carbon tax regime with
the carbon tariff. Unlike the case with the condition that e; € (e2/2,eq), the welfare is
maximized under the northern firm’s production in the South. This is because the impact
of northern firm’s relocation on the North’s welfare is positive due to a reduction in global
emissions. Moreover, the production efficiency effect on northern firm’s domestic sales is

positive and the magnitude of the production efficiency effect is larger under the northern
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Figure 7: The effects of the North’s carbon tax on the welfare of the South under the
condition that the northern firm’s emissions intensity is more than fifty percent of that of
the southern firm

firm’s production in the South as compared to that under its production in the North. In
addition, among the carbon tax regimes, the North achieves the highest welfare in either
the carbon tax regime with the carbon tariff or with the carbon tariff and the export

rebate.

Proposition 10 Suppose that the North sets its optimal carbon tax rate to maximize its
social welfare. If the northern firm’s emissions intensity exceeds fifty percent of that of the
southern firm, ey € (e2/2,e3), then the North’s optimal carbon tax can attain the highest
welfare with the carbon tariff and the export rebate by inducing the northern firm to stay
in the North. If the northern firm’s emissions intensity is less than fifty percent of that
of the southern firm, ey € (0,e3/2), then the North’s optimal carbon tax can achieve the
highest welfare of the North with the carbon tariff or with the carbon tariff and the export
rebate by inducing the northern firm to relocate its plant to the South.

This proposition implies that the North’s optimal carbon tax regime incorporates both
a carbon tariff and an export rebate.
Let us turn to the impact of the North’s optimal carbon tax regime on the South. The

welfare of the South can be derived as
wg = CSg + 19 +wglg — 6gE¢.

The South’s welfare depends on the northern firm’s production location and the North’s
carbon tax regime. If the northern firm produces in country K, (K = N, S), the welfare

of the South can be denoted as ws = wg(ci1x, Tn, tN, TN)-
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We can show the effects of the North’s carbon tax on the South’s welfare by using
the numerical example. Figure 7 shows the case in which e; € (e3/2,e2). Suppose that
the northern firm produces in the North. Then, an increase in the North’s carbon tax
positively affects the welfare of the South through two different channels. One is an
increase in the southern firm’s profit and the other is a decrease in the external cost of
global emissions. Meanwhile, an increase in the North’s carbon tax negatively affects
the South’s welfare through a decrease in the consumer surplus of the South. We can
show that the positive effect on the southern firm’s profit more than offsets the negative
effect on the consumer surplus. Figure 7 shows the case in which a small increase in the
North’s carbon tax raises the welfare of the South under any carbon tax regimes of the
North. The magnitude of an increase in the South’s welfare is largest under the North’s
carbon tax regime without the carbon tariff and the export rebate. This is because the
North’s carbon tariff reduces the southern firm’s profit obtained from its export to the
northern market. If the North adopts the export rebate in addition to the carbon tariff,
the magnitude of an increase in the South’s welfare becomes much smaller due to the
negative effect of the North’s export rebate on the southern firm’s profit obtained in the
southern market.

Suppose that the northern firm relocates to the South. One the one hand, there is a
positive effect of relocation on the welfare of the South due to a decrease in the price in the
southern market. On the other hand, there are negative effects of relocation on the welfare
of the South due to an increase in the external cost of global emissions and a decrease
in the southern firm’s profit. Figure 7 shows the case in which the latter negative effects
more than offset the former positive effect. Namely, the northern firm’s relocation reduces
the welfare of the South. This implies that the North’s carbon tariff and export rebate can
benefit the South by preventing the northern firm’s relocation to the South. Furthermore,
the South’s welfare increases with the North’s carbon tax because the positive effect of
a decrease in the external cost of emissions outweighs the negative effect of a decrease in
the southern firm’s profit obtained from the northern market. Figure 7 shows that when
the North sets its optimal carbon tax rate to maximize its welfare, its optimal carbon tax
regime can benefit the South as well.

Figure 8 shows the case in which e; € (0,e3/2). Suppose that the northern firm
produces in the North. If the North adopts the carbon tax only, a small increase in the
North’s carbon tax positively affects the welfare of the South through an increase in the
profit of the southern firm. Meanwhile, it negatively affects the welfare of the South due to
a decrease in its consumer surplus and an increase in the external cost of global emissions.
Thus, whether a small increase in the North’s carbon tax increases or decreases the welfare
of the South remains ambiguous. Figure 8 shows the case in which a small carbon tax of
the North benefits the South under its regime with its carbon tax only. If the North adopts

the carbon tariff or both the carbon tariff and the export rebate, then, unlike the previous
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Figure 8: The effects of the North’s carbon tax on the welfare of the South under the
condition that northern firm’s emissions intensity is less than fifty percent of that of the
southern firm

case, a small carbon tax of the North negatively affects the welfare of the South. This
is because the negative effect of the carbon tariff on the southern firm’s profit outweighs
the positive effect of a decrease in the external cost of global emissions. Furthermore,
if the northern firm relocates its plant to the South, the South’s welfare increases under
the carbon tax regime with or without its carbon tariff. The northern firm’s relocation
positively affects the welfare of the South through a decrease in its external cost and an
increase in its consumer surplus while it negatively affects the South’s welfare through a
decrease in the profit of the southern firm. Figure 8 shows the case in which the South
benefits from the northern firm’s relocation to the South because the sum of the positive
effects outweighs the negative impact. Under northern firm’s production in the South,
an increase in the North’s carbon tariff raises the South’s welfare because the positive
effect of a decrease in the external cost outweighs the negative effect of a decrease in the
southern firm’s profit. These results imply that the North’s optimal carbon tax regime
can benefit the South.

Proposition 11 Regardless of the gap in the emissions intensities between the northern

and southern firms, the North’s optimal carbon tax regime can benefit the South.

7 Concluding Remarks

We examined the effects of the carbon tax under different carbon tax regimes by using
the North-South duopoly model. If the northern firm’s emissions intensity exceeds fifty
percent of that of the southern firm, then the North’s carbon tariff with its export rebate

can prevent emissions leakage caused by the northern firm’s plant relocation to the South.
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As a result, the North’s optimal carbon tax that maximizes its social welfare reduces
global emissions. If the northern firm’s emissions intensity is less than fifty percent of
that of the southern firm, then the North’s optimal carbon tax leads to emissions leakage
through plant relocation to the South even in the carbon tax regime with the carbon tariff
and export rebate. However, emissions leakage does not result in an increase in global
emissions because plant relocation expands the northern firm’s low-carbon output at the
expense of the southern firm’s high-carbon output.

We analyze an optimal carbon tax regime for the North. When the North chooses
its optimal carbon tax rate to maximize its social welfare, the optimal carbon tax regime
incorporates both a carbon tariff and an export rebate. Moreover, this carbon tax regime
can benefit the South we well. That is, both measures alleviate the negative effects of
the carbon tax on the northern firm’s production efficiency and prevent emissions leakage
that increases global emissions.

We can modify our model in several directions. First, we assume that firms conduct
Cournot competition. As is well known in the literature on trade policy in oligopoly, the
market structure affects the policy outcomes. We need to examine how our results would
be modified when we use a model with Bertrand competition. Second, we focus on the
case of the unilateral carbon tax by the North. One of the aims of carbon tariffs is to
encourage trade partners with lax carbon regulation to raise their carbon prices. We can
extend our model to examine how the North’s carbon tariff affects the South’s optimal
choice on its carbon tax. Last, we assume that the gap in emissions intensity between the
firms is exogenous. We can examine the effects of the carbon tariff on the northern firm’s
investment in low-carbon technology and its spillover to southern firms. These tasks are

left for our future work.
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Appendix A: Incentives to Northern Firm’s Plant Re-

location

In this appendix, we derive the effects of the carbon tax, carbon tariff, and export rebate
on the northern firm’s incentive to relocate its plant to the South. By using (9), we
can derive the change of the northern firm’s profit under the northern firm’s domestic

production,

dmy = 2b |qin 8q1Nd7'N + aqﬂdtjv + qis aqlSdTN + aqlSdTN :
87—N atN 6TN 87‘N
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In the carbon tax regime without the carbon tariff and export rebate, the northern firm’s

profit change due to the North’s carbon tax is

37T1(01N,TN7070)

< 0,
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where the second equality holds because the output change due to the carbon tax is
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This profit change implies that a small carbon tax increases the northern firm’s gain from
relocation to the South.
In the carbon tax regime with the carbon tariff, the northern firm’s profit change due

to the North’s carbon tax and carbon tariff is
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where the second equality holds because the output change due to the carbon tariff is

Oqin €2

oty 3b°

The North’s carbon tax with the carbon tariff increases the northern firm’s profit from
domestic sales if and only if the positive effect of the carbon tariff exceeds the negative
effect of the carbon tax, i.e. e3/2 > e;. The effect of the North’s carbon tax on the
northern firm’s profit from export sales is negative.

In the carbon tax with the carbon tariff and export rebate, the northern firm’s profit

change due to the North’s carbon tax with the carbon tariff and the export rebate is

87.‘—1(01]\77’7—]\77t]\/v7/rN) + aﬂ-l(clNuTNatNarN> + aﬂ-l(ClN7TN7tN7TN)

aTN atN 8rN
o oan | Oqin Oq1s  Oqis
_2b|:q1N<aTN * 8tN)+qls(87N+8rN
_ 2(ep — 2e1)q1n
3 )

where the last equality holds because the change in the output exported to the South due

to the export rebate exactly cancels out the change due to the carbon tax,

dq1s _ 2
87“1\[ 3b ’

If the North adopts the export rebate, its carbon tax with the carbon tariff increases the
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northern firm’s profit if and only if the positive effect of the carbon tariff exceeds the
negative effect of the carbon tax, i.e. e3/2 > e;.

Suppose that the northern firm produces in the South. By using (10), we can derive
a change in its profit due to the North’s carbon tariff,

Oqin
Oty

dm; = 2bg1N dty.

Note that the effects of the carbon tariff on the northern firm’s profit in the carbon tax
regime with the carbon tariff is the same as those in the carbon tax regime with the
carbon tariff and export rebate. The profit change can be written as

oy (c1s,tN) ogn  2(ea —2e1)qin

Dt n DN 5o 3 ’

where the second equality holds because the output change due to the carbon tariff is

Oq1n ey —2e

Oty 3b

In the carbon tax regime with the carbon tariff, the effect of the carbon tax with the

carbon tariff on the northern firm’s gain from plant relocation can be derived as

37T1(C157t1v)_ om(cin, Tn, tn, 0) N om(cin, Tn, tn, 0) _ 2(ex — 2e1)(e1n — ClS)+4€1Q1S
825]\[ @TN 8tN 9b 3 ’

where the equality holds because

N — ¢
an(cs, tn) — an(an, T, tn, 0) = 1N3—b15”

given that 7y = ty. If the northern firm’s emissions intensity is less than fifty percent
of that of the southern firm, e; € (0,e5/2), then the effect of the carbon tax with the
carbon tariff on the northern firm’s gain from its plant relocation is positive. Meanwhile,
if the northern firm’s emissions intensity exceeds fifty percent of that of the southern
firm, e; € (e2/2, e2), then the effect depends on the negative effect on its profit change in
domestic sales relative to the positive effect on its profit change in export sales.

In the carbon tax regime with the carbon tariff and export rebate, the change of a

northern firm’s profit gain from relocation to the South can be derived as

8771(01& tN) _ (971'1 (Cle TN, tN) TN) 871'1 (ClN7 TN, th TN) 87'('1 (ClN7 TN, tNa TN)
Oty oty Otn orn
2(62 — 261)(01]\[ — C15>
9b

The carbon tax with the carbon tariff and export rebate reduces the northern firm’s profit
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gain from its relocation to the South if and only if e; € (e3/2, €2).

Appendix B: Impacts on Carbon Emissions

In this appendix, we derive the effects of the carbon tax, carbon tariff, and export rebate
on carbon emissions. Under the northern firm’s domestic production, the change in carbon

emissions of each country can be derived as,

oqin oqin dq1s Oqis
dEN = —d —dt d d
N @ <67‘N TN+ atN N+ aTN TN+ 87“N S
0qon Oqan 0q2s 0q2s
dEg = d —dt —d d )
S 62(877\/ ™~ + Dtn N+ Dy ™~ + D TN

In the carbon tax regime without the carbon tariff and export rebate, the effect of the

North’s carbon tax on global emissions is

0E¢q(cin, TN, 0,0) _ dan | Oqis dgon . Ogos
aTN A (97']\[ +87'N te 87’1\7 +(9TN
. 261 (62 — 261)
B 3b ’

where the second equality is obtained by using the southern firm’s output change,

Oq2x _&a

87’]\[ N 3b <K:N78)

Global emissions decrease due to the carbon tax if and only if the northern firm’s emissions
intensity exceeds fifty percent of that of the southern firm, e; € (e2/2, e3). In the carbon

tax regime with the carbon tariff, the change in global emissions is

aEG’(CU\H TN, tNa O) + aEG(ClNy TN, tN7 0)

87’]\7 atN
_ Ian | Oy | Oqis Iy | Ogan | Ogas
_61<8TN + (’%N + aTN +62 aTN + (9151\7 + 87’1\7

. 261 (62 — 261) + 62(61 — 262)
a 3b ’

where the second equality is obtained by using the southern firm’s output change,

Ooy _ 262
Otn 3b°
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The carbon tax with the carbon tariff reduces global emissions regardless of the difference

in emissions intensities because

261(62 — 261) + 62(61 — 262) 2(62 — 61)2 + 61(261 + 62)
30 - 30 <0

In the carbon tax regime with the carbon tariff and export rebate, the change in global

emissions due to the carbon tax, carbon tariff, and export rebate is

aEG(ClN,TN,tN,TN) + aEG(ClN,TN,tN,TN) + aEG<ClN7TN7tN7TN)

(97'N 8tN 87”1\7
_ Oan | Oy | Oqis | Oqis Ogan | Oqan | Oqas | Ogos
_61<87'N+8tN +8TN+87”N te 8TN+61§N +8TN+8TN

61(62 — 261) 1 62(61 — 262)
3b 3b ’

where the second equality is derived by using the output change due to the export rebate,

Oqis _ 2e1
8rN N 3[)’
Ig2s _ &
67‘N N 3b

Global emissions decrease due to the carbon tax with the carbon tariff and export rebate

regardless of the gap in emissions intensities,

61(62 — 261) 62(61 — 262) - 2 [(61 — 62)2 + 6262]
3B 3 3b <0

An increase in the carbon tax with with the carbon tariff and the export rebate leads to a
smaller reduction in global emissions as compared to the case without the export rebate.
Under the northern firm’s production in the South, the change in carbon emissions of

each country can be derived as,

dEN =0,
N Oqon

dES = elaTdtN + GggTdtN.
N N

In the carbon tax regime with the carbon tariff, the change in global emissions is

O0Eq(cis,tn)  Oqn dqan
= €1 + es
oty Oty Oty
61(62 — 261> i 62(61 — 262)

3b 3b ’
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where the second equality is obtained by using the southern firm’s output change,

Oqan €1 — 2e

Oty 3b

The effects of the carbon tariff on global emissions are the same as those of the carbon tax
with the carbon tariff and export rebate under the northern firm’s domestic production.
This implies that the carbon tariff reduces global emissions regardless of the gap in emis-
sions intensities. Note that, under the northern firm’s production in the South, the effects
of the carbon tariff on global emissions in the carbon tax regime with the carbon tariff
are the same as those in the carbon tax regime with the carbon tariff and export rebate.
This implies that, in the carbon tax regime with the carbon tariff and export rebate, an
increase in the carbon tariff under the northern firm’s production in the South leads to
the same reduction in global emissions as that of the carbon tax under the northern firm’s
domestic production.

The impact on global emissions of the northern firm’s relocation to the South can be

derived as

E¢(cis,ty) — Eg(cis, Tn, tn, )

(261 — 62) [2(01]\[ — CIS) + 61(7’]\[ — '[ZN) + €1<TN — TN)]
3b '

If the northern firm’s emissions intensity is more (less) than fifty percent of that of the
southern firm, e; € (e3/2,e2) (e1 € (0,e2/2)), then the northern firm’s relocation to the
South expands (reduces) global emissions in all the carbon tax regimes. The increase
(decrease) in emissions is the smallest under the carbon tax regime with the carbon tariff
and export rebate, 7y = ty = ry. In the carbon tax regime with the carbon tariff
(Tw =ty > 0 = ry), the expansion (reduction) of emissions is smaller than that under
the carbon tax regime without the carbon tariff and export rebate (7 > ty = ry = 0)

but larger than that under the carbon tax regime with the carbon tariff and export rebate

(TN:tN:TN>O).

Appendix C: Effects on Northern Welfare

In this appendix, we derive the effects of the North’s carbon tax, carbon tariff, and
export rebate on the North’s social welfare. In the equilibrium with the northern firm’s

domestic production, the total demand and the price in the northern market can be
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derived respectively as

2a — CIN — €1TN — C25 — egtN

gn = 3b )
a+cin + ey + cas + ety
PN = 3 .

In the southern market, the total demand and the price are respectively

2a — 1y — e1(Tn — Tn) — Cas

gs = 3b ;
a+can+e(thy —rn) + cas
Ps = 3 .

The income of the North can be derived as
Iy =m +gn + Ly.

The budget constraint for the North is

PNGN + gno = In.

Using the budget constraint with the utility function, the social welfare of the North can
be written as

b
WN = agny — 56112\7 —pNngN + T +gn + Ly — OnEg.

Under the northern firm’s domestic production, the change in the social welfare can be

derived as

dwy = —@andpy+eaqandtn+ineadgan+qi15dps+(pn—cin)dgin+(ps—cinv)dg1s—OndEg.

In the carbon tax regime without the carbon tariff and the export rebate, the effect of

the carbon tax on the social welfare is

8U)N(01N7 7,0, 0) Opn oqin Ops dqis 0Eq
= — e — — )
aTN 2N 87’N + <pN ClN) aTN + s aTN + (pS ClN) aTN N aTN ’
__@ne 2a(py—an) | @ser 2e(ps —an)  2ei(ex — 2€1)bn
3 3b 3 3b 3b '

On the RHS, the sum of the first four terms is negative because the third term can be

written as
q15€1 e1(ps — iy — e17y)

3 3b

The last term that is the external cost effect positively (negatively) affects the welfare

if the northern firm’s emissions intensity is more (less) than fifty percent of that of the
southern firm, e; € (e2/2,e2) (e1 € (0,e2/2)).
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In the carbon tax regime with the carbon tariff, the change in the North’s welfare can

be derived as

8/LU]\/' (clNu N, tNJ O) a/LU]\/'(CIZ\/'7 N, tN? O)

aTN 8tN
Opn Opan 0@an . Ogan Oogin . Oqin
= — —_— _— t — -
Q2N Drn Q2N Dtn +ine ( D1 + Bt + (pn — c1n) Oy + Dtn
apS 8(]15 aEG 8EG
5 _ -5 2= Z7C
+ C_IlsaTN + (ps — cin) Oy N (8TN + 8tN) ;
_ @n(2e2 — €7) _ tnea(2ea —ey)  (e2 —2e1)(pn — cin)
3 3b 3b
q1s€1 261(173 - ClN) 261(62 - 261) 62(61 - 262)
T3 3b { 3b LT o,

where the second equality is derived by using the southern firm’s producer (export) price
in the northern market, poy = py — tyes. We now evaluate the welfare effects of the
carbon tax under the constraint, 7,y = ty. On the RHS, the first term that is the terms of
trade effect of imports is positive, the second term that is the consumption distortionary
effect is negative, and the third term that is the production efficiency effect in domestic
sales is negative (positive) if the northern firm’s emissions intensity is more (less) than
fifty percent of that of the southern firm, e; € (e3/2,e3) (e1 € (0,e2/2)). The first term

on the RHS can be written as

@n(2es —e1)  (2e2 —e1)(py — cas — eatn)

3 N 3b ’

by using
QN _ PN — Cas — ealy
3 3b

For a small carbon tax and carbon tariff, the consumption distortionary effect is negligible.

In addition, even if the northern firm’s emissions intensity exceeds fifty percent of that of

the southern firm, e; € (e3/2,e5) , then the following inequality holds,

(2e2 — €1)(pn — cas) . (e2 —2e1)(pn — c1n)

3b 30 >0,

because we assume that cog < ¢1y. Thus, for a small carbon tax and carbon tariff, the sum
of the terms of trade effect of imports and the production efficiency effect of domestic sales
is positive regardless of the gap in emissions intensities between the firms. Meanwhile,
the terms of trade effect of exports and the production efficiency effect in export sales are
the same as those in the case with the carbon tax regime without the carbon tariff and
export rebate. Recall that the sum of these two terms is negative. The last term is the
external cost effect that positively affects the welfare of the North. These results imply

that a small carbon tax with a carbon tariff positively affects the welfare of the North
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as long as the positive effect of the external costs outweighs the negative effect of the
export production efficiency. The sufficient condition for this result is that the marginal
damage, oy, is sufficiently large. We can also confirm that the second order derivative of

the North’s welfare with respect to its carbon tax under 7y = ty is negative,

Pwn(cin, v, TN, 0) (e — €2)? + 263 _ 4_6%

or3 B 3b 9b

< 0.

In the carbon tax regime with the carbon tariff and export rebate, the change in the

North'’s social welfare can de derived as

own(cin, TN, tn,TN)  Own(cin, T, tn,TN)  Own(cin, TN, EN, TN)

(97'N 8tN 87’N
_ dpn Opan 0oy | Oqan oy Oqin
= —@N D1 GaN Bt n +ines <3TN + Din + (pn — c1n) B + .

aTN 87“N 67‘]\[ 87“1\] aTN atN aTN

0 0 0 0 0FE OE, OE

_ @n(2e2 — 1) B tnea(2e3 —e1)  (e2 —2e1)(py — cin)
3 3b 3b
er(ea —2e1)  es(er — 2eq)
{ 30 + 3D ON-

We will evaluate the welfare effects of the carbon tax under the constraint, 7y =ty = ry.
On the RHS, the first three terms are the same as those in the case of the carbon tax
regime with the carbon tariff. Due to the export rebate, the terms of trade effect of
exports and the production efficiency effect of export sales disappear. The last term is
the external cost effect that positively affects the welfare. These results imply that a
small carbon tax with the carbon tariff and the export rebate increases the welfare of the
North. We can also prove that the second order derivative of the North’s welfare with
respect to the carbon tax with 7y =ty = ry is negative,
OPwn(CiN, TN, TN, TN) (€1 — e9)? + 2¢2

= — < 0.
or% 3bn

In the equilibrium with northern firm’s production in the South, the total demand

and the price in the northern market can de derived, respectively, as

2a — C1s — Co5 — (61 + 62)tN

qN = 3b I
a + C1s + Cas + (61 + 62)tN
PN = 3 .
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In the southern market, the total demand and the price are, respectively,

2a — c1g — Cag

gs = 3b )
a+ ci1s + cag
ps=—"37

Under the northern firm’s production in the South, the change in the North’s welfare can

be derived as

dwy = —gandpy + e2qondtn + tyeadqan + (pn — c15)diny — OndEG.

In the carbon tax regime with the carbon tariff, the effects of the carbon tariff on the

North’s welfare can be derived as

Own(c1s,tn) Opan 0qan N 0Eq
JON\ELS NS TE2N _ ZHIN. o TG
Otn Q2N Dt +1ines Dt + (pn — 1) Dt Nc?tN’
_ ¢n(2e2 — €7) _ tnea(2ea —ey)  (e2 — 2e1)(pn — c1s)
3 3b 3b
€1 (62 — 261) 62(61 — 262)
30 + 30 ON-

On the RHS, the first term is the terms of trade effect, the second term is the consumption
distortionary effect, the third term is the production efficiency effect under the northern
firm’s production in the South, and the last term is the external cost effect. The first

term can be written as

@n(2es —e1)  (pn — cos — eatn)(2e2 —€1)

3 3b ’

by using
PN _ (pN — cas — eatn)
3 3b

For a small carbon tariff, the consumption distortionary effect is negligible. Then, if

the northern firm’s emissions intensity exceeds fifty percent of that of the southern firm,
e1 € (e2/2, e3), then the positive effect of an improvement in the terms of trade could fall
short of the negative effect of a decrease in the production efficiency. This can occur only
if c15 < 9, i.e., the northern firm’s production in the South is more efficient than the
southern firm’s. These results imply that the sufficient condition for an increase in the
North’s welfare due to a small increase in the carbon tax is that the marginal damage is
sufficiently large. Meanwhile, if the northern firm’s emissions intensity is less than fifty
percent of that of the southern firm, e; € (0, e3/2), then a small carbon tariff improves

the North’s welfare. We can also prove that the second order derivative of the North’s
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welfare with respect to the carbon tariff is negative,

Pwn(crg,7v)  (e1 —e2)® + 2€3
> = — < 0.

If the northern firm produces in the South, then the effects of the carbon tariff on the
North’s welfare in the carbon tax regime with the carbon tariff and export rebate are the

same as those in the case with the carbon tax regime with the carbon tariff.

Appendix D: Numerical Example

The numerical example uses the following values for parameters of the model.

a =120, b= L, eiy =20, ¢15 =3, a5 =6, €2 =6, fl = 1650,
6N = 15, (SS = 5, LN = wSLS = 3000.

We consider the case in which the marginal damage of the North is greater than that of
the South because this implies that 7y > 75.
If the northern firm’s emissions intensity exceeds fifty percent of that of the southern

firm, e; € (e2/2, e3), the emissions intensity of the northern firm is
€1 — 4.

In this case, the optimal carbon tax rate is 98/11 when the northern firm stays in the
North under the carbon tax regime with the carbon tariff and the export rebate. The
prohibitive carbon tariff rate that eliminates the import from the southern firm is 96/5,
which is greater than the optimal carbon tax rate. Similarly, the optimal carbon tax rate
is 179/22 when the northern firm relocates to the South in the carbon tax regime with
the carbon tariff. Then, the prohibitive carbon tariff rate, 35/2, is larger than the optimal
carbon tax rate.

If the northern firm’s emissions intensity is less than fifty percent of that of the southern

firm, e; € (0,e3/2), the emissions intensity of the northern firm is
€1 = 2.

In this case, the optimal carbon tax rate is 2029/177 when the northern firm’s relocation
arises in the carbon tax regime with the carbon tariff or with the carbon tariff and the
export rebate. Then, the prohibitive carbon tariff rate that eliminates the import from

the southern firm is 35/3, which is greater than the optimal carbon tax rate.
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