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The fragmentation of production across national boundaries has become an important feature of theworld econ-
omy. This present paper adopts the viewpoint that not only the size and composition of carbon footprints are rel-
evant but also the border-crossing frequency associated with these carbon footprints, which is defined as the
number of borders a product crosses in a supply chain; this processwill affect the spatial accounting of the carbon
emissions produced to support the economic activity. The calculation of border-crossing frequencies of carbon
footprint is accomplished by decomposing the Leontief inverse matrix derived from the world input–output da-
tabase. We find that the aggregated average border crossing frequencies of carbon footprints show an increasing
tendency, which is influenced by the economic crisis obviously. The policy application focuses on the United
States, which we assume to levy carbon tariffs on foreign emissions embodied in imports. We find that the indi-
rect carbon tariff on emissions embodied in international trade take a significant share. The border carbon adjust-
ments are mainly targeted at emissions generated in China, which also pays the greatest share of the tariff
burden. The implication of carbon tariffs faces the problem of multiple taxation.
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1. Introduction

Carbon footprint is defined as the gross carbon emissions produced
to directly and indirectly support an economic activity (Hertwich and
Peters, 2009). In the last three decades, production systems have be-
come increasingly fragmented both spatially and functionally; this
paper focuses on the impacts of spatial fragmentation (the location of
different stages of the production chain in different countries).1 The
number of borders crossed by a production chain will affect the carbon
emissions embodied in thefinal product; each border-crossingwill then
accumulate embodied emissions and the carbon footprint accounting
needs to allocate these appropriately. The paper explores the changing
trends of border-crossing frequencies of carbon footprints over the pe-
riod 1995–2009 and considers the policy implication of border-
crossing frequencies. This is the primary research focus of the present
study. Specifically, the practical application of this present paper studies
the impacts of spatial fragmentation on border carbon adjustments,
Romero et al. (2009).
which are usually proposed by developed countries to address compar-
ative concerns and carbon leakage.

Border carbon adjustments may be targeted at importers
(e.g., carbon tariffs on imports) or exporters (e.g., rebates to exporters).
In this present paper, border carbon adjustments refer in particular to
levying carbon tariffs on foreign emissions directly and indirectly gener-
ated to support the production of imported products. Policy makers are
interested in the following questions: whose emissions are regulated
and how much tariffs are targeted at their emissions? Who pay carbon
tariffs and howmuch do they pay? All these questions are closely relat-
ed to the concept of border crossing frequencies because the country
that adopts border carbon adjustments could levy carbon tariffs on for-
eign emissions embodied in imported products each time the traded
products cross the national boundary of this country. For instance,
greater border crossing frequencies may result in a greater proportion
of indirect tariffs and serious multiple taxation problems (see
Schenker et al., 2012).

The significance of this present study is that we highlight the spatial
fragmentation of production across national boundaries may have im-
portant implications for climate policies. This is, as far as we know, the
first study that discusses carbon footprints from the perspective of
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border-crossing frequencies. The policy makers of border carbon
adjustments should consider not only the size and composition of
carbon footprints, but also the border crossing frequencies of carbon
footprints, especially under the condition more than one county are
adopting the border carbon adjustments. The paper is organized into
five sections. Section 2 reviews the relevant literature and summarizes
the contributions of the present paper. Section 3 describes themethod-
ology, while Section 4 presents the simulation results. Section 5
focuses on the multiple taxation problem, and Section 6 provides
some summary remarks.
2. Literature review

A considerable body of literature has emerged that explores carbon
footprints of different economic activities, such as household consump-
tion (e.g., Weber and Matthews, 2008; Druckman and Jackson, 2009),
production activity (e.g., Messagie et al., 2014; Ji and Chen, 2016), and
international trade (e.g., Lin and Sun, 2010; Xu and Dietzenbacher,
2014). With the development of global production fragmentation,
there exists a growing literature that traces carbon emissions along
global value chains (e.g., Dietzenbacher et al., 2012; Su et al., 2013; Liu
et al., 2015;Meng et al., 2015). To identity the carbon reduction respon-
sibility, the existing literaturemainly focuses on the size or composition
of carbon footprints. This present paper extends the literature by
adopting the viewpoint that not only the size and composition of carbon
footprints is relevant but also the border crossing frequencies associated
with these carbon footprints. The analytical tool of this present study is
the multi-country input–output analysis framework, which has been
widely adopted in the literature (e.g., Brizga et al., 2017; Weber and
Matthews, 2008; Zhang et al., 2014; Zhang and Tang, 2015).

This present paper is also closely related to the literature that
characterize the global production network through measuring the
number of production stages (e.g., Dietzenbacher et al., 2005;
Dietzenbacher and Romero, 2007; Chen, 2014; Fally, 2012; Antràs
et al., 2012; Antràs and Chor, 2013; Wang et al., 2014). Rather than
counting each production stage, this present paper focuses especially
on the number of transnational production stages that involves
border-crossing.2 Wang et al. (2014) introduced a method to calcu-
late border-crossing frequencies of value added by decomposing
the direct requirement matrix. Muradov (2016) proposed a measure
of the weighted average number of border crossings in global value
chain; the proposed measure also focuses on the direct requirement
matrix. However, the inputoutput analysis framework of carbon
footprints usually multiplies carbon coefficient by the total require-
ment matrix (Leontief inverse matrix) to obtain the carbon foot-
prints. Thus, this present paper attempts to propose an alternative
method of calculating border-crossing frequencies by decomposing
the Leontief inverse matrix.

Böhringer et al. (2012) note that the existing literature on carbon
tariffs vary with respect to the coverage of regulated emissions, such
as only direct emissions (Böhringer et al., 2012; Monjon and Quirion,
2011), direct emissions plus indirect emissions from electricity use
(Winchester, 2012; Tang et al., 2015), and full carbon footprints
(Schenker et al., 2012; McAusland and Najjar, 2015; Böhringer et al.,
2011). The policy application of this present paper discusses carbon tar-
iffs levied on foreign emissions generated to support the production of
imported products in order to avoid double regulation of emissions
2 The difference between border crossing frequencies of this study and the related con-
cepts are summarized below. 1) The average production lengths (APL) (Dietzenbacher
et al., 2005) and the upstreamness (Antràs et al., 2012)measure the economic distance be-
tween two sectors. The border crossing frequencies measure the economic distance be-
tween two regions. 2) The traditional measure of APL or upstreamness is based on the
value added accounting framework, while this study adopts the gross exports accounting
framework (Muradov, 2015).
from the country that adopts unilateral climate regulations (Böhringer
et al., 2012). To provide a comprehensive analysis of the effects of
border-crossing frequencies associated with carbon footprints on car-
bon tariffs, this present paper makes both forward and backward
international-linkage-based decompositions on the carbon tariffs,
which are divided into direct, indirect, and multiple tariffs according
to the border-crossing frequencies. The contributions of this present
study are summarized below.

1) This present paper extends the literature on carbon footprints by
focusing on border crossing frequencies of carbon footprints. With the
fragmentation of production across national boundaries being an in-
creasingly important feature of the world economy, the viewpoint
adopted is that not only the size and composition of carbon footprints
is relevant but also the border-crossing frequencies of carbon footprints,
defined as the number of borders a product crosses in a supply chain.
2) The paper also enriches the literature by proposing another calcula-
tion approach of border-crossing frequencies based on a decomposition
of the Leontief inverse matrix derived from a multi-country input–
output model. The proposed approach is applied to the World Input–
Output Database (WIOD, Timmer et al., 2015). The results show that,
over the period 1995–2009, the aggregated average border-crossing
frequencies of carbon footprints increase. 3) This present study in-
creases the understanding of border carbon adjustments by considering
the border crossing frequencies of carbon footprints. The results show
that the indirect carbon tariff on emissions embodied in international
trade take a significant share. The problem of multiple taxation could
become increasingly serious as the number of countries that adopt car-
bon tariff increases. The carbon tariff of the United States is mainly
targeted at emissions generated in China, which also pays the greatest
share of the tariff burden.

3. Methodology

3.1. Border-crossing frequencies associated with carbon footprints

Assume a world with G countries, with each country producing
tradable products in N differentiated sectors. Products are used to
satisfy intermediate or final demand of both domestic and foreign
countries. The input–output analysis clarifies the flow of products
as follows:

Xs ¼ ∑
G

r
AsrXr þ∑

G

r
Ysr s; r ¼ 1;2;…;Gð Þ ð1Þ

where Asr is the N×N input–output coefficient matrix that reveals
the intermediate use of country r supplied by country s. Xs is the
N×1 gross output vector of country s, Ysr is the N×1 final demand
vector that gives final use of country r supplied by country s.
Rearranging,

Xs ¼ ∑
G

r
∑
G

t
BstYtr t ¼ 1;2;…;Gð Þ ð2Þ

where Bst is the N×N global Leontief inverse matrix that provides
the gross output of country s required for a one-unit increase in
the final production of country t. The relationship between the
input–output coefficient matrix and the Leontief inverse matrix
satisfies

B ¼
B11 B12 ⋯ B1G
B21 B22 ⋯ B2G
⋮ ⋮ ⋱ ⋮

BG1 BG2 ⋯ BGG

2
664

3
775 ¼

I−A11 −A12 ⋯ −A1G
−A21 I−A22 ⋯ −A2G

⋮ ⋮ ⋱ ⋮
−AG1 −AG2 ⋯ I−AGG

2
664

3
775

−1

,

where I demotes aN×N identitymatrix. The carbon intensity of the sec-
tor i of country s is defined as fs ,i=es ,i/xs ,i, where es , i represents the car-
bon emissions of the sector i of country s, xs , i represents the output of
the sector i of country s. Fs is a N×Ndiagonal matrix with a typical
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element fs ,i. The emissions of country s induced by final demand of dif-
ferent countries are

Es ¼ ∑
G

r
Esr ¼ ∑

G

r
∑
G

t
FsBstYtr ð3Þ

where Esr=FsBstYtr represents the emissions of country s induced by the
final demand of country r. Emissions of country smay be induced by the
final products exported to country r or by exports of intermediate prod-
ucts that are finally absorbed by country r. The final products cross na-
tional border once. However, the intermediate products may cross
national bordermultiple times. Therefore, Eq. (3) if further decomposed
to obtain more detailed information on different types of carbon
footprints. According to Wang et al.'s study (2015), proof can be

shown that Bss ¼ Lss þ Lss ∑
G
r≠s AsrBrs and Bsr ¼ Lss ∑

G
t≠s AstBtr , where

Lss=(I−Ass)−1 is the domestic Leontief inverse matrix of country s.
Inserting these two equations into Eq. (3) in an infinite process:3

E ¼ FLDYD þ FLDT ð4Þ

where E ¼
E11 E12 ⋯ E1G
E21 E22 ⋯ E2G
⋮ ⋮ ⋱ ⋮

EG1 EG2 ⋯ EGG

2
664

3
775 , F ¼

F1 0 ⋯ 0
0 F2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ FG

2
664

3
775 , LD

¼
L11 0 ⋯ 0
0 L22 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ LGG

2
664

3
775 , YD ¼

Y11 0 ⋯ 0
0 Y22 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ YGG

2
664

3
775 ,

T=YE+(Z+Z2+…)Y, YE ¼
0 Y12 ⋯ Y1G
Y21 0 ⋯ Y2G
⋮ ⋮ ⋱ ⋮

YG1 YG2 ⋯ 0

2
664

3
775 , Y ¼ YD þ YE

¼
Y11 Y12 ⋯ Y1G
Y21 Y22 ⋯ Y2G
⋮ ⋮ ⋱ ⋮

YG1 YG2 ⋯ YGG

2
664

3
775 , Z ¼

0 A12L22 ⋯ A1GLGG
A21L11 0 ⋯ A2GLGG

⋮ ⋮ ⋱ ⋮
A31L11 A32L22 ⋯ 0

2
664

3
775 . The

first term (FLDYD) represents the emissions that are induced by domes-
tic demand through domestic economic linkages, with no relation with
international trade. The second term (FLDT) represents emissions gen-
erated to support international trade (represented by T). The traded
final products (represented by YE) only cross the border once. The
trade intermediate products (represented by (Z+Z2+…)Y) are proc-
essed in at least two countries before they are finally absorbed by the
domestic or a foreign country, and the process may cross national bor-
ders multiple times. For instance, FLDZYD represents the carbon foot-
prints that cross borders once, FLDZYE and FLDZ2YD represents the
carbon footprints that cross borders twice. Then the aggregated average
border-crossing frequencies of carbon footprints related to internation-
al trade can be represented as follows:

BCF ¼
FLD 1Z þ 2Z2 þ…

� �
YD þ FLD I þ 2Z þ 3Z2 þ…

� �
YE

FLDT
: ð5Þ

The division symbol in this present paper denotes elements-wide di-
visions. From Eq. (5), the border-crossing frequencies can be obtained
for different types of carbon footprints. Adding up all elements in the
matrix, it is possible to obtain the aggregated average global border-
crossing frequencies of carbon footprints. Summing up the row of ma-
trix, an emitter's total emissions can be traced along the forward indus-
trial linkage until the associated outputs are finally absorbed. For each
column, all the emissions generated in the upstream production stages
to satisfy a specific country's final demand along the global value chains
can be obtained. In other words, it is possible to obtain national border-
3 Su and Ang (2011) propose the stepwise distribution of emissions embodied in trade
(SWD-EET) method to trace the infinite distribution of embodied emissions in trade.
Equation (4) is aligning with the Equation (18) in Su and Ang's (2011) study .
crossing frequencies of carbon footprints under both a forward and
backward perspective. In addition, similar frequencies can be calculated
for each sector.

While Eq. (5) is intuitive, it cannot be used to calculate the border-
crossing frequencies of carbon footprints directly because there is infi-
nite number of terms. According to the characteristic of inverse matrix,
we obtain I+Z+Z2+…=(I−Z)−1, I+2Z+3Z2+…=((I−Z)−1)2,
and B=LD(I−Z)−1. Then the closed-form solution of aggregated aver-
age border-crossing frequencies of carbon footprints is:

BCF ¼ FBT

FLDT
: ð6Þ

3.2. Border carbon adjustments

This section discusses the policy applications of border crossing fre-
quencies of carbon footprints to border carbon adjustments. Assume
that a group of countries V (V⊂(1,2, … ,G)) levy carbon tariffs on
other countries'U (U⊂(1,2,… ,G))carbon emissions that are generated
to support the production of imported products. Based on border-
crossing frequencies of carbon footprints, the carbon tariff is
decomposed into direct, indirect, andmultiple tariffs from both forward
and backward perspectives. The forward international-based decompo-
sition focuses on whose emissions are regulated and how much tariffs
are targeted on their emissions? The backward international-based de-
composition answers the question about who pays carbon tariffs and
how much they pay.

3.2.1. Forward international-based decomposition
From the perspective of forward international linkages, it is possible

to trace the emitter's exports along the global production networks and
obtain the scale of carbon tariffs targeted on each country's carbon
emissions. This present study assumes the carbon tariff is exogenous,
and thus has no impact on structure of the input–output coefficientma-
trix. The carbon tariffs levied on carbon emissions of a certain country t
is equal to the multiplication of carbon tariff rate, the scale of carbon
emissions of country t embodied in imports of countries V, and the fre-
quencies of crossing the borders of the group of countries V through im-
ports. The mathematical expression is presented as follows:

CTt f ¼ RtVFLD I−MZUV
� �−1

TUV ð7Þ

where RtV ¼
k11R ⋯ 0 ⋯ 0
0 ⋯ k22R ⋯ 0
⋮ ⋱ ⋮ ⋱ ⋮
0 ⋯ 0 ⋯ kGGR

2
664

3
775 (kss=1 if s=t; otherwise,

kss=0) and R is a N×N diagonal matrix made up of the rate of carbon

tariff rate, ZUV ¼
0 h12A12L22 ⋯ h1GA1GLGG

h21A21L11 0 ⋯ h2GA2GLGG
⋮ ⋮ ⋱ ⋮

h31A31L11 h32A32L22 ⋯ 0

2
664

3
775 (hsr=1 if

s∈U and r∈V, otherwise, hsr=0), and M=(I−Z+ZUV)−1, TUV repre-
sents the exports from the group of country U to the group of country
V. Please refer the Appendix A for the mathematical proof of Eq. (7).

Using a forward international-linkage-based decomposition, the
gross carbon tariffs targeted at each country are divided into direct, in-
direct and multiple carbon tariffs, according to the border-crossing
frequencies of carbon footprints. The direct carbon tariff (DCT_f)
is targeted at emissions generated in the exporting country to
support the production of products that are directly exported to
the group of countries V, and the traded production only cross
the border from the group of country U to the group of country
V once. The mathematical expression of direct emissions is TtVFLDYUV+
TtVFLDZUV(I+(Z−ZUV)+(Z−ZUV)2+…)(Y−YUV). According to the
characteristic of inverse matrix, the closed form expressions of
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Fig. 1. The aggregated average border-crossing frequencies of carbon footprints related to
international trade over the period 1995–2009.
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direct carbon tariffs can be obtained from the forward international
linkage.

DCTt f ¼ RtVFLDD TUV ð8Þ

where D_TUV represents the products of country U that are exported to
the group of country V directly and only cross the border from the
group of country U to the group of country V once. The indirect carbon
tariff (ICT_f) is targeted at emissions generated to support the produc-
tion of imports of the group of country U, and the imported products
would be processed and exported to the group of country V. The traded
products cross the border from the group of country U to the group of
country V once. Themathematical expression of the indirect carbon tar-
iff is

ICTt f ¼ RtVFLDI TUV ð9Þ

where I_TUV represents the intermediate products of other countries
that are first exported to the group of country U and then exported to
the group of country V. The traded products only cross the border
from the group of country U to the group of country V once. Since inter-
mediate goods trade between the group of countries U and Voften re-
sults in movement in both directions, border carbon adjustments may
levy carbon tariffs on carbon emissions embodied in intermediate prod-
ucts multiple times, generating what may be termed multiple carbon
tariffs (MCT_f) in this present paper. The mathematical expression is

MCTt f ¼ RtVFLDM TUV ð10Þ

where M_TUV represents the accumulation of the traded products that
cross the border from the group of country U to the group of country
V multiple times. The first two parts (DCT_fand ICT_f) are determined
by the tariff rate and the size of carbon footprints; however, the last
one (MCT_f) is also determined by the border-crossing frequencies of
carbon footprints. The carbon tariff revenue will be underestimated if
we ignore the impact of border-crossing frequencies.

3.2.2. Backward international-based decomposition
From theperspective of backward international linkage, it is possible

to trace all the emissions generated in the upstream production stages
to support the production of a country's exports to a country such as
the United States. The carbon tariffs paid by a country t is equal to the
multiplication of the carbon tariff rate, the scale of emissions embodied
in exports of country t to the group of countries V, and the frequency of
crossing the borders of the group of countries V through imports from
country t.

CTt b ¼ RUVFLD I−NZtV
� �−1

TtV ð11Þ

where RUV is a NG×NG diagonal matrix made up of the rate of carbon

tariff rate, ZtV ¼
0 h12A12L22 ⋯ h1GA1GLGG

h21A21L11 0 ⋯ h2GA2GLGG
⋮ ⋮ ⋱ ⋮

h31A31L11 h32A32L22 ⋯ 0

2
664

3
775 , (hsr=1 if

s= t and r∈V, otherwise, hsr=0), and N=(I−Z+ZtV)−1. TtV repre-
sents the traded products that cross the national borders from country
t to the group of country V. Please refer the Appendix B for the mathe-
matical proof of Eq. (11).

Using backward international-linkage-based decomposition,we fur-
ther divide the gross carbon tariffs paid by each country into direct, in-
direct and multiple carbon tariffs, according to the border-crossing
frequencies of carbon footprints. The direct carbon tariffs (DCT_b) are
targeted at domestic emissions generated to support the production of
traded products that are exported to the group of countries V .
The border-crossing frequency of carbon footprints of exports of
country t to the group of countries is V one. The direct carbon tariff on
domestic emissions can bemeasured as TFLDYtV+TFLDZtV(I+(Z−ZtV)+
(Z−ZtV)2+…)(Y−YtV). Rearranging,

DCTt b ¼ RUVFLDD TtV ð12Þ

where D_TtV represents the products of country t that are exported to
the group of country V directly and only cross the border from country
t to the group of country V once. The emitter and taxpayer may be
two different countries. The indirect carbon tariffs (ICT_b) are targeted
at foreign emissions embodied in exports of country t to the group of
countries V. The border crossing frequency of carbon footprints of ex-
ports of country is at least twice, but it crosses the boundary of the
group of countries V through imports only once. The mathematical ex-
pression is

ICTt b ¼ RUVFLDI TtV ð13Þ

where I_TtV represents the intermediate products of other countries that
are fist exported to country t and then exported to the group of country
V. The traded products only cross the border from country t to the group
of country V once. Both domestic and foreign intermediate products
may cross the border from country t to the group of countries Vmultiple
times, and then country t has to pay carbon tariffs for emissions embod-
ied in intermediate products multiple times (multiple carbon tariff,
MCT_b).

MCTt b ¼ RUVFLDM TtV ð14Þ

where M_TUV represents the accumulation of the traded products that
cross the border from country t to the group of country V multiple
times. Based on border-crossing frequencies of carbon footprints, this
present paper divides the gross carbon tariff paid by a certain country
into direct, indirect, and multiple carbon tariffs from the perspective of
backward international linkages. The multiple tariff is the result of the
double counting of emissions embodied in exports from country t to
the group of countries V due to global production fragmentation.

4. Results

The proposed approach was applied to the WIOD database, which
provides Inter-Country Input–Output database covering 40 countries
and 35 industries (see the Appendix C and D for details) over the period
1995–2011 and national carbon emissions by sector and energy com-
modity over the period 1995–2009. We calculate border-crossing fre-
quencies of carbon footprints over the period 1995–2009 by the WIOD
in constant 1995 prices. The discussion on the effects of border-
crossing frequencies associatedwith carbon footprints on border carbon
adjustments is based on the WIOD in 2009 at current prices.



Table 1
The aggregated average border-crossing frequencies of carbon transfer matrix.

AUS BRA CAN CHN EU IDN IND JPN KOR MEX RUS TUR TWN USA RoW Sum

AUS 2.25 1.83 1.39 1.20 1.66 1.20 1.19 1.15 1.19 2.00 1.85 2.16 1.21 1.52 1.29 1.35
BRA 1.87 2.26 1.40 1.22 1.52 1.51 1.62 1.47 1.43 1.36 1.50 1.67 1.51 1.41 1.19 1.36
CAN 1.42 1.26 2.14 1.37 1.50 1.57 1.40 1.33 1.46 1.42 1.88 1.92 1.51 1.07 1.43 1.26
CHN 1.14 1.26 1.24 2.23 1.37 1.17 1.22 1.12 1.13 1.28 1.25 1.30 1.21 1.22 1.22 1.26
EU 1.39 1.42 1.46 1.59 1.31 1.65 1.65 1.62 1.56 1.54 1.36 1.30 1.57 1.50 1.26 1.34
IDN 1.26 1.57 1.60 1.41 1.59 2.22 1.34 1.15 1.19 1.77 1.60 1.25 1.18 1.48 1.26 1.37
IND 1.23 1.35 1.14 1.35 1.35 1.14 2.22 1.36 1.40 1.54 1.36 1.16 1.30 1.24 1.16 1.26
JPN 1.40 1.61 1.52 1.25 1.71 1.24 1.74 2.23 1.13 1.47 1.52 1.88 1.11 1.47 1.17 1.34
KOR 1.41 1.46 1.54 1.17 1.61 1.24 1.49 1.26 2.22 1.38 1.39 1.39 1.27 1.50 1.16 1.32
MEX 1.71 1.30 1.28 1.68 1.56 2.05 1.83 1.58 1.75 2.10 2.04 1.89 2.01 1.05 1.42 1.22
RUS 2.18 1.75 2.03 1.52 1.55 1.98 1.80 1.66 1.66 2.11 2.37 1.43 1.77 1.85 1.36 1.56
TUR 1.68 1.67 1.53 1.87 1.27 1.70 1.66 1.98 1.86 1.92 1.22 2.23 1.89 1.59 1.15 1.30
TWN 1.50 1.56 1.59 1.19 1.69 1.42 1.75 1.13 1.45 1.54 1.97 1.82 2.24 1.45 1.46 1.41
USA 1.28 1.24 1.06 1.32 1.42 1.48 1.42 1.23 1.24 1.06 1.64 1.64 1.21 2.17 1.18 1.31
RoW 1.21 1.20 1.44 1.24 1.37 1.17 1.08 1.17 1.19 1.49 1.31 1.25 1.22 1.28 2.24 1.33
Sum 1.27 1.32 1.29 1.38 1.39 1.27 1.24 1.22 1.25 1.33 1.39 1.33 1.28 1.32 1.30
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4.1. Border-crossing frequencies of carbon footprints

4.1.1. Global perspective
Using Eq. (6), the aggregated average border-crossing frequencies of

carbon footprints related to international trade over the period
1995–2009 are presented in Fig. 1.

Fig. 1 presents the changing trend of the aggregated average border-
crossing frequencies of carbon footprints related to international trade
over the period 1995–2009. The figure reveals an increasing tendency
in the border-crossing frequencies of carbon footprints. It first increased
from 1.26 in 1995 to 1.33 in the year 2000 and then experienced a small
decrease as a result of the global economic recession in 2001 that had a
negative impact on international trade. After 2002, the frequencies in-
creased again and peaked in 2008 at 1.43. The financial crisis in
2008–2009 shocked the global production fragmentation significantly,
and the frequencies declined sharply in 2009. The results show that
border-crossing frequencies of carbon footprints are influenced by the
economic crisis with the global recession that began in 2008–2009 hav-
ing a much greater impact on the global production fragmentation than
the economic recession in 2001.

The increasing tendency of the border-crossing frequencies of car-
bon footprints suggests that the global production fragmentation is be-
coming increasingly complex. The literature shows that the scale of
carbon emission transfer through international trade has increased ob-
viously (e.g., Xu and Dietzenbacher, 2014). This present study enriches
the previous studies by showing that the international carbon transfer is
crossing an increasingly number of national borders. This present paper
further discusses the border-crossing frequencies of carbon footprints
from the national perspective.
4 Data sources: http://www.eia.gov/todayinenergy/detail.php?id=17231.
4.1.2. National perspective
Carbon transfer via international trade has great significance for the

determination of carbon reduction responsibility. The existing studies
mainly focus on the size and channels of carbon transfer. This present
paper extends the literature by focusing on the border-crossing fre-
quencies of carbon transfer. The calculation results are presented in
Table 1.

Table 1 presents the border-crossing frequencies of carbon transfer
between different countries in 2009. We can trace a carbon emitter's
exported products along the forward international linkage until they
are finally absorbed. From the horizontal perspective, the aggregated
average border-crossing frequency reflects the distance from an emitter
to the final consumers if we assume the distance between any two dif-
ferent countries is 1. Countries that export huge quantity of row mate-
rials tends to have greater border-crossing frequencies from the
forward international perspective. For instance, oil and natural gas
accounts for a significant share in Russia's exports4; therefore, Russia
has the highest border crossing frequency (1.56) from the forward in-
ternational perspective. Mexico is located in the downstream produc-
tion chain (Chen, 2014) and has the lowest border-crossing
frequencies (1.22) from the forward international perspective. Process-
ing trade accounts for a significant share in China's exports
(Dietzenbacher et al., 2012); thus, China exports large number of final
products to other countries and has a low aggregated average border-
crossing frequency (1.26) from a forward approach. In a word, the
border-crossing frequencies depend onmixed factors, such as country's
position in global production network, industrial structure and carbon
intensity.

We can also traces all the emissions generated in the upstream pro-
duction stages to satisfy a specific country's final demand along the
global value chains. From the vertical perspective, the aggregated aver-
age border-crossing frequency reflects the average number of transna-
tional production stages it takes an exogenous change in a country's
final demand to affect the consumption-based emissions. A country
will have greater border crossing frequency of carbon footprints under
the backward approach if the imported products are processed in sever-
al different countries; for instance, the European Union (1.39). In con-
trast, Japan (1.22) imports large volumes of raw materials, the
production stage of which is relatively simple. Therefore, Japan has the
lowest border-crossing frequency from the perspective of backward in-
ternational linkages.

Based on the aggregated average border-crossing frequency in 2009,
these countries can be classified into four types. The first type countries,
such as European Union and Russia, have higher border-crossing fre-
quency from both forward and backward international linkages. This
means the imported and exported products of the first type countries
are processed in several different countries. The problem of carbon
emission transfer faced by these countries is more complex. For the sec-
ond type, such as Australia, Brazil, Indonesia, Japan, and Taiwan, the
border-crossing frequency is greater from forward international link-
ages and lower from backward international linkages. Measured by
the border crossing frequencies, these countries are closer to the suppli-
er but have a longer distance from the consumer. The third type
counties, such as China and Turkey, have lower border-crossing fre-
quency from forward international linkages and higher border-
crossing frequency from backward international linkages. The exported
products of these countries are absorbed by consumers quickly. Howev-
er, the imported products are processed in several different countries
before they are imported. For the fourth type, such as the Unite State,
Canada, Mexico, and Korea, they have lower border-crossing frequency

http://www.eia.gov/todayinenergy/detail.php?id=17231
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from both forward and backward international linkages. The traded
products of these countries are processed in relatively fewer countries,
and the problem of carbon emission transfer faced by these countries
is relatively simple from the perspective of border-crossing frequency.

Table 1 also presents the border-crossing frequency of carbon trans-
fer between different countries. The border-crossing frequency associ-
ated with carbon transfer between two different countries is at least
once. However, the traded products need to cross borders at least
twice before return to domestic country; therefore, the diagonal ele-
ments of Table 1 is greater than 2 except EU because there is interna-
tional trade between European countries. Smaller border-cross
frequency means the carbon transfer between these two countries
mainly happen through the direct international trade, such as the car-
bon transfer from Mexico to the United States, the frequency is only
1.05. Greater border-crossing frequency means the indirect trade plays
an important role in the international carbon transfer. For example,
the frequency of carbon transfer from Russia to Australia reaches as
much as 2.18. In addition, the exported products of a country may re-
turn to this country again; therefore, the diagonal elements are positive.
The traded products cross the border of this county at least twice; there-
fore the frequency is greater than 2 except the European Union because
there is bilateral trade between countries within the European Union.

4.1.3. Sectoral perspective
Sectoral emissions are generated to support the production of

exported products, which cross borders multiple times until they are fi-
nally absorbed until they are absorbed by final consumers. The aggre-
gated average border-crossing frequencies of carbon footprints from
the sectoral perspective are presented in Fig. 2.

The 35 sectors are listed in descending order of border-crossing fre-
quencies in Fig. 2. Based on the the aggregated average border-crossing
frequency in 2009, these sectors can be classified into two types. The
border-crossing frequency of the first type is greater than the average
level (1.33) in 2009. For instance, the sector C12 (Basic Metals and Fab-
ricatedMetal, 1.42) has the largest number of border-crossings, follow-
ed by the sector C2 (Mining and Quarrying, 1.41) and C26 (Other
Supporting and Auxiliary Transport Activities, 1.40). The products asso-
ciatedwith these sectors are widely used in the industrial production or
provide supportive services to international trade. For the second type
sectors, the border crossing frequency is lower than the average level
in 2009. The second type sectors are mainly made up of that belong to
the primary, tertiary industries, and light industry. An explanation is
that the production of these sectors is less fragmented than the heavy
industrial production. For instance, the border-crossing frequency of
the sector C35 (Private Households with Employed Persons) is only
1.05, which means the emissions of these sector are less influenced by
the carbon transfer through international trade. This present paper fur-
ther provides a more comprehensive analysis on border-crossing fre-
quencies of the sector C12, which corresponds to the greatest border-
crossing frequency. The results are presented in Fig. 3.

Fig. 3 presents the emissions of the sector C12 that are induced by
exports of each country, which are listed in increasing order of
border-crossing frequency. The results show that the emissions of sec-
tor C12 induced by exports vary along a U-shaped curve with the
border-crossing frequency. The sector C12 of China has the greatest
size of emissions (192.57 Mt) induced by exports, followed by that of
the European Union (127.06 Mt) and Russia (85.23 Mt). However,
there exist significant differences on border-crossing frequencies of car-
bon footprints. The sector C12 of China has the lowest border-crossing
frequency (1.29); while the sector C12 of Russia (1.60) corresponds to
the highest border-crossing frequency, followed by the European
Union (1.53). In other words, the final demand crosses fewer borders
to affect the carbon emissions of the sector C12 of China than that of
Russia and the European union. There also exist significant differences
on border-crossing frequencies of the sector C12 for other countries;
however, the size of emissions induced by exports is relatively small.
In the next section, the focus is on one country, the United States, to il-
luminate the new insights offered by the perspective proposed in this
paper.

To test the robustness of the calculation results to spatial and sector-
al aggregation levels, this study calculates the border crossing frequen-
cies associated with carbon footprints based on 3-sector level WIOD
(the three sectors are agriculture, industry, and service) and 4-regionl
level WIOD (the US, the EU, China and Rest of world). We compare
the simulation results from regional, bilateral and sectoral perspectives
(the calculation results are present in Appendix E). The calculation re-
sults show that border-crossing frequencies would decrease with spa-
tial and sectoral aggregation. However, the regional and sectoral
rankings of border-crossing frequencies keep relatively consistent.
This means that there exists high comparability across sectors and re-
gions in border-crossing frequencies associated with carbon footprints.

4.2. Border carbon adjustments of the United States

This section simulates the scenario that the United States imple-
ments border carbon adjustments and levies carbon tariffs on foreign
emissions embodied in imports based on the inter-country input–
output table developed for 2009. It is assumed that the carbon tariff
rate is 20 dollar per ton of carbon emissions, which is the lowest level
of regulations in Tang et al.'s study (2015). The calculation results are
explained in detail from both forward and backward international
linkages.

4.2.1. At whose emissions is the American carbon tariff targeted?
From Eq. (7), the scale of carbon tariffs targeted at carbon emissions

of different countries can be obtained; the results are shown in Fig. 4.
Fig. 4 divides the carbon tariff revenues of the USA by the source of

targeted emissions. The results show that the border carbon
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adjustments of the United States are mainly targeted at emissions gen-
erated in China (32.70%), followed by the European Union (9.52%).
China is the largest trade partner of the United States and has relatively
greater carbon intensity. Therefore, border carbon adjustments of the
United States mainly regulate the carbon emissions generated in
China. This is consistentwith the literature that the largest carbon emis-
sion transfer through international trade is from the United States to
China (Davis and Caldeira, 2010). TheUnited States also levies large car-
bon tariffs on emissions generated in Russia, although the scale of direct
trade between USA and Russia is not large. A reasonable explanation is
that Russia is a major exporter of rawmaterials, which are further proc-
essed in other countries and finally exported to the USA. This highlights
that the United States does not only levy direct carbon tariffs on emis-
sions of each country; the indirect carbon tariffs also account for a signif-
icant share in the carbon tariff revenue of the United States. Using
forward international-linkage-decomposition, the carbon tariff on
emissions of each country are divided into the direct, indirect and mul-
tiple tariff contributions.

Table 2 presents the forward international-linkage-based decompo-
sition of US carbon tariffs on foreign emissions embodied in imports.
The carbon emitter pays the direct carbon tariff directly. The indirect
tariff targeted at a country's emissions that are embodied in another
country's exports to the United States, and the exporter pays the carbon
tariffs, rather than the emitter. Both the direct and indirect tariffs are
paid once; however, the multiple tariffs are paid at least twice by the
carbon emitter or other countries. The results show that the share of di-
rect carbon tariff takes a relatively greater share formost countries, such
as Canada (94.40%) and Mexico (95.52%). According to Section 4.1,
Mexico and Canada have lower border-crossing frequencies under the
forward approach, implying that most of the exported products of
Table 2
Forward international-linkage-based decomposition of carbon tariffs targeted at emissions of e

DCT_f ICT_f

Australia 138.01 (59.22%) 91.48
Brazil 107.13 (68.78%) 45.54
Canada 1722.27 (94.40%) 67.78
China 6343.96 (82.71%) 1225.35
European Union 1419.24 (63.56%) 781.01
Indonesia 150.11 (63.23%) 84.53
India 886.26 (79.49%) 215.29
Japan 413.89 (64.12%) 220.98
Korea 379.28 (60.28%) 239.24
Mexico 1010.41 (95.52%) 28.26
Russia 391.40 (39.25%) 585.38
Turkey 50.67 (56.92%) 36.83
Taiwan 383.94 (65.27%) 195.10
United States 0.00 – 0.00
Rest of world 4711.57 (78.78%) 1180.75
Sum 18,108.13 (77.20%) 4997.52
these two countries are absorbed by the trade partner directly. There-
fore, the United States levies greater direct tariffs on carbon emissions
of Mexico and Canada. Russia has the greatest border-crossing frequen-
cies under the forward approach. Thus, the United Statesmainly levies a
greater share (58.70%) of indirect carbon tariffs on emissions generated
in Russia to support the production of American imports. In other
words, more than half of carbon tariffs targeted at emissions of Russia
are paid by other countries. As shown in Fig. 4, the multiple tariffs in-
volve more than 1 % of all countries. The previous studies that overlook
the impacts of border-crossing frequencies would underestimate the
carbon tariff revenue. Section 5 provides a more detailed discussion on
the multiple taxation problem of carbon tariffs.
4.2.2. Who pay carbon tariffs to the United States?
Using Eq. (11), the scale of carbon tariffs paid by each country can be

obtained; the results are presented in Fig. 5.
Fig. 5 divides the carbon tariff revenue of the United States by the

share of each country's tax burdens. The results show that 30.32% of
the carbon tariff revenue of the United States is paid by China. This
means that the border carbon adjustments of the United States have
the most significant impact on China, followed by the European
Union, Canada and Mexico. These countries pay more than half of the
carbon tariff revenue earned by the United States. Comparisons be-
tween Figs. 4 and 5 show that the carbon tariffs paid by China is a little
smaller than the carbon tariffs targeted at Chinese emissions generated
to support the production of American imports. However, the share of
carbon tariffs of the European Union, Canada andMexico from the back-
ward international linkage is significantly greater than that from the
forward international linkage. An explanation is that these two coun-
tries not only pay direct tariffs targeted at domestic emissions but also
pay a large amount of indirect carbon tariffs targeted at foreign emis-
sions. To address this issue, the carbon tariff burdens of different coun-
tries are decomposed into the direct tariff, the indirect tariff, and the
multiple tariff using backward international-linkage-based decomposi-
tion. The calculation results are presented in Table 3.

Each country pays direct carbon tariffs for domestic emissions em-
bodied in products exported to the United States. At the same time,
each country needs to pay indirect carbon tariffs for foreign emissions
embodied in products exported to the United States. Themultiple inter-
mediate products cross the border from a country to the United States
several times, and the country has to pay carbon tariffs for the associat-
ed emissionsmultiple times. However, themultiple carbon tariffs under
the forward international linkage reflect the carbon tariffs paidmultiple
times by a country or different countries. Therefore, the multiple tariffs
under the backward international linkage is smaller than that under the
forward international linkage. At the aggregated level, two
ach country.

MCT_f Sum

(39.25%) 3.57 (1.53%) 233.07
(29.24%) 3.09 (1.98%) 155.76
(3.72%) 34.43 (1.89%) 1824.48
(15.98%) 100.77 (1.31%) 7670.08
(34.98%) 32.54 (1.46%) 2232.78
(35.60%) 2.78 (1.17%) 237.41
(19.31%) 13.38 (1.20%) 1114.93
(34.24%) 10.58 (1.64%) 645.44
(38.02%) 10.66 (1.69%) 629.18
(2.67%) 19.11 (1.81%) 1057.77
(58.70%) 20.39 (2.04%) 997.17
(41.38%) 1.52 (1.71%) 89.02
(33.17%) 9.21 (1.57%) 588.24
– 0.00 – 0.00
(19.74%) 88.10 (1.47%) 5980.42
(21.31%) 350.13 (1.49%) 23,455.77
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decompositionmethods produce the same gross tariffs, which is 23.456
billion dollars.

Table 3 shows that there exist significant differences in the share of
direct and indirect carbon tariffs for different countries. For instance, the
share of direct carbon tariffs reaches asmuch as 89.10% for China, while
46.70% of the carbon tariffs paid by Germany are targeted at emissions
generated in the pre-final production stage. Border carbon adjustments
of the United States would promote foreign countries to reduce domes-
tic emissions through the direct carbon tariff and encourage foreign
countries to import less energy-intensive intermediate products
through the indirect carbon tariffs. In other words, the border carbon
adjustments of the United Statesmainly influence the production struc-
ture of China and have a significant impact on the import structure of
Germany. The results show that indirect carbon tariffs take a significant
share for most countries, which implies that the border carbon adjust-
ments only targeted at direct emissions cannot reduce carbon emission
of other countries effectively because they could reduce carbon emis-
sions by importing products from other countries. The United States
does not levy carbon tariffs on itself; therefore, three types of carbon tar-
iffs of the United States are all zero.

5. Discussions

Section 4 simulates the scenario that theUnited States adopts border
carbon adjustments for imports based on embodied emissions. The re-
sults show that the carbon tariff revenue will be underestimated if the
border crossing frequencies of carbon footprints are ignored because a
country may levy carbon tariffs on imports multiple times. In the real
world, another reason for the problemofmultiple taxation is that differ-
ent countries levy tariffs on imports at the same time. Therefore, this
Table 3
Backward international-linkage-based decomposition of carbon tariffs paid by each country.

DCT_b ICT_b

Australia 138.97 (78.46%) 38.16
Brazil 108.29 (81.44%) 24.66
Canada 1733.66 (77.65%) 485.74
China 6381.85 (89.73%) 721.67
European Union 1429.44 (57.89%) 1039.47
Indonesia 150.84 (81.29%) 34.72
India 890.94 (68.59%) 406.99
Japan 417.40 (70.35%) 175.74
Korea 382.76 (65.09%) 205.12
Mexico 1017.23 (67.30%) 486.73
Russia 396.99 (98.31%) 6.83
Turkey 51.13 (79.46%) 13.22
Taiwan 387.10 (70.17%) 164.41
United States 0.00 – 0.00
Rest of world 4739.70 (77.27%) 1375.98
Sum 18,226.31 (77.71%) 5179.42
section further discusses the scenarios that a group of countries levy
carbon tariffs on the other countries' emissions generated to support
the production of imported products.

The countries that adopt border carbon adjustments in five different
scenarios are presented in Fig. 6. As noted earlier, the backward
international-linkage-based decomposition would underestimate the
multiple carbon tariffs because it excludes carbon tariffs paid multiple
times by different countries. Thus, this section only discusses themulti-
ple taxation problem of carbon tariffs from the perspective of forward
international linkage. The global average share ofmultiple carbon tariffs
of five different scenarios are presented in Fig. 6.

Fig. 6 shows that the aggregated average share of multiple carbon
tariff increases obviously as the number of countries that adopt border
carbon adjustments increase. The share of multiple carbon tariff is
only 1.49% for the Scenario 1 that only the United States adopt border
carbon adjustments. For Scenario 5, the share of multiple carbon tariff
reaches 4.24% when the United States, Germany, Japan, France, and
Korea levy carbon tariffs on other countries' emissions embodied in im-
ports. Greater share of multiple carbon tariffs means a more serious
problem of multiple taxation. Border carbon adjustments not only pro-
tect domestic enterprises in the international market, but also put for-
eign countries under a comparative disadvantage because their
emissions embodied in international trade may be levied carbon tariffs
multiple times. This problem is even more serious when the down-
stream are sensitive to the production cost. They would face a greater
increase in the production cost if they use products of the countries
that do not adopt border carbon adjustments as intermediate inputs.
This present paper further discusses the forward international-
MCT_b Sum

(21.54%) 0.01 (0.00%) 177.13
(18.55%) 0.01 (0.01%) 132.96
(21.76%) 13.29 (0.60%) 2232.69
(10.15%) 8.65 (0.12%) 7112.17
(42.10%) 0.43 (0.02%) 2469.33
(18.71%) 0.00 (0.00%) 185.56
(31.33%) 1.09 (0.08%) 1299.02
(29.62%) 0.18 (0.03%) 593.32
(34.88%) 0.18 (0.03%) 588.06
(32.20%) 7.48 (0.49%) 1511.43
(1.69%) 0.00 (0.00%) 403.83
(20.54%) 0.00 (0.00%) 64.35
(29.80%) 0.17 (0.03%) 551.68
– 0.00 – 0.00
(22.43%) 18.56 (0.30%) 6134.25
(22.08%) 50.04 (0.21%) 23,455.77



Table 4
Downstream decomposition of carbon tariffs on emissions of each country (United States, Germany, Japan, France, and Korea adopt border carbon adjustments).

DCT_f ICT_f MCT_f Sum

Australia 522.62 (74.40%) 145.56 (20.72%) 34.22 (4.87%) 702.41
Brazil 229.28 (69.31%) 84.85 (25.65%) 16.67 (5.04%) 330.80
Canada 1999.35 (90.91%) 123.13 (5.60%) 76.71 (3.49%) 2199.20
China 13,028.74 (84.71%) 1811.57 (11.78%) 540.95 (3.52%) 15,381.26
European Union 4666.34 (74.45%) 1292.27 (20.62%) 309.54 (4.94%) 6268.15
Indonesia 588.34 (76.58%) 143.11 (18.63%) 36.77 (4.79%) 768.23
India 1453.71 (77.16%) 370.82 (19.68%) 59.41 (3.15%) 1883.94
Japan 0.00 – 0.00 – 0.00 – 0.00
Korea 0.00 – 0.00 – 0.00 – 0.00
Mexico 1090.79 (93.00%) 47.15 (4.02%) 34.90 (2.98%) 1172.84
Russia 1812.06 (53.02%) 1394.43 (40.80%) 211.50 (6.19%) 3417.98
Turkey 242.24 (70.76%) 85.38 (24.94%) 14.71 (4.30%) 342.33
Taiwan 1289.61 (76.81%) 298.75 (17.79%) 90.58 (5.39%) 1678.93
United States 0.00 – 0.00 – 0.00 – 0.00
Rest of world 10,925.69 (81.00%) 1968.71 (14.59%) 594.77 (4.41%) 13,489.17
Sum 37,848.79 (79.46%) 7765.72 (16.30%) 2020.72 (4.24%) 47,635.23
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linkage-based decomposition results of carbon tariffs from the national
perspectives,with the Scenario 5 as an example. The results are present-
ed in Table 4.

Notes, the carbon tariffs targeted at emission of five countries in the
Scenario 5 are all zero; therefore, Table 4 only presents the sum of car-
bon tariffs that are targeted at emissions of other European countries,
other than Germany and France.

In order to avoid double regulation of emissions from the country
that adopts unilateral climate regulations, these five countries only
levy carbon tariffs on emissions of the other countries that generated
to support the production of imported products. Therefore, the carbon
tariffs targeted at emissions of these five countries are zero. The size of
carbon tariffs in Table 4 is greater than that in Table 2 because of the
greater coverage of border carbon adjustments. At the same time, the
share of the multiple carbon tariff increases obviously; for instance,
the multiple carbon tariffs takes as much as 6.19% of the gross carbon
tariffs targeted at emissions generated in Russia. Against the back-
ground that global production fragmentation is developing quickly
and an increasing number of developed countries are considering bor-
der carbon adjustments, the multiple taxation problem of carbon tariffs
would be increasingly serious. The multiple taxation problem would
make the international debate on border carbon adjustments more in-
tense. Therefore, the concept of border-crossing frequencies of carbon
footprints has great policy implication for the international cooperation
to reduce carbon emissions.

It should be noted that the scale of emissions covered by carbon tar-
iffs is not only determined by the number of countries that adopt carbon
tariffs, but also related to the number of countries that have not inter-
nalized the carbon costs in production. In an extreme case that all re-
gions join an effective global climate agreement, the carbon tariffs
faced by each country is zero. Therefore, the scale of emissions covered
by carbon tariffs experiences two stages as the number of countries that
adopt carbon tariffs increase. In the first stage, the scale of emissions
covered by carbon tariffs would increase with the number of countries
that adopt climate regulations increase. In the second stage, the scale
of emissions covered by carbon tariffs would decrease with the number
of countries that have not adopted climate regulations decrease. And
meanwhile, the share of multiple carbon tariffs would first increase
with the number of countries that adopt carbon tariffs and may experi-
ence some decrease latter, which is determined by the order of coun-
tries that adopt carbon tariffs.

6. Conclusions

In recent years, the fragmentation of production across national
boundaries has been an important feature of the world economy. This
present study adopts the viewpoint that not only the size and
composition of carbon footprints are relevant but also the border-
crossing frequencies. First, border-crossing frequencies of carbon foot-
prints are defined as the number of borders crossed by the associated
supply chain. Secondly, an approach is proposed to calculate border-
crossing frequencies of carbon footprints by decomposing the Leontief
inverse matrix of a multi-country input–output framework. Finally,
we discuss the policy implication of border-crossing frequencies of car-
bon footprints on border carbon adjustments for imports based on em-
bodied emissions. Themain results of the paper are summarized below.

(1) Using theWIOD database for the period 1995–2009, we find that
the aggregated average border crossing frequencies of carbon
footprints show an increasing tendency, which is influenced by
the economic crisis obviously. There are significant differences
on border-crossing frequencies of carbon transfer between dif-
ferent countries and sectors, which are determined by different
factors, such as a country's position in global production network,
the industrial structure and the carbon intensity. Russia and
Mexico corresponds to the highest and lowest border-crossing
frequency of carbon footprints under the forward international
perspective. The EU and Japan have highest and lowest border-
crossing frequencies of carbon footprints from the backward in-
ternational perspective. The emissions of sector C12 (Basic
Metals and Fabricated Metal) induced by exports of different
countries vary along a U-shaped curve with the border-crossing
frequency.

(2) The simulation scenario assumes that the United States adopts
border carbon adjustments on foreign emissions generated to
support the production of imported products. The simulation re-
sults show that 32.70% of carbon tariffs are levied on Chinese
emissions generated to support the production of American im-
ports; 30.32% of carbon tariff revenues earned by the United
States are paid by China. Global production fragmentation
means that the country that emits carbon emissions may be dif-
ferent from the one that pays carbon tariffs. At the aggregated
level, the gross carbon tariffs remain consistent from both for-
ward and backward international linkage perspectives. The indi-
rect carbon tariff on emissions embodied in international trade
accounts for a significant share.

(3) The implication of carbon tariffs faces the problem of multiple
taxation. We find that the multiple taxation problem of carbon
tariffs would become increasingly serous with an increase in
number of countries adopting border carbon adjustments be-
cause carbon emissions embodied in intermediate traded prod-
ucts may be targeted by border carbon adjustments of different
countries. The share of multiple carbon tariffs increases to as
much as 4.24% if the United States, Germany, Japan, France, and
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Korea all adopt border carbon adjustments on other countries'
emissions that generated to support the production of imported
products. The multiple taxation problem of carbon tariffs would
make the international debate about border carbon adjustments
more intense. The results of this paper enrich the literature by
highlighting the policy implication of the concept of border-
crossing frequencies of carbon footprints.

There are several potential extensions of this study that are worthy
of pursuit. First, the future studies could apply the proposed method
of this study to other databaseswithmore detailed regional and sectoral
classification, such as the Eora multi-region input–output table data-
base, and the Global Trade Analysis Project (GTAP) database. Second,
rather than using the aggregated data, it is expected that future studies
could calculate the border-crossing frequencies based on micro data,
which could provide more detailed information on the border-
crossing frequencies. Third, this study only discusses the impact of bor-
der crossing frequencies on carbon tariffs, and future studies are expect-
ed to discuss the other border carbon adjustment measures, such as
export rebates.
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