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1  Background
Global territorial GHG emissions have increased continuously as nations have pursued 
economic growth. The average annual increase in GHG emissions for the decade 2000 
through 2010 is 2.2 % (IPCC 2014). According to Assessment Report 5 of the Intergov-
ernmental Panel for Climate Change (IPCC), CO2 remains the major GHG, account-
ing for 76  % of total GHG emissions. Changes in human population, per-capita gross 
domestic product (GDP), energy intensity of production, and CO2 emission intensities 
of energy production have affected fossil fuel-related CO2 emissions by +87, +103, −35, 
and −15 %, respectively, over the 40-year period from 1970 to 2010 (IPCC 2014). These 
data imply that the positive effects of energy efficiency improvements on CO2 emissions 
have been canceled out by the increase in per-capita production and population.

While territorial and consumption-based CO2 emissions in Asia increased at relatively 
comparable rates from 1990 to 2010 (i.e., 175 and 197  %, respectively), consumption-
based CO2 emissions in the OECD member nations increased at least three times as 
quickly as territorial CO2 emissions (i.e., production-based CO2 emissions) over the 
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same period (IPCC 2014). The reason for this remarkable increase in consumption-
based CO2 emissions in OECD member nations has been the growing dependence on 
Asia for imports, which implies that the increase in CO2 emissions was attributable to 
international trade (Hertwich and Peters 2009; Davis et al. 2011; Peters et al. 2011).

Compared to territorial CO2 emissions, however, the accounting method for con-
sumption-based CO2 emissions poses additional challenges, including the requirement 
for a deeper understanding of the global supply chain complexity associated with the 
final demand of nations. Conversely, accounting for the CO2 emissions directly gener-
ated to produce products (i.e., production-based CO2 emissions) is relatively straight-
forward. Therefore, it would be useful to be able to estimate the production-based CO2 
emissions responsible for exports when evaluating how importing countries contribute 
directly to CO2 emissions induced by the domestic production activities of exporting 
countries. It is crucial to monitor the driving forces of the changes in not only produc-
tion-based emissions but export-based emissions in making a climate change policy with 
a focus of territorial emissions.

In this study, we focus on recent changes in domestic economic structure in the world. 
The World Input–Output Database (WIOD) covering 40 developed and developing 
countries shows that from 1995 to 2009, the ratio of domestic output in the tertiary sec-
tors of the 40 countries to the total output of those countries grew by 1.1 %, whereas 
that of domestic production in the primary and secondary sectors of those countries 
declined by 4.4  % (Dietzenbacher et  al. 2013). In addition, the dependence of the 40 
countries on imports of primary and secondary products during the same period grew 
at rates of 2.1 %. In other words, domestic industrialization has rapidly weakened from 
1995 to 2009 and this structural change has affected the environment.

A wide variety of indexes and structural decomposition techniques have been devel-
oped to analyze the effects of structural changes on energy consumption and the envi-
ronment (Leontief and Ford 1972; Proops 1984; Rose and Chen 1991; Park 1992; Lin 
and Polenske 1995; Rose and Casler 1996; Casler and Rose 1998; Sun 1998; Wier 1998; 
Kagawa and Inamura 2001; Ang et al. 2003; Ang 2004; Levinson 2009; Wood and Len-
zen 2009; Kagawa et al. 2012; Oshita 2012; Okamoto 2013). For example, methodologi-
cal and empirical comparisons of index decomposition analyses (IDA) and structural 
decomposition analyses (SDA) were presented in Hoekstra and van den Bergh (2003). 
In a recent important IDA study, Voigt et al. (2013) used the WIOD to examine energy 
intensity trends and drivers in 40 major economies and estimated the effects of changes 
in the sectoral composition of the global economy as well as regional structural changes 
in energy intensities. However, they did not argue that domestic structural changes are 
strongly related to import structural changes. For climate change policy, it is crucial to 
examine the effects of both changes in industrial composition and import composition 
on greenhouse gas emissions (Hertwich and Peters 2009; Peters et al. 2011; Davis et al. 
2011). Xu and Dietzenbacher (2014) examined driving forces of the growth of CO2 emis-
sions from 1995 to 2007 by applying the WIOD to a multiplicative decomposition tech-
nique (Dietzenbacher et al. 2000) and revealed that the growth in net export emissions 
(i.e., emissions embodied in exports minus emissions embodied in imports) in devel-
oped countries was mainly due to changes in the trade structure of final and interme-
diate products. The abovementioned articles focused on consumption-based emissions 
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and so did not include empirical decomposition results that took into account produc-
tion-based emissions, which should also be discussed by climate policy makers.

This paper proposes an additive decomposition method of production-based emis-
sions and empirically examines the extent to which changes in the global industrial 
structure as well as changes in import structure and export structure have contributed 
to changes in production-based CO2 emissions (i.e., territorial CO2 emissions). Spe-
cifically, the territorial CO2 emissions of each of the 40 aforementioned nations from 
1995 to 2009 were estimated using the Environmentally Extended World Input–Output 
Tables at 2009 prices (Dietzenbacher et al. 2013; Timmer et al. 2015). The Shapley–Sun–
Dietzenbacher–Los additive decomposition method (Park 1992; Dietzenbacher and Los 
1997, 1998; Sun 1998; Ang et al. 2003; Ang 2004; Nansai et al. 2007, 2009; Kagawa et al. 
2012) was then applied to examine the sources of changes in the territorial CO2 emis-
sions. Based on these results, we examine how these structural changes have contributed 
to changes in CO2 emissions. It should be noted that empirical results from the addi-
tive decomposition used in this study are not directly comparable to those from previ-
ous studies using multiplicative decomposition techniques (e.g., Voigt et al. 2013; Xu and 
Dietzenbacher 2014).

The remainder of this paper is organized as follows: Sect. 2 describes the study meth-
odology, Sect. 3 presents the data, Sect. 4 gives results and discussion, and Sect. 5 con-
cludes the paper.

2  Methods
In this study, we clarify how a widely used multiregional input–output database is useful 
for estimating the effects of changes in industrial composition and trade patterns on pro-
duction-based emissions. We employ additive decomposition techniques to examine the 
effects of technology, industrial composition, and economic scale on production-based 
emissions (Park 1992; Sun 1998; Ang et al. 2003; Ang 2004). Furthermore, we develop a 
decomposition method for examining the effects of changes in the composition of both 
regional and sectoral imports on CO2 emissions.

The WIOD database from 1995 to 2009 (Dietzenbacher et al. 2013; Timmer et al. 2015) 
covers 35 industrial sectors and 40 countries (Tables 4, 5 in the Appendix). Using the 
time series multiregional input–output tables, total territorial emissions Qt

d(s) induced 
by manufacturing activities in country s in year t can be expressed as follows:

where et(s) =
{
eti (s)

}
, θt(s) =

{
θ ti (s)

}
, and Xt

d(s) are the emission intensity row vector 
describing CO2 emissions per unit output in industrial sector i in country s in year t, the 
industrial composition column vector describing the fraction of output from industry 
sector i of total production across all industries in country s in year t, and total industrial 
output summed over all industrial sectors in country s in year t, respectively. The sub-
script d denotes “domestic.” N is the number of industrial sectors.

The annual change in Qt
d(s) from year t to year t + 1 is then

(1)
Qt
d(s) =

N∑

i=1

eti (s)θ
t
i (s)X

t
d(s)

= e
t(s)θt(s)Xt

d(s)
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which can be re-arranged as

The first term on the right-hand side of Eq. (3) represents the effects of changes in CO2 
emission intensities on the estimated CO2 emissions, and the second and third terms 
represent the influence of changes in industrial composition and in gross output on CO2 
emissions, respectively; the remaining four terms are interaction terms. Using the Shap-
ley–Sun–Dietzenbacher–Los decomposition to classify the seven terms (including the 
interaction terms among the technology effect, the industrial composition effect, and 
the economic scale effect), the following is obtained:

For notational convenience, the symbol s denoting country is omitted.
Equation  (4) does not allow an examination of the sources of changes in extraterri-

torial emissions due to direct imports of intermediate products that are necessary for 
domestic production and direct imports of final products. Therefore, in this study, the 
emissions associated with the direct imports of intermediate products and final prod-
ucts are formulated as follows:

where Qt
m(s), λt,r(s) =

{

λ
t,rs
i (s)

}

, πt,r(s) =
{

π
t,rs
i (s)

}

, IMt
z(s), and Mt

f (s) are the total 
territorial emissions caused by imports, the import composition column vectors of the 
ratios of imports by industrial sector i into country s to the total imports for intermedi-
ate products and final products to country s, the total amount of imports of intermediate 

(2)�Qd(s) = e
t+1(s)θt+1(s)Xt+1

d (s)− e
t(s)θt(s)Xt

d(s)

(3)

�Qd(s) = �e(s)θt(s)Xt
d(s)+ e

t(s)�θ(s)Xt
d(s)+ e

t(s)θt(s)�Xd(s)

+�e(s)�θ(s)Xt
d(s)+ e

t(s)�θ(s)�Xd(s)+�e(s)θt(s)�Xd(s)

+�e(s)�θ(s)�Xd(s)

(4)

�Qd = �eθ
tXt

d +
1

2

(
�e�θXt

d +�eθ
t�Xd

)
+

1

3
�e�θ�Xd

︸ ︷︷ ︸

Technology effect

+ e
t�θXt

d +
1

2

(
�e�θXt

d + e
t�θ�Xd

)
+

1

3
�e�θ�Xd

︸ ︷︷ ︸

Industrial composition effect

+ e
t
θ
t�Xd +

1

2

(
�eθ

t�Xd + e
t�θ�Xd

)
+

1

3
�e�θ�Xd

︸ ︷︷ ︸

Economic scale effect

(5)

Qt
m(s) =

R∑

r=1,r �=s

N∑

i=1

eti (r)λ
t,rs
i (s)IMt

z(s)+

R∑

r=1,r �=s

N∑

i=1

eti (r)π
t,rs
i (s)IMt

f (s)

=

R∑

r=1,r �=s

e
t(r)λt,r(s)IMt

z(s)+

R∑

r=1,r �=s

e
t(r)πt,r(s)IMt

f (s)
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products, and the total amount of imports of final products for country s, respectively. 
e
t(r) =

{
eti (r)

}
 is the emission intensity row vector for country r, and R is the number of 

countries.
The extraterritorial emissions due to importation can be decomposed in the same way, 

i.e., into the effects of technology, domestic import structure, and domestic import scale 
in the importing country:

The emissions associated with the direct export of intermediate products and final 
products are formulated as follows:

where Qt
x(s), εt,r(s) =

{

ε
t,sr
i (s)

}

, δt,r(s) =
{

δ
t,sr
i (s)

}

, EXt
z (s), and EXt

f (s) are the total 
territorial emissions caused by exports, the export composition column vectors of the 
ratios of exports by industrial sector i from country s to the total exports of intermedi-
ate products and final products to country r, the total amount of exports of intermediate 
products, and the total amount of imports of final products for country r, respectively. 
e
t(s) =

{
eti (s)

}
 is the emission intensity row vector for country s.

Territorial CO2 emissions due to exportation can be decomposed into the effects of 
technology, domestic export structure, and domestic export scale in the exporting 
country:

(6)

�Qm = �eλ
t IMt

z +
1

2

(
�e�λIMt

z +�eλ
t�IMt

z

)
+

1

3
�e�λ�IMz

︸ ︷︷ ︸

Overseas technology effect for intermedaite products

+�eπ
t IMt

f +
1

2

(

�e�πIMt
f +�eπ

t�IMf

)

+
1

3
�e�π�IMf

︸ ︷︷ ︸

Overseas technology effect for final products

+ e
t�λIMt

z +
1

2

(
�e�λIMt

z + e
t�λ�IMz

)
+

1

3
�e�λ�IMz

︸ ︷︷ ︸

Import composition effect for intermedaite products

+ e
t�λIMt

z +
1

2

(

�e�πIMt
f + e

t�π�IMf

)

+
1

3
�e�π�IMf

︸ ︷︷ ︸

Import composition effect for final products

+ e
t
λ
t�Mz +

1

2

(
�eλ

t�IMz + e
t�λ�IMz

)
+

1

3
�e�λ�IMz

︸ ︷︷ ︸

Import scale effect for intermedaite products

+ e
t
π
t�IMf +

1

2

(
�eπ

t�IMf + e
t�π�IMf

)
+

1

3
�e�π�IMf

︸ ︷︷ ︸

Import scale effect for final products

(7)

Qt
x(s) =

R∑

r=1,r �=s

N∑

i=1

eti (s)ε
t,sr
i (s)EXt

z (s)+

R∑

r=1,r �=s

N∑

i=1

eti (s)δ
t,sr
i (s)EXt

f (s)

=

R∑

r=1,r �=s

e
t(s)εt,r(s)EXt

z (s)+

R∑

r=1,r �=s

e
t(s)δt,r(s)EXt

f (s)
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3  Data
In this study, the WIOD (Dietzenbacher et al. 2013; Timmer et al. 2015) and the Environ-
mental Accounts, which are downloadable from the data website: http://www.wiod.org/
new_site/data.htm, are employed. These data cover 35 industrial sectors and 40 coun-
tries and region (Tables 4, 5 in the Appendix) and focus on the period of 1995–2011. For 
this study, the nominal World Input–Output Tables for 1995–2009 were converted into 
deflated World Input–Output Tables based on 2009 prices using the double deflation 
method (United Nations 1999). The deflators were obtained from the output prices of 
the nominal World Input–Output Tables and of the real World Input–Output Tables in 
previous year’s prices.

The industrial composition column vector and total industrial output of 40 countries 
and region are calculable from the domestic outputs described in the deflated World 
Input–Output Tables, and the industrial CO2 emissions for 40 countries are obtainable 
from the Environmental Accounts (Dietzenbacher et al. 2013; Timmer et al. 2015). The 
emission intensity row vector can be easily obtained by dividing industrial CO2 emis-
sions by industrial outputs. The data on intermediate inputs and final demand of goods 
and services are directly obtainable from the deflated World Input–Output Tables.

4  Results and discussion
In this section, the results of year-on-year changes in territorial CO2 emissions in 40 
countries over the 15-year period from 1995 to 2009 are described using the decom-
position method formulated in the previous section. Per-capita incomes published by 
the World Bank for the 40 countries (World Bank 2013) were used to classify the coun-
tries into three groups: high-income nations with per-inhabitant annual incomes of 
≥$12,616, middle-income nations with per-inhabitant annual incomes of ≥$4086 and 
<$12,616, and low-income nations with per-inhabitant annual incomes of <$4086. For 

(8)

�Qx = �eε
tEXt

z +
1

2

(
�e�εEXt

z +�eε
t�EXz

)
+

1

3
�e�ε�EXz

︸ ︷︷ ︸

Domestic technology effect for intermedaite products

+�eδ
tEXt

f +
1

2

(

�e�δEXt
f +�eδ

t�EXf

)

+
1

3
�e�δ�EXf

︸ ︷︷ ︸

Domestic technology effect for final products

+ e
t�εEXt

z +
1

2

(
�e�εEXt

z + e
t�ε�EXz

)
+

1

3
�e�ε�EXz

︸ ︷︷ ︸

Export composition effect for intermedaite products

+ e
t�δEXt

z +
1

2

(

�e�δEXt
f + e

t�δ�EXf

)

+
1

3
�e�δ�EXf

︸ ︷︷ ︸

Export composition effect for final products
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t
ε
t�EXz +

1

2

(
�eε

t�EXt
z + e

t�ε�EXz

)
+

1

3
�e�ε�EXz

︸ ︷︷ ︸

Export scale effect for intermedaite products

+ e
t
δ
t�EXf +

1

2

(

�eδ
t�EXt

f + e
t�δ�EXf

)

+
1

3
�e�δ�EXf

︸ ︷︷ ︸

Export scale effect for final products

http://www.wiod.org/new_site/data.htm
http://www.wiod.org/new_site/data.htm
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this study, 31 of the 40 countries were classified as high-income, seven were classified as 
middle-income, and two were classified as low-income (Tables 5 in the Appendix).

4.1  Economic scale effect, industrial composition effect, and domestic technology effect

This study focused on four periods (1995–2000, 2000–2005, 2005–2008, and 2008–
2009) and estimated the effects of changes in economic scale, industrial composition, 
and domestic technology during those periods using Eq. (4). Table 1 shows the decom-
position results on “country average” in the three groups. It should be noted that the 
international financial crisis occurred between 2008 and 2009.

Table 1 Results of decomposing territorial CO2 emissions (Unit: Mt CO2)

Domestic technology effect Industrial composition effect Economic scale effect Total

Primary 
industry

Second-
ary 
industry

Tertiary 
indus-
try

Primary 
indus-
try

Second-
ary 
industry

Tertiary 
indus-
try

Primary 
indus-
try

Second-
ary 
industry

Tertiary 
indus-
try

High-income group including USA

1995–
2000

−1.54 −19.61 −13.98 −0.87 −3.51 −1.04 1.33 45.27 16.92 23.0

2000–
2005

−0.54 −0.48 −9.89 −0.70 −33.10 0.95 1.01 38.65 11.16 7.1

2005–
2008

−0.70 −17.73 −8.18 −0.39 −10.06 1.32 0.66 25.15 6.24 −3.7

2008–
2009

−0.55 −0.47 3.78 0.51 −8.06 0.24 −0.35 −15.63 −4.91 −25.4

Middle-income group including China

1995–
2000

−5.84 −138.22 −14.53 −3.89 −10.06 7.63 8.21 166.22 17.15 26.7

2000–
2005

1.81 −198.04 −6.71 −6.10 163.82 −2.86 10.55 287.73 29.21 279.4

2005–
2008

−4.49 −121.10 −2.55 −6.56 −24.17 −6.88 9.66 315.29 28.08 187.3

2008–
2009

−0.55 −12.21 5.39 −0.48 −28.48 −2.47 1.11 67.65 4.24 34.2

Low-income group

India

 1995–
2000

−3.63 −2.75 −37.15 −4.08 3.95 4.81 8.79 184.48 15.86 170.3

 2000–
2005

−1.40 −55.62 −29.24 −7.19 −43.27 5.96 12.80 294.91 17.20 194.1

 2005–
2008

3.99 −12.34 2.69 −7.35 2.06 0.24 10.45 269.26 12.59 281.6

 2008–
2009

4.92 −67.62 17.94 −4.62 80.48 −0.51 3.53 95.42 5.42 135.0

Indonesia

 1995–
2000

3.55 −28.09 −0.83 1.11 57.12 10.32 0.43 5.22 1.05 49.9

 2000–
2005

0.05 37.81 −14.80 −1.34 −11.90 1.67 3.61 44.89 7.48 67.5

 2005–
2008

−3.75 −21.13 −3.14 −0.79 −8.98 −0.31 2.63 43.67 5.38 13.6

 2008–
2009

0.90 −7.31 2.20 −0.03 6.36 −0.08 1.38 21.05 2.98 27.5
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The economic scale effect reflects the influence of changes in the overall domestic 
industrial output on CO2 emissions. The cumulative economic scale effect in the high-
income nations contributed to an increase in emissions of 146 Mt CO2 in the three 
industries from 1995 to 2008 (Table  1). On the other hand, territorial CO2 emissions 
decreased by 21 Mt CO2 in the three industries in response to the economic recession 
that followed the international financial crisis between 2008 and 2009 (see the eco-
nomic scale effect in the high-income nation group during the 2008–2009 period in 
Table 1). Interestingly, during the 2008–2009 period, when the effect of the financial cri-
sis reduced the average output of the high-income nations by 5.9 %, CO2 emissions in 
the high-income nations also decreased by 5.4 %. In other words, the economic damage 
resulting from the financial crisis was partially offset by social benefits from a reduc-
tion in CO2 emissions. Prior to 2005, the cumulative effect of output growth in the high-
income nations amounted to approximately 50–60 Mt CO2 every 5 years.

Conversely, the cumulative economic scale effect in the middle-income nations, such 
as China and Turkey, was 872 Mt CO2, which is six times that of the high-income nations 
from 1995 to 2008 (see the economic scale effect in the middle-income nations of Table 1). 
The growth in the economic scale effect of the middle-income nations in each of the three 
periods was extremely high at 192 Mt CO2 in 1995–2000, 328 Mt CO2 in 2000–2005, and 
353 Mt CO2 in 2005–2008 (Table 1). Indeed, the rapid economic growth of the middle-
income nations is the source of much of the world’s CO2 emissions increases. Examin-
ing the sectoral breakdown of industries as they relate to the mean cumulative economic 
scale effect in the middle-income nations, we find that primary industries contributed 28 
Mt CO2, secondary industries contributed 769 Mt CO2, and tertiary industries contrib-
uted 74 Mt CO2 of CO2 emissions from 1995 to 2008 (see Table 1; Table 4 in the Appendix 
for industry groups). The growth of secondary industries in the middle-income nations 
therefore brought about an abrupt increase in CO2 emissions. Importantly, compared to 
the high-income nations, the economic scale effect in the middle-income nations during 
the financial crisis was positive, and consequently, even in the financial crisis, CO2 emis-
sions in the middle-income nations (especially in China) have increased faster than the 
decrease in CO2 emissions in the high-income nations.

The industrial composition effects illustrate how changes in domestic industrial com-
position influence CO2 emissions. The cumulative industrial composition effect per 
country in the high-income nations was −47 Mt CO2, a reduction in CO2 emissions in 
the three industries from 1995 to 2008 (Table 1). Breaking down the composition of the 
industries and their CO2 emissions, we find that primary industries contributed −2 Mt 
CO2, secondary industries contributed −47 Mt CO2, and tertiary industries contrib-
uted 1 Mt CO2 during the study period (Table 1). In addition, the industrial composition 
effect of secondary industries took on a large negative value because the emission inten-
sities of secondary products are relatively high. On the other hand, the industrial com-
position effect of tertiary industries was close to neutral on CO2 emissions. Thus, it is 
clear that the changes in the industrial composition of the high-income nations, namely 
the shift away from manufacturing to services, have contributed to reducing the territo-
rial CO2 emissions of that group.

The cumulative industrial composition effect of the middle-income nations was 111 
Mt CO2 per country during the 1995–2008 period, indicating that the changes in the 
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middle-income nations increased domestic CO2 emissions (see the third column of 
Table 1). Similarly, from the calculated breakdown by industry, primary industries con-
tributed −17 Mt CO2, secondary industries contributed +130 Mt CO2, and tertiary 
industries contributed −2 Mt CO2 (Table  1). In contrast to the high-income nations, 
the middle-income nations heavily industrialized, and the resulting increase in emis-
sions (+111 Mt CO2) due to industrialization in the middle-income nations exceeded 
the reduction in emissions (−47 Mt CO2) due to deindustrialization of the high-income 
nations. Ultimately, changes in industrial activities in both income groups contributed to 
global warming.

Production technologies have played a crucial role in global warming (IPCC 2014). 
Therefore, we also examined the extent to which changes in emission intensities due to 
changes in domestic technologies influenced CO2 emissions. The cumulative domestic 
technology effect in the high-income nations in the three industries from 1995 to 2008 
was −73 Mt CO2 per country (Table 1); this decrease is considered to reflect efforts by 
the high-income nations to adopt environmentally benign production activities. The sec-
ondary and tertiary industries showed particularly high cumulative technology effects, 
at −38Mt CO2 and −32 Mt CO2, respectively, per country from 1995 to 2008 (Table 1). 
During the same period, domestic technology effects in the middle-income nations 
(e.g., China and Turkey) accounted for −490 Mt CO2 per country, which was approxi-
mately seven times the cumulative domestic technology effect of the high-income 
nations. Compared to the high-income nations, which are relatively more technologi-
cally advanced, the middle-income nations have more room for technological develop-
ment; as they make further advances in the future, they will have considerable potential 
to reduce emissions.

4.2  Export scale effect and export composition effect

Territorial CO2 emissions are influenced by the manufacturing of export products, so 
this is an important factor for understanding the emissions of a country. Additional file 1: 
Table S1 shows the results of decomposition, using a structural decomposition analysis 
of the CO2 emissions associated with exports, as obtained from Eq.  (8). From 1995 to 
2008, the export scale effects for intermediate products and final products of the high-
income group each show a downward trend. On the other hand, for the export scale 
effect of the middle-income group, a comparison of the results from 1995 to 2009 with 
the results from 2005 to 2008 reveals that the export scale effects of intermediate prod-
ucts and final products both rose sharply, increasing by factors of 3 and 2.5, respectively. 
From Table 1, a comparison of the economic scale effect of the middle-income group 
of countries between the five-year period from 1995 to 2000 and the three-year period 
from 2005 to 2008 shows that the economic scale effect grew by a factor of 1.8. In light of 
this finding, it is clear that in the middle-income group of countries, export products are 
a major driver of territorial CO2 emissions associated with manufacturing. Furthermore, 
the export composition effect is negligibly small (Table S1) in both the high-income and 
middle-income group of countries. Focusing on the manufacturing activities within 
countries, we can assume that as exports continue to decrease in the high-income group, 
the CO2 emissions associated with exports will keep falling. Thus, emission controls 
focused on domestic demand will be important in cutting CO2 emissions. At the same 
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time, in developing economies such as those of the middle-income group of countries, it 
is necessary to implement emission control measures that are focused on the volumes of 
manufactured exports.

4.3  Import scale effect, import composition effect, and foreign technology effect

Concomitant with the shift of domestic economies away from manufacturing to ser-
vices has come an increasing dependence on the importation of manufactured goods, 
which has increased the emissions associated with imports (in this study, this increase in 
imports was observed to have the effect of increasing the territorial CO2 emitted in the 
import-partner country during production of goods for export). The emissions induced 
by imports consist of the territorial emissions associated with the production of the 
intermediate and final imported products. According to the data in the WIOD (Dietzen-
bacher et al. 2013), the import interdependence among the high-income nations in the 
1995–2009 period decreased to approximately 10 %, while the fraction of imports in the 
high-income nations from the middle- and low-income nations almost doubled. Thus, 
the import dependence on developing countries is increasing rapidly, and these changes 
in the import structures of developed nations have accelerated CO2 emissions in devel-
oping nations.

Table 2 shows how the extraterritorial emissions attributed to imports can be decom-
posed into the import scale effect, import composition effect, and the foreign technology 
effect estimated by Eq. (6). The import scale effects for intermediate and final products 
shown in Table 2 are the effects of changes in total domestic imports on emissions in the 
import-partner country. Imports by the high-income nations decreased markedly due 
to the international financial crisis, resulting in the import scale effect being negative 
from 2008 to 2009 (see Table 2). In the high-income group, the cumulative import scale 
effects associated with the production of intermediate and final products were 27 Mt 
CO2 and 6 Mt CO2 per country, respectively, during the 1995–2008 period.

In the middle-income nations, the cumulative import scale effects associated with the 
production of imports of intermediate and final products were 53 Mt CO2 and 10 Mt 
CO2, respectively, during the 1995–2008 period. The import scale effect in the middle-
income nations was greater than that in the high-income nations; in particular, the effect 
due to imports of intermediate products was twice that in the high-income nations (see 
Table 2). The main reason for this was that during the shift away from manufacturing 
by the high-income nations, although the demand for imports of intermediate prod-
ucts from secondary industries decreased, the demand for the same secondary indus-
try products increased in the middle-income nations due to increased industrialization 
capacity and foreign trade.

The import composition of the nations examined here (in other words, their patterns 
of international trade) and their domestic industrial composition are intertwined with 
how domestic products were replaced by imported products. For this reason, changes 
in the output composition of domestic industries have increased the import composi-
tion of emissions-intensive products, and it is possible to evaluate how the structural 
changes with regard to these domestic and imported products affect CO2 emissions. The 
third and sixth columns of Table 2 show the import composition effects for intermediate 
and final products. A comparison of industrial composition effects (Table 1) and import 
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Table 2 Results of decomposing extraterritorial CO2 emissions (Kt CO2)

Intermediate products Final products Total

Foreign 
technology 
effect

Import 
composi-
tion effect

Import 
scale effect

Foreign 
technology 
effect

Import 
composi-
tion effect

Import 
scale effect

High-income group including USA

1995–2000 −4122 708 12,622 −492 38 2127 10,882

2000–2005 −3015 783 6920 −856 283 2033 6148

2005–2008 −2536 −1602 7088 −685 −87 1441 3619

2008–2009 −1490 −795 −8989 −813 −68 −322 −12,477

USA

 1995–
2000

−27,169 21,424 118,882 −359 −2263 6600 117,116

 2000–
2005

−19,536 −7165 42,902 −2922 −1220 2640 14,698

 2005–
2008

−18,629 −438 14,978 −2055 −774 2565 −4354

 2008–
2009

−5504 −25,666 −56,293 −1754 553 254 −88,410

Middle-income group including China

1995–2000 −445 −342 11,714 −491 −1723 4008 12,034

2000–2005 −2715 −1848 16,776 −47 −565 3712 15,425

2005–2008 −1305 −3191 24,823 −1186 −1292 2335 17,791

2008–2009 −2471 1474 −7146 −1211 −347 317 −8608

China

 1995–
2000

978 204 35,284 1315 −2278 3335 37,660

 2000–
2005

−9009 −11,775 94,489 1824 −656 3864 95,604

 2005–
2008

−5420 −20,892 138,921 −901 −1821 855 99,488

 2008–
2009

−8881 15,244 −21,549 −752 609 443 −18,692

Low-income group

India

 1995–
2000

−2634 −3697 15,998 −783 −60 1778 10,602

 2000–
2005

486 23,733 20,817 228 1103 1421 47,787

 2005–
2008

−1227 −9402 14,751 −282 −536 1273 4578

 2008–
2009

−12,201 −169 −4587 1448 −93 −578 −16,179

Indonesia

 1995–
2000

−1150 289 3169 −706 885 −398 9998

 2000–
2005

54 1580 4298 −517 854 217 7802

 2005–
2008

91 −1302 5162 −476 2 533 −3147

 2008–
2009

−1800 −1419 −1396 −34 −70 −241 −9571
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composition effects (Table 2) for each income group shows that in the 10 years between 
1995 and 2005, changes in the industrial composition of the high-income nations helped 
to reduce CO2 emissions, but changes in import patterns as a result of factors such as 
import substitution caused CO2 emissions to increase. Interestingly, in the three years 
from 2005 to 2008, changes in the import patterns of intermediate products by the high-
income nations mitigated global warming.

Figure  1 is a world map showing the net industrial composition effect (that is, the 
industrial composition effect plus the import composition effect) of 40 countries from 
1995 to 2008. The figure shows to what degree a nation’s industrial structure (also tak-
ing import structure into account) contributes to increasing or decreasing emissions. 
As shown, China and the USA have very large net industrial composition effects. While 
changes in its industrial structure enabled the USA to achieve an 895 Mt CO2 reduc-
tion in emissions, changes in the industrial structure of China resulted in a 720 Mt CO2 
increase in emissions. As in Tian et  al. (2014), for the study period (1995–2008), we 
found that the industrial composition change in the four heavy manufacturing sectors 
of Basic Metals and Fabricated Metal, Machinery, Electrical and Optical Equipment, and 
Transport Equipment in China led to a rapid increase in CO2 emissions amounting to 
17 % of the effect of the China’s structural changes (119 Mt CO2). Compared to these 
two major countries, changes in the industrial structure of European nations have had 
almost no impact on CO2 emissions. These data show that these two major countries 
will have major roles regarding CO2 emissions forward into the future.

4.4  Discussion

Since the import composition effect of intermediate products and final products in 
Table 2 can be estimated from the third and fourth terms, respectively, on the right-hand 
side of Eq. (6), larger intermediate and final product imports of a country imply a greater 
import composition effect. To grasp the impact that pure import pattern changes have 
on CO2 emissions, the ‘normalized’ import composition effect was estimated by divid-
ing the import composition effect of intermediate products and that of final products by 
their respective import values. Similarly, the larger a country’s domestic output value is, 

Fig. 1 Global composition effects from 1995 to 2008 (Kt CO2)
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the greater its industrial composition effect will be; thus, a “normalized” industrial com-
position effect was estimated by dividing the industrial composition effect by the domes-
tic output. By comparing the estimated normalized import composition effect and the 
normalized industrial composition effect for each country, it is possible to analyze the 
role that each country’s pure structural changes play in global warming.

Table  3 shows the normalized import composition effect and normalized industrial 
composition effect for intermediate and final products in the 40 countries examined in 
this study. Based on the estimation results, the patterns of structural change in the 40 
nations can be classified into eight types. The largest type group is Type II, which com-
prises nations for which the normalized industrial composition effect and normalized 
import composition effect for intermediate products are both negative, but normalized 
import composition effect for final products is positive. Type II countries, which include 
Japan, the UK, and Mexico, have reduced their emissions through structural changes 
(e.g., transitioning to a service economy), but have increased their emissions indirectly 
by increasing their import composition of emissions-intensive products for final prod-
ucts. The net composition effects (i.e., the sum of the normalized import composition 
effect for intermediate products, the normalized import composition effect for final prod-
ucts, and the normalized industrial composition effect) for most of countries of Type II 
are negative, which implies that their structural changes are environmentally good in the 
sense that they reduced emissions. However, the normalized import composition effects 
of final products for Japan, Luxembourg, and Mexico are relatively large compared to 
other countries classified as Type II, which resulted in positive net composition effects. 
This was especially high for Japan, which had the largest normalized import composi-
tion effect of final products among the high-income nations, and its structural changes, 
including its import structure changes, have contributed to increasing its CO2 emissions.

Interestingly, the net composition effect is very high (2.805; the total shown in Table 3) 
in Bulgaria (Type V), which was industrializing more rapidly than other countries 
between 1995 and 2008. Despite significant structural changes in Bulgaria, the com-
position effects of both intermediate product imports and final product imports were 
negative and these import activities contributed greatly to mitigate its responsibility for 
global warming. At 2.219, Indonesia (Type VIII) had the second highest net composition 
effect, but that is still markedly different from Bulgaria. Domestic structural changes 
in Indonesia have also caused emissions to increase, as in Bulgaria, but in Indonesia 
changes in import patterns have also contributed to global warming. Indonesia should 
therefore try to mitigate its contribution to global warming by encouraging the impor-
tation of substitutes for products that cause significant emissions. As for Bulgaria, it 
underwent its emissions-intensive industrial structural change relatively early compared 
to other countries and therefore should adopt policies aimed at reducing emissions from 
emissions-intensive industries. Thus, the impacts that structural changes have on CO2 
emissions vary and are independent of a nation’s level of development.

Recently implemented climate policies are conducted under a framework based on 
each country’s level of economic development (e.g., per-capita income) and regional 
groupings, but the relationship between changes in industrial structure and global 
warming has been ignored. From Table 3, it can be found that domestic industrial struc-
ture changes and import structure changes have different roles according to group type. 
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For example, in countries belonging to Type II, changes in import structure of final prod-
ucts contribute to global warming, and therefore mitigation countermeasures should be 
focused on shifting emissions-intensive technologies of final products produced over-
seas and/or trade patterns of final products. In countries belonging to Type IV or VIII, 

Table 3 Effects of industrial and import composition changes on CO2 emissions

Country Income 
group

Normalized  
import com-
position effect 
of immediate 
products

Normal- 
ized import  
composition 
effect of final 
products

Normalized 
industrial  
composition 
effect

Total Type 
for structural 
changes

EST High −0.079 −0.075 −0.577 −0.731 Type I

FIN High −0.125 −0.020 −0.045 −0.189

ITA High −0.119 −2.319 −0.009 −2.446

SVK High −0.181 −0.017 −0.037 −0.234

CZE High −0.097 0.020 −0.158 −0.236 Type II

GBR High −0.076 0.076 −0.059 −0.058

HUN Middle −0.173 0.065 −0.130 −0.238

JPA High −0.474 0.955 −0.098 0.383

LUX High −0.078 0.202 −0.016 0.108

LVA High −0.145 0.100 −0.030 −0.074

MEX Middle −0.002 0.102 −0.010 0.090

POL High −0.072 0.016 −0.102 −0.158

ROM High −0.087 0.004 −0.209 −0.292

RUS High −0.145 0.001 −0.411 −0.554

BEL Middle 0.399 −0.155 −0.039 0.206 Type III

BRA Middle 0.028 −0.114 −0.007 −0.094

CAN High 0.103 −0.091 −0.022 −0.010

KOR High 0.040 −0.712 −0.006 −0.678

SVN High 0.143 −0.051 −0.038 0.054

SWE High 0.048 −0.007 −0.019 0.022

USA High 0.034 −0.108 −0.120 −0.194

AUS High 0.033 0.047 −0.091 −0.011 Type IV

IND Low 0.083 0.016 −0.033 0.066

LTU High 0.039 0.603 −0.066 0.577

NLD High 0.099 0.029 −0.031 0.097

BGR Middle −0.109 −0.152 3.066 2.805 Type V

CHN Middle −0.030 −0.136 0.072 −0.095

FRA High −0.041 −0.219 0.001 −0.259

TWN High −0.123 −0.029 0.254 0.102

CYP High −0.121 0.419 0.146 0.444 Type VI

ESP High −0.031 0.002 0.031 0.003

PRT High −0.012 0.161 0.124 0.273

AUT High 0.042 −0.240 0.016 −0.182 Type VII

DEU High 0.029 −0.010 0.026 0.046

TUR Middle 0.053 −0.104 0.063 0.012

DNK High 0.028 0.042 0.066 0.137 Type VIII

GRC High 0.067 0.267 0.054 0.387

IDN Low 0.016 2.066 0.137 2.219

IRL High 0.003 0.080 0.012 0.095

MLT High 0.103 0.013 0.094 0.210
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changes in import structure contribute to global warming; consequently, mitigation 
countermeasures adopted by these countries need to focus on trade patterns. On the 
other hand, in countries of Types V to VIII, industrial structure change contributes to 
global warming and therefore these countries need to take warming countermeasures 
that focus on reducing emissions from emissions-intensive industries. Thus, this study 
has shown the need for global warming countermeasures that consider the differences 
in the role of the structural changes in the eight country groups identified in this study.

5  Conclusions
This paper proposed a decomposition method to estimate how changes in domestic eco-
nomic scale, industrial composition, domestic technology, import scale of intermediate 
products, import composition of intermediate products, import scale of final products, 
import composition of final products, and foreign technology affect the volumes of both 
territorial and extraterritorial CO2 emissions induced by imports during the 1995–2009 
period. In addition, we similarly decomposed the changes in the export-based CO2 emis-
sions into the changes in domestic technology, export scale of intermediate products, 
export composition of intermediate products, export scale of final products, and export 
composition of final products.

Based on the results obtained from the comprehensive decomposition analysis of ter-
ritorial and extraterritorial CO2 emissions, the patterns of structural change in the 40 
nations can be classified into eight types (Table 3). We found that structure changes and 
trade pattern changes have different roles according to the group type. Considering that 
economic growth increases global warming (IPCC 2014), the role that structural changes 
play in global warming is important for decision makers. There is thus an urgent need 
to draft comprehensive CO2 emissions reduction guidelines that consider the structural 
changes of each country. Specifically, international guidelines are needed that include, 
among other things, emissions reduction policies that set reduction targets from three 
sources (CO2 emissions associated with intermediate product import composition, CO2 
emissions associated with final product import composition, and CO2 emissions associ-
ated with domestic output composition) and that consider groups of countries in terms 
of those three sources, as in Table 3.

We also found that the export scale in the middle-income group of countries contrib-
uted as a major driver of territorial CO2 emissions associated with manufacturing during 
1995–2008, whereas the export composition effect was negligibly small in both the high-
income and middle-income group of countries during the same period and it has not 
played an important role in climate change.
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Appendix
See Tables 4 and 5.

Table 4 Industry classification

Sector number Description Industry group

1 Agriculture, hunting, forestry, and fishing Primary industry

2 Mining and quarrying Secondary industry

3 Food, beverages, and tobacco

4 Textiles and textile products

5 Leather, leather, and footwear

6 Wood and products of wood and cork

7 Pulp, paper, paper, printing, and publishing

8 Coke, refined petroleum, and nuclear fuel

9 Chemicals and chemical products

10 Rubber and plastics

11 Other nonmetallic mineral

12 Basic metals and fabricated metal

13 Machinery, nec

14 Electrical and optical equipment

15 Transport equipment

16 Manufacturing, nec; recycling

17 Electricity, gas, and water supply

18 Construction

19 Sale, maintenance, and repair of motor vehicles and motorcycles; retail 
sale of fuel

Tertiary industry

20 Wholesale trade and commission trade, except of motor vehicles and 
motorcycles

21 Retail trade, except of motor vehicles and motorcycles; repair of house-
hold goods

22 Hotels and restaurants

23 Inland transport

24 Water transport

25 Air transport

26 Other supporting and auxiliary transport activities; activities of travel 
agencies

27 Post and telecommunications

28 Financial intermediation

29 Real estate activities

30 Renting of M&Eq and other business activities

31 Public admin and defense; compulsory social security

32 Education

33 Health and social work

34 Other community, social and personal services

35 Private households with employed persons
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Table 5 Income classification of countries examined in the study

Country number Country Abbreviation Income group

1 Australia AUS High-income group

2 Austria AUT

3 Belgium BEL

4 Canada CAN

5 Cyprus CYP

6 Czech Republic CZE

7 Germany DEU

8 Denmark DNK

9 Spain ESP

10 Estonia EST

11 Finland FIN

12 France FRA

13 UK GBR

14 Greece GRC

15 Ireland IRL

16 Italy ITA

17 Japan JPA

18 Korea KOR

19 Lithuania LTU

20 Luxembourg LUX

21 Latvia LVA

22 Malta MLT

23 Netherlands NLD

24 Poland POL

25 Portugal PRT

26 Russia RUS

27 Slovakia SVK

28 Slovenia SVN

29 Sweden SWE

40 Taiwan TWN

30 USA USA

31 Bulgaria BGR Middle-income group

32 Brazil BRA

33 China CHN

34 Hungary HUN

35 Mexico MEX

36 Romania ROM

37 Turkey TUR

38 Indonesia IDN Low-income group

39 India IND

41 Rest of world RoW
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