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In brief

A recurring challenge of international
climate change negotiations centers on
how responsibility for global warming
should be shared across countries,
especially in the era of global value chains
(GVCs) characterized by massive and
complex cross-border trade. We propose
a new method to identify self- and shared
emission responsibilities along GVCs and
illustrate that developing countries’
responsibilities for global CO, emissions
are larger and increasing faster than
those of developed countries. We argue
that international discussions of climate
change mitigation should take account of
GVC-based responsibility sharing.
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SCIENCE FOR SOCIETY Gilobal trade has resulted in multiple socioeconomic benefits including employ-
ment, knowledge transfers, and innovations. However, CO, emissions associated with trade activities
continue to rise, resulting in an intense debate on “who should be responsible for what degree of emissions
reduction?” This debate is particularly fierce between developing and developed countries that are often
recognized as producers and consumers. The rise of massive global value chains (GVCs), however, makes
it increasingly complex to differentiate producers from consumers: e.g., China-mined metals are exported
to Japan where vehicles are produced before being imported and sold in China. This has imposed great
challenges in formulating effective policies that clearly identify and allocate responsibilities for emissions
along GVCs. We have designed a new method to separate self-responsibility (CO, embodied in purely do-
mestic value chains) from shared responsibilities (CO, embodied in GVCs). We show that developing coun-
tries’ GVC-based responsibility for global CO, emissions has surpassed that of developed countries since
2012 and is increasing quickly. Our study offers scientific-based new evidence to global climate policy dis-
cussions via the lens of trade-related responsibility sharing.

SUMMARY

Carbon emissions associated with international trade are significant. The emergence of complex global value
chains (GVCs) in recent decades, in which a country can operate as both a consumer and producer simulta-
neously, has led to a further rise in emissions. The complexity of these GVCs makes it increasingly difficult to
determine what country is responsible for the emissions embodied within them. Here, we propose a new
method based on input-output analysis to identify and distinguish self- and shared responsibility for CO,
emissions along GVCs, where self-responsibility describes emissions embodied in purely domestic value
chains. Our results show that developing countries’ self-responsibility for CO, emissions has been the largest
driver in the growth of total GVC embodied emissions since 2001. Even considering the shared responsibility
for emission transfers via GVCs, developing countries’ total responsibility has exceeded that of developed
countries since 2012. We argue that climate negotiations should seriously consider GVC-based responsibility
sharing to enable more effective climate policies.
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INTRODUCTION

The world has witnessed an increasing amount of CO, emissions
related to international trade over the last two to three decades.
One of the most important driving forces has been considered
the rapid economic globalization characterized by the rise and
spreading of global value chains (GVCs)."~® GVCs refer to the cre-
ation, transfer, and distribution of value along global production
networks. With the rise of GVCs, the “Made in” label that typically
applied to manufactured goods attributing them to a specific
country has become an archaic symbol of a bygone era, because
most manufactured goods are now “Made in the World”*—i.e.,
they are produced in stages in a number of different countries,
with value-added increasing at each stage. The phenomenon of
GVCs, which enabled great gains in the economic efficiency of
global firms,®” has significantly changed the nature and structure
of international trade.®° A report by the United Nations Confer-
ence on Trade and Development stated that 80% of trade takes
place in “value chains” linked to transnational corporations.’
Meanwhile, the increasing complexity and uncertainty of GVCs
has also created considerable difficulty in understanding “who
generates emissions or pollution for whom” and in formulating
policies that enable countries, industries, and firms to clearly
identify their environmental responsibilities along GVCs.'°

Regarding the connection between international trade and
carbon emissions, a large body of literature has explored the
concept of “consumption-based accounting,”''~'° with a heavy
emphasis on carbon emissions transfers induced by developed
countries’ consumption of goods produced in developing coun-
tries via international trade. Similar applications can be found in
relation to numerous environmental issues, including climate
change,'®'® energy use,’® air pollution,’®?' material use,*”
land use,”® biomass,’* water quality,”>” and biodiversity.®
This accounting has considerable methodological and concep-
tual overlap with studies on “trade in value-added” in relation
to GVCs.”~®! However, to date, few formal attempts to consis-
tently link these two independent lines of research have been
made for the purpose of identifying emissions responsibility in
the context of both climate change and GVCs. Currently, the
Paris Agreement is focused on territorial-based emissions
(which are easy to monitor), while consumption-based emissions
are used as a reference point in designing possible transnational
financial support mechanisms to enable developed countries to
help developing countries reduce their emissions. Unfortunately,
neither territorial- nor consumption-based accounting (both of
which allocate full responsibility to either the producers or the
consumers) provides sufficient incentive for countries to pursue
emissions reduction efforts because of a lack of consensus
regarding responsibility sharing. Although several pioneering
studies have discussed the topic of producers and consumers
sharing responsibility for emissions,**™° two significant prob-
lems still need to be addressed. One is how to identify a coun-
try’s self-responsibility for emissions. Without an accurate mea-
sure, we are unable to even determine the amount of emissions
for which responsibility should be shared among the various
related parties. The other problem is how to determine the
appropriate weights to enable proper distribution of responsibil-
ity for emissions among the various producers and consumers
along GVCs.
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Here, we introduce a suitable accounting framework to trace
both value-added and emissions at each stage from the per-
spectives of production, consumption, and trade. Within this
framework, international trade-related emissions are further
divided into traditional trade (i.e., classical Ricardian-type trade
such as “French wine in exchange for English cloth,” in which
there is no international production sharing), simple GVC trade
(in which factor contents cross national borders once), and com-
plex GVC trade (in which factor contents cross national borders
more than once).*"** Using this framework, we can clearly
distinguish self-responsibility-based emissions (i.e., emissions
generated in a purely domestic value chain for domestic final
use that does not involve international trade). Then, we develop
a double-weights-based approach to enable responsibility for
international trade-related emissions to be shared among
various producers and consumers depending on their contribu-
tions to carbon leakage (i.e., one country’s strict climate policy
leads to an increase in carbon emissions in another country)
both horizontally (i.e., comparing producers’ and consumers’
contributions to carbon leakage within a specific country) and
vertically (i.e., comparing a specific country’s contributions to
carbon leakage as both producers and consumers with those
of all other countries). Our results show that developing coun-
tries’ self-responsibility-based carbon dioxide (CO,) emissions
from their production processes more than doubled between
1995 and 2015 and accounted for 42.8% of global CO, emis-
sions in 2015, almost twice the amount emitted by developed
countries. Considering emissions transfers as a result of interna-
tional trade, using our proposed emissions responsibility sharing
approach, we find that developing and developed countries
were responsible for 43.2% and 56.8%, respectively, of cumula-
tive global CO, emissions from 1995 to 2015, while developing
countries’ responsibility for global CO, emissions has exceeded
that of developed countries since 2012. At the country level, the
US, China, Russia, Japan, Germany, and India were responsible
for 23.4%, 18.8%, 6.8%, 5.0%, 3.9%, and 3.1%, respectively, of
cumulative global CO, emissions from 1995 to 2015. Our work
provides valuable information to improve concerted climate ac-
tion and formulate more efficient carbon mitigation strategies. In
conclusion, we argue that climate change negotiations that can
help developing countries set a more ambitious timeline toward
achieving peak emissions and/or carbon neutrality in terms of
their self- and shared responsibility along GVCs should be seri-
ously considered in the Paris Agreement era.

RESULTS

GVC-based accounting framework for tracing emissions

Following the most recent studies,*"*? we trace CO, emissions
along GVCs by introducing the following accounting framework
based on a multiregional input-output (MRIO) model (see “build-
ing a GVC-based accounting to trace emissions” in experimental
procedures for further details and Note S1 for more detailed
methods). Our accounting framework traces emissions from up-
stream to downstream, as illustrated in Figure 1. The logic
behind this framework is that a country or sector’s production-
based emissions are both directly and indirectly embodied in
all downstream countries and sectors via numerous value chain
routes and are eventually absorbed by domestic or foreign final
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Route 1: Chinese emissions embodied in bikes both consumed and
produced in China without imported contents involved (emissions in a
purely domestic value chain).
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Figure 1. GVC-based accounting framework for tracing CO, emissions

CO, emissions are traced along GVCs from upstream to downstream at country/sector/bilateral levels via different routes. For example, emissions that happen in
the production process of China-made metal can be embodied in international trade of final or intermediate goods crossing multiple country borders, and
eventually meet China’s or the US’s final demand on bikes or cars via five routes according to the pattern of international production sharing. Note:a detailed
explanation is presented in “building a GVC-based accounting to trace emissions” (experimental procedures). Dotted lines indicate that intermediate goods

might cross multiple borders.

demand (when tracing from downstream to upstream, they are
defined as consumption-based emissions). To facilitate the anal-
ysis of these complex flows, which might cross multiple borders
multiple times, we divide these routes into five categories, as
shown in Figure 1.

Emissions along route 1 are generated through the creation of
a country’s gross domestic product (GDP) to satisfy the coun-
try’s final demand for domestically produced goods and services
(i.e., a purely domestic value chain). In this case, the country has
“self-responsibility” for these emissions. Emissions along route
2 are generated and absorbed solely within a country, but also
involve international trade in which factor contents cross national
borders more than once, and thus belong to the category of re-
imported emissions via complex GVC trade. Emissions along
routes 3, 4, and 5 refer to emissions exports via traditional trade,
simple GVC trade, and complex GVC trade, respectively. The
sum of emissions along routes 2, 3, 4, and 5 in each bilateral
trade yields emissions embodied in bilateral trade (EEBT).'*"*
Therefore, our GVC-based accounting approach consistently in-
tegrates existing production-based emissions, consumption-
based emissions, emissions exports, emissions imports, emis-
sions re-imports, and EEBT under a single unified framework.
Emissions from direct household combustion are not included

in this framework because they do not belong to the production
process involved in the creation of GDP, but rather are consid-
ered part of the consuming country’s self-responsibility-based
emissions.

Production- vs. consumption-based emissions via GVCs
By applying this accounting framework to MRIO data (from the
two versions of the World Input-Output Database 1995-2014%
and the Asian Development Bank’s 2015 Multiregional Input-
Output Tables), we cannot only estimate production-based
and consumption-based emissions from 1995 to 2015 for both
developed countries and developing countries (see Note S2 for
the country list and groupings), but also demonstrate how the in-
ternational transfer of emissions occurs through various routes
with different carbon intensities (e.g., emissions per US dollar
of GDP created).

Figure 2 shows that territorial-based CO, emissions by devel-
oped countries increased slightly during the period 1995-2007
(peaking in 2007), decreased slightly after 2008, and reached
12.8 Gtin 2015, slightly lower than the 1995 level of 13.1 Gt. Dur-
ing this period, emissions exports for the purpose of satisfying
foreign final demand were the main driver of the increasing
trend from 1995 to 2007, self-responsibility-based emissions
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Figure 2. Production-based vs. consump-
tion-based CO, emissions and emission
transfers via international trade routes

The GVC-based accounting approach consistently
integrates the existing production-based emis-
sions, consumption-based emissions, emissions
exports, emissions imports, emissions re-imports,
and emissions embodied in bilateral trade under a
single unified framework. Developing countries’
both purely domestic value-chain-based (self-re-
sponsibility) emissions and emissions transfers via
international trade have surpassed those of devel-
oped countries and are increasing rapidly with high
carbon intensity. Note: territorial-based emissions,
emissions from fossil fuel combustion inside a
country’s territory; production-based emissions,

995 2000 2005 2010 2015

1.21 K Ton/Million US$ emissions from the production process inside a

country; consumption-based emissions, global
emissions induced by a country’s final demand;
self-responsibility-based emissions from the pro-
duction process, emissions generated by the
creation of a country’s gross domestic product
(GDP) to satisfy that country’s final demand for
domestically produced goods and services; self-
responsibility-based emissions from household

0.09 K Ton/Billion US$
0.50 K Ton/Million US$
0.52 K Ton/Million US$
0.27 K Ton/Million US$
0.25 K Ton/Million US$

combustion, emissions generated by household combustion; emissions exported from country r to country s, country r’'s emissions induced by country s’s final
demand; emissions re-imported, emissions from a country’s production of intermediate goods that are exported and then re-imported for final demand; EEBT,
emissions embodied in bilateral trade. Given the above definitions, in our accounting, territorial-based emissions are the sum of production-based emissions and
emissions from household combustion. The darkness of the color represents the carbon intensity of each route measured by CO, emissions per US dollar of GDP
created or per US dollar of household consumption at 1995 constant prices along different trading routes.

generated by the production process were the main driver of the
decreasing trend during the period 2008-2015, and self-respon-
sibility-based emissions generated through individual household
combustion were stable over the entire period. Consumption-
based emissions by developed countries increased during the
period 1995-2007 as a result of rising emissions imports and
decreased during the period 2008-2015, mainly because of a
decrease in self-responsibility-based emissions from production
processes. Developing countries showed larger increases in
both self-responsibility-based emissions and emissions trade
than developed countries, and self-responsibility-based emis-
sions from production, production-based emissions, and territo-
rial-based emissions by developing countries during the period
2004-2005 exceeded the peak levels in developed countries
that occurred in 2007. Furthermore, developing countries’ self-
responsibility-based emissions from production processes
were approximately twice those of developed countries in
2015. Meanwhile, developing countries’ imported emissions
increased and had exceeded those of developed countries by
2013. Looking at the structure of increasing emissions trade
based on different GVC routes for developing countries, both
emissions exports and imports more than doubled between
1995 and 2015, with GVC trade-related emissions accounting
for the majority (70%).

The main information about carbon intensity and its evolution
shown in Figure 2 can be summarized as follows: carbon
intensity shows a decreasing trend in both developed and
developing countries via all routes between 1995 and 2015.
However, the carbon intensity of developing countries in 2015
remained much higher than that of developed countries in
1995. In addition, the ever-increasing territorial-based emis-
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sions in developing countries implies that the decrease in car-
bon intensity in these countries cannot offset the increased
emissions, probably because of rapid economic and popula-
tion growth.**

Sharing CO, emissions responsibility along GVCs

As shown previously, self-responsibility-based emissions are
well defined in relation to both the production and direct house-
hold combustion processes. Thus, the remaining issue is how
to allocate responsibility for carbon emissions transfers among
various producers and consumers along GVCs. Here, we pro-
pose a new approach to measuring carbon leakage from both
producers’ and consumers’ perspectives based on the
following logic. If a country wants to maintain its current final
demand level in relation to domestically produced goods and
services (in monetary terms) under a no-trade (NT) scenario
(i.e., a form of economic self-sufficiency or autarky), its emis-
sions are defined as NT emissions. Under this NT scenario, it
is self-evident that a country’s production-based emissions
are equal to its consumption-based emissions at the country
level. Thus, the difference between practical production-based
emissions and NT emissions can be defined as production-
based carbon leakage, and the difference between practical
consumption-based emissions and NT emissions can be
defined as consumption-based carbon leakage. This could be
a new way to measure “avoided emissions” based on the
Greenhouse Gas Protocol for Project Accounting.*>*® Given
the definition of carbon leakage from both the production and
consumption sides, we can then develop two kinds of weights
for sharing emissions responsibility in both the horizontal and
vertical dimensions. One is the ratio of production-based
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Table 1. GVC-based responsibility for global CO, emissions

Consumers take all Shared responsibility  Shared responsibility for emission transfer by three trading routes (2015) Total responsibility on
responsibility for between producers

Producers take all

1995-2015 cumulative

Traditional trade Simple GVC trade Complex GVC trade global CO, emissions

494.9 (6.2%)
508.0 (6.4%)
284.5 (3.6%)

86.4 (1.1%)

responsibility for

Unit:

emission transfer (2015) emission transfer (2015) and consumers (2015) Total trade

MtCO,
China
us

112,309.2 (18.8%)
139,617.6 (23.4%)
40,331.2 (6.8%)
29,851.0 (5.0%)
18,194.3 (3.1%)
22,984.8 (3.9%)
16,334.9 (2.7%)
9,577.8 (1.6%)

7,749.4 (1.3%)

436.4 (5.5%)
448.0 (5.6%)
250.9 (3.1%)
76.2 (1.0%)

756.0 (9.5%)
776.1 (9.7%)
434.6 (5.5%)
132.0 (1.7%)

1,687.3 (21.2%)
1,732.1 (21.7%)
969.9 (12.2%)
294.6 (3.7%)
649.3 (—8.2%)
417.8 (5.2%)
342.4 (4.3%)
73.0 (0.9%)

9,205.4 (26.8%)
6,610.0 (19.2%)
1,914.1 (5.6%)
1,330.6 (3.9%)
1,320.9 (3.8%)
978.9 (2.8%)
690.5 (2.0%)
608.6 (1.8%)
545.1 (1.6%)
536.9 (1.6%)

8,335.8 (24.2%)
6,118.2 (17.8%)
1,045.8 (3.0%)
1,470.4 (4.3%)
2,169.7 (6.3%)
899.1 (2.6%)
615.4 (1.8%)
654.2 (1.9%)
557.9 (1.6%)
521.9 (1.5%)

9,372.7 (27.3%)
5,274.3 (15.3%)
1,574.5 (4.6%)
1,326.7 (3.9%)
2,358.1 (6.9%)
881.4 (2.6%)
453.2 (1.3%)
639.3 (1.9%)
568.4 (1.7%)
495.1 (1.4%)

Russia

Japan

~168 (—2.1%)
108.1 (1.4%)
88.6 (1.1%)
18.9 (0.2%)
27.4 (0.3%)
46.5 (0.6%)

~190.4 (—2.4%) —290.9 (—3.7%)

122.5 (1.5%)
100.4 (1.3%)
21.4 (0.3%)
31.1 (0.4%)
52.8 (0.7%)

India

187.2 (2.3%)
153.4 (1.9%)
32.7 (0.4%)
47.5 (0.6%)
80.6 (1.0%)

Germany

UK

Brazil

106.0 (1.3%)
179.9 (2.3%)

Indonesia

8,863.6 (1.5%)

Mexico

RoW

190,312.3 (31.9%)

727.7 (9.1%)

1,260.5 (15.8%)
3,569.6 (44.8%)
2,273.8 (28.5%)

825.1 (10.4%)

2,813.3 (35.3%)

10,637.0 (30.9%)
34,378.0 (100%)

11,989.7 (34.9%)
34,378.1 (100%)

11,434.4 (33.3%)
34,378.1 (100%)

596,126.1 (100.0%)
338,302.3 (56.8%)

2,060.7 (25.9%)
1,312.7 (16.5%)

7,967.0 (100.0%) 2,336.6 (29.3%)

5,074.9 (63.7%)

World

1,488.4 (18.7%)

13,713.8 (39.9%) 14,972.5 (43.6%)

12,791.1 (37.2%)

Developed
countries

257,823.8 (43.2%)

748.1 (9.4%)

1,295.8 (16.3%)

848.2 (10.6%)

2,892.1 (36.3%)

19,405.5 (56.4%)

20,664.2 (60.1%)

Developing 21,587.0 (62.8%)

countries
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carbon leakage to total carbon leakage (production-based
carbon leakage + consumption-based carbon leakage) for a
specific country. This weight is used to measure the relative
importance of a country’s carbon leakage as both a producer
and a consumer (i.e., a form of horizontal comparison). The
other weight is the ratio of a country’s production-based car-
bon leakage to global production-based carbon leakage. This
weight is used to measure the importance of a specific country
in relation to global production-based carbon leakage (i.e., a
form of vertical comparison). These weights can also be applied
to consumption-based carbon leakage in the same manner.
Because self-responsibility-based emissions from production
processes can be directly measured using our accounting
framework, the responsibility that should be shared from the
production (or consumption) side can be defined as the differ-
ence between production-based emissions (or consumption-
based emissions) and self-responsibility-based emissions.
Finally, by simultaneously applying these two types of weights
(horizontal and vertical), a country’s total responsibility as both
a producer and a consumer can be estimated step-by-step
based on our algorithm, which can be mathematically proven
to be a convergent function when the steps iteratively approach
infinity (see “sharing emissions responsibility along GVCs” in
experimental procedures).

Table 1 shows the results of shared global CO, emissions by
producers and consumers for the 10 largest emitters in 2015.
In the extreme case in which all responsibility for emissions
transfers is assigned to producers, China accounted for 27.3%
of all emissions, followed by the US (15.3%). If all responsibility
for emissions transfers is assigned to consumers, China ac-
counted for 24.2% of all emissions, followed by the US
(17.8%). On the basis of our shared-responsibility model, China
accounted for 26.8% of all emissions, followed by the US
(19.2%). In total, developing countries’ share of responsibility
for emissions has exceeded that of developed countries since
2012. Looking at the shared responsibility for emissions transfer
by route, obviously GVC trade accounts for the majority (70.7%,
of which 44.8% was from simple GVC trade and 25.9% was from
complex GVC trade). Developed and developing countries’
shares of responsibility for global emissions for the period
1995-2015 were 56.8% and 43.2%, respectively, whereas at
the country level, the US’s share of responsibility (23.4%) was
greater than that of China (18.8%), Russia (6.8%), Japan
(5.0%), Germany (3.9%), and India (3.1%). The above result
clearly differs from the results obtained using existing methods
(as shown in Figure 3), which assign responsibilities based on
either a linear combination of production-based and consump-
tion-based emissions,® or along the demand and supply chains
based on the production process®’**® with a weight by value-
added gain, or the volume of emissions that are saved globally
because of trade.®® Our purpose is in line with those of the
above-mentioned pioneering works, but our method (idea)
goes further by explicitly considering the role of GVC-based
emissions accounting (see “sharing emissions responsibility
along GVCs” in experimental procedures). The inherent innova-
tion of our method is that we assign responsibility to producers
and consumers based on their contribution (using both horizon-
tal and vertical weights) to GVC-based carbon leakage as
defined by the difference between their emissions under the
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NT scenario (where by definition production-based emissions
are equal to consumption-based emissions at the country level)
and their actual production-based and consumption-based
emissions. This makes our results systematically more reason-
able (see Table 3 in experimental procedures for more results
by country).

DISCUSSION

Numerous countries have become increasingly involved in
GVCs, resulting in the rapid growth of CO, emissions associ-
ated with international production sharing. The GVC phenome-
non, in which intermediate-goods trade crosses national bor-
ders several times, potentially poses a challenge to the terms
of the Paris Agreement because it comprises a patchwork of
national policies. Our approach involving shared carbon emis-
sions responsibility is based on a consistent GVC accounting
framework in which both value-added and emissions, as well
as a type of environmental cost (value-added gain per unit of
CO, emissions or emissions per unit of value-added) can be
systematically traced at the country/sector/bilateral level
through various trading routes for selected individual countries.
Furthermore, developing a double-weights-based method un-
der a non-trade scenario in this GVC framework helps us over-
come the unsolved problems in the existing methods, such as
the ad hoc and arbitrary selection of weights, the endogeneity
problem, and the use of strong technical assumptions. There-

United States China Russia Japan India

One Earth

Figure 3. Share of responsibility for selected
countries in global cumulative CO, emissions
for the period 1995-2015 under different
methods

Different responsibility sharing methods applied to
selected countries are compared. Our method fully
considers the role of a country as both producer and
consumer in GVCs when carbon leakages via inter-
national trade happen, thus can assign responsibility
across countries more reasonably. In this sense, the
existing methods that assign responsibilities based
on a linear combination of production-based and
consumption-based emissions, or along the de-
mand and supply chains based on the production
process, or with a weight by value-added gain, or
according to the volume of emissions that are saved
globally because of trade might yield over- or under-
estimations of emissions responsibility.

Germany

tween producers and consumers across countries more
reasonably than existing methods. There are also some limita-
tions that might bring some uncertainties to our results. First,
the MRIO datasets that we used follow different International
Standard Industrial Classification versions, which may have
led to some statistical bias in our results. Second, both direct
purchases by non-residents and international transportation
services are not fully endogenized in the WIOD database
because of a lack of detailed information. In addition, the rest
of the world accounts for the second-largest share of global
production-based emissions, but its original dataset is modeled
due to a lack of detailed input-output (I0) data for some coun-
tries involved.

Our results show that self-responsibility-based emissions
from production processes in developing countries have
contributed a significant proportion of global emissions growth
since 2001. This should be of great concern because most
developing countries have relatively weak environmental regu-
lations and lower levels of enforcement. Therefore, urgent ac-
tion must be taken to reduce these emissions, which are
growing rapidly, as an integral component of a credible and
competent international governance framework for addressing
climate change. Although there was a decreasing trend in the
environmental cost of GVCs, as measured by carbon intensity
in both developed and developing countries between 1995
and 2015, creating GDP through international trade is still a
high-carbon-intensity process. One of the main drivers of this

fore, our method can allocate responsibility for emissions be- is the carbon emissions transfers that occur through
Table 2. Layout of a conventional multiregional input-output table

Intermediate use Final demand Total

1 2 G 1 2 G output
Intermediate z" z” z'9 vy = y'e X'
inputs 2 z21 722 729 y21 y22 . y29 NG

é .291 .292 .zgg .Yg1 .Y92 . .Ygg 5(9

Value-added va' va® Va?
Total input Xy x3” X9y
Emissions E' E2 E9
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Table 3. GVC-based responsi y for global CO, emissions calculated using the iterative algorithm? :
Self Self Total Total Total Total m
responsibility responsibility Production- responsibility responsibility responsibility Total Total responsibility m
emissions Production- Consumption- emissions based Consumption- Shared Shared Total on global on global on global responsibility responsibility based on
2015 Territory- from Production- Consumption- No-trade based based Responsibility Responsibility from emissions based production- consumption- Responsibility responsibility emission: emission: emissions by on global based on pure m
Unit: based consumption based based scenario carbon carbon weight for weight for production  to be emissions based based on carbon on global by Lenzen by Kondo Dietzenbacher emissions pure consumer ﬂ
MtCO, emissions process emission: mission emissions leakage leakage producer (%) consumer (%) process shared to be shared emissions emissions leakage emissions  method method method (%) producer (%) (%) ”
Countries® TE SEC PE CE NT PCL=PE- CCL=CE-NT o=PCL/ 1-0=CCL/ SEP PES = PE- CES = CE- FSP FSC FS=FSP+ TS=FS+ Lenzen et al. Kondo et al. Dietzenbacher TS/STS (PE + SEC)/ (CE + SEC)/ :
NT (PCL+CCL) (PCL + CCL) SEP SEP FSC SEP + SEC etal. S(PE + SEC) 3(CE + SEC)
AUS 406.5 42.4 364.1 407.4 334.8 29.2 726 28.7 7.3 276.6 87.5 130.8 17.0 104.6 121.6 440.6 371.3 385.7 407.9 1.3 1.2 1.3
AUT 67.2 12.9 54.3 91.9 66.3 —12.1 25.6 32.0 68.0 28.2 26.1 63.7 ~7.8 35.2 27.3 68.4 69.7 73.1 86.6 0.2 0.2 0.3
BEL 108.5 18.2 90.3 114.9 66.9 23.4 47.9 32.8 67.2 31.3 59.0 83.6 15.5 65.2 80.7 130.2 97.8 102.6 113.6 0.4 0.3 0.4
BGR 45.8 27 43.1 36.7 34.9 8.2 1.8 81.7 18.3 23.7 19.4 13.1 13.5 0.7 14.2 40.5 421 39.9 33.5 0.1 0.1 0.1
BRA 639.3 55.6 583.7 598.6 556.7 27.0 41.9 39.2 60.8 480.0 103.8 118.7 21.4 51.6 73.0 608.6 576.7 591.2 596.2 1.8 1.9 1.9
CAN 518.9 75.6 443.3 4345 361.0 82.2 735 52.8 47.2 263.6 179.7 170.9 87.9 701 158.0 497.2 441.2 438.9 435.4 1.4 1.5 1.5
CHN 9,372.7 369.5 9,003.2 7,966.4 8,067.7 935.5 -1,01.3 90.2 9.8 7,148.7 1,854.5 817.7 1,707.3 —20.0 1,687.3 9,205.4 8,887.5 8,484.8 8,060.2 26.8 273 24.2
CYP 12.9 2.0 10.9 7.5 10.0 0.9 -25 26.9 731 3.0 7.9 4.4 0.5 -3.7 -3.2 1.8 7.4 9.2 -3.8 0.0 0.0 0.0
CzZE 103.5 10.7 92.8 79.2 68.5 24.4 10.8 69.3 30.7 43.2 49.6 36.1 34.1 6.7 40.8 94.7 88.2 86.0 76.8 0.3 0.3 0.3
DEU 881.4 167.6 713.8 731.5 516.4 197.3 215.0 47.9 52.1 393.4 320.3 338.0 191.0 226.8 417.8 978.9 707.6 722.6 706.1 2.8 26 2.6
DNK 51.7 8.2 43.5 40.7 16.7 27.8 25.0 52.6 47.4 9.8 33.7 30.9 29.6 24.0 53.6 7 40.9 42.1 33.3 0.2 0.2 0.1
ESP 280.7 68.6 2121 230.2 277.7 —65.7 —47.5 58.0 42.0 124.9 87.1 106.3 —77.0 —40.4 —117.4 76.1 208.7 2211 225.6 0.2 0.8 0.9
EST 18.8 1.6 171 141 125 4.6 1.6 74.6 25.4 9.6 7.6 4.5 7.0 0.8 7.8 19.0 16.2 15.6 1.4 0.1 0.1 0.0
FIN 45.6 3.1 42.5 51.0 34.0 8.5 17.0 33.3 66.7 24.6 17.9 26.4 57 229 28.6 56.3 45.2 46.7 46.5 0.2 0.1 0.2
FRA 322.5 729 249.6 369.3 239.4 10.2 129.9 7.3 92.7 152.9 96.7 216.4 15 243.6 2451 470.9 2749 309.4 357.6 1.4 0.9 1.3
GBR 453.2 98.6 354.6 516.8 326.9 27.7 189.9 127 87.3 249.5 105.1 267.3 71 335.3 342.4 690.5 388.2 435.7 514.5 2.0 1.3 1.8
GRC 136.3 21.5 114.8 64.8 55.3 59.5 9.5 86.2 13.8 44.0 70.8 20.7 103.9 26 106.5 172.0 100.4 89.8 60.3 0.5 0.4 0.3
HUN 46.2 9.3 36.8 38.6 30.3 6.5 8.3 44.0 56.0 18.0 18.8 20.6 5.8 9.4 15.2 425 40.2 37.7 35.1 0.1 0.1 0.1
IDN 568.4 53.8 514.6 504.1 457.5 571 46.6 55.1 44.9 385.4 129.2 118.7 63.6 424 106.0 545.1 507.9 509.3 504.8 1.6 1.7 1.6
IND 2,358.1 1829 2,175.2 1,986.7 23714 -196.2 —384.7 33.8 66.2 1,787.3 387.9 199.5 -134.0 -515.3 —649.3 1320.9 2,128.5 2,081.0 1,998.9 3.8 6.9 6.3
IRL 48.4 10.4 38.0 40.2 211 16.9 19.1 47.0 53.0 14.4 23.6 25.7 16.1 20.4 36.5 61.3 36.7 39.1 216 0.2 0.1 0.1
ITA 354.9 66.6 288.3 358.1 277.7 10.6 80.4 1.7 88.3 200.9 87.5 157.2 25 143.6 146.1 413.6 312.4 323.2 342.8 1.2 1.0 1.2
JPN 1,326.7 206.4 1,120.3 1,264.0 1,107.5 127 156.4 75 92.5 829.6 290.7 434.4 1.9 292.6 294.6 1,330.6 1,162.6 1,192.1 1,270.7 3.9 3.9 4.3
KOR 643.9 56.1 587.8 550.8 920.4 —332.6 —369.6 47.4 52.6 354.7 233.1 196.1 -318.7 —393.5 -712.2 -301.3 608.4 569.3 543.6 -0.9 1.9 1.8
LTU 14.8 6.4 8.4 15.7 4.6 3.8 11 25.5 745 3.2 5.2 125 1.9 16.7 18.6 28.3 10.3 12.0 182 0.1 0.0 0.1
LUX 9.5 2.0 75 8.6 3.7 3.8 4.8 44.1 55.9 1.3 6.2 7.2 3.4 5.5 8.8 121 5.9 8.0 5.7 0.0 0.0 0.0
LVA 10.0 3.2 6.9 9.1 4.3 26 4.8 34.6 65.4 3.0 3.8 6.1 1.8 6.4 8.2 14.4 7.5 8.0 6.3 0.0 0.0 0.0
MEX 495.1 98.0 397.2 424.0 323.7 73.4 100.3 42.3 57.7 259.1 138.0 164.9 62.8 117.1 179.9 536.9 398.5 410.6 456.0 1.6 1.4 1.5
MLT 2.8 0.4 2.4 4.0 21 0.3 1.9 125 87.5 1.6 0.8 24 0.1 3.3 3.4 5.4 37 3.2 1.7 0.0 0.0 0.0
NLD 173.6 21.6 152.0 147.3 80.7 7.3 66.6 51.7 48.3 55.9 96.1 91.4 746 65.1 139.7 217.2 147.9 149.7 144.9 0.6 0.5 0.5
POL 296.3 38.1 258.2 2419 213.0 45.2 28.9 61.0 39.0 163.7 94.5 78.2 55.8 229 78.6 280.5 259.9 250.1 239.4 0.8 0.9 0.8
PRT 60.7 7.5 53.2 54.0 54.1 -0.9 -0.1 86.6 13.4 32.2 21.0 21.8 -1.6 0.0 —1.7 38.0 50.9 53.6 50.4 0.1 0.2 0.2
ROM 7.3 9.1 62.2 73.8 67.2 -5.0 6.6 43.3 56.7 4.8 20.4 32.0 —4.4 76 3.1 54.0 66.0 68.0 70.5 0.2 0.2 0.2
RUS 1,5745 150.3 1,424.2 895.5 920.1 504.1 —24.6 95.3 4.7 793.9 630.3 101.6 972.2 -2.3 969.9 1,914.1 1,249.1 1,159.8 864.3 5.6 4.6 3.0
SVK 31.3 238 28.5 35.9 26.7 1.8 9.2 16.4 83.6 15.0 135 20.9 0.6 15.6 16.2 34.1 31.9 32.2 32.8 0.1 0.1 0.1
SVN 15.1 5.6 9.5 12.2 6.4 3.1 5.8 34.9 65.1 4.1 5.5 8.2 2.2 7.7 9.9 19.5 10.1 10.9 9.7 0.1 0.0 0.1 %
SWE 42.9 8.5 34.4 65.3 23.3 1.1 42.0 20.9 791 15.0 19.4 50.3 4.7 67.1 71.8 95.3 42.5 49.9 58.9 0.3 0.1 0.2
TUR 378.0 69.5 308.5 295.6 262.1 46.4 33.5 58.1 41.9 206.2 102.3 89.3 54.5 28.4 82.9 358.6 313.1 302.0 288.9 1.0 1.1 11 O
TWN 290.5 26.5 264.0 198.8 187.2 76.8 11.6 86.9 13.1 122.3 1417 76.5 135.1 3.1 138.1 287.0 248.7 231.4 193.5 0.8 0.8 0.7 %
us 52743 14817 3,792.7 4,636.5 3,7135 79.2 923.0 7.9 921 3,396.3 396.4 1,240.3 126 1,719.5 1,732.1 6,610.0 3,953.3 4,214.6 4,702.5 19.2 15.3 17.8 U
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100.0

Dietzenbacher emissions
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Total
on global
6,345.8

34,378.0

on global
emissions
by Kondo
method
6,153.3
34,378.0

Total
responsibility responsibility responsibility Total

Total

on global
by Lenzen
method
6,003.5
34,378.0

Total

on global
emissions
6,837.1
34,378.0

on carbon
leakage
1,986.2
7967.0

1,385.8
4,194.9

Shared
production- consumption- Responsibility responsibility emissions

based

based
to be shared emissions emissions
600.4

3,772.1

Consumption- Shared

emissions
2,362.7
7,967.0

emissions  based

based
to be
shared
1,974.4
7,967.0

responsibility Production-

Self
emissions
production
3,984.8
21,996.6

weight for

6
50.

producer (%) consumer (%) process
0.0 0

Responsibility Responsibility from

weight for

3
51

based
carbon
leakage
1,136.1
2,628.6

Production- Consumption-

scenario carbon
emissions leakage
747.8

5,211.4
27,334.9 2,628.6

based
6,347.5
29,963.6

Production- Consumption- No-trade based
emissions emissions

5,959.2
29,963.6

responsibility
emissions
consumption based

Self
866.1

Continued
Territory- from
emissions process
34,378.0 4,4145

based
6,825.3

LVA, Latvia; MEX, Mexico; MLT, Malta; NLD, the Netherlands; POL, Poland; PRT, Portugal; ROM, Romania; RUS, Russia; SVK, Slovakia; SWE, Sweden; TUR, Turkey; TWN, Taipei,China; US, United

FIN, Finland; FRA, France; GBR, United Kingdom; GRC, Greece; HUN, Hungry; IDN, Indonesia; IND, India; IRL, Ireland; ITA, ltaly; JPN, Japan; KOR, South Korea; LTU, Lithuania; LUX, Luxembourg;
States; RoW, rest of the world.

PAUS, Australia; AUT, Austria; BEL, Belgium; BGR, Bulgaria; BRA, Brazil; CAN, Canada; CHN, China; CYP, Cyprus; CZE, Czech Republic; DEU, Germany; DNK, Denmark; ESP, Spain; EST, Estonia;

2Calculations are based on the data for 2015.

Table 3.
2015
Unit:
MtCO,
wW
Total
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international trade, which might be caused by differences in
environmental regulation levels among countries.*”*® Another
driver is the increasing cross-border fragmentation of produc-
tion, which requires more international shipping (which is a
high-carbon-intensity activity) across multiple borders.***° In
this sense, introducing carbon pricing along GVCs at the coun-
try/sector/bilateral level based on each country’s share of re-
sponsibility for carbon emissions in the context of a trade-in-
vestment-environment nexus to promote the establishment of
green value chains should be fully considered in the GVC and
Paris Agreement era.

Although consensus has been reached on “common but
differentiated responsibilities” (CBDR) among the international
community, many challenges remain regarding the effective
implementation of CBDR. Using our proposed GVC-based
emissions accounting framework as a reference point, it might
be easier to achieve consensus regarding the control of self-
responsibility-based emissions in advance. Given the
increasing difficulty of limiting global warming to 1.5°C and
the fact that most developing countries have no absolute
emissions reduction targets and relatively weak environmental
regulations, helping these countries to set an appropriate,
ambitious target for an emissions peak and/or achieving car-
bon neutrality in terms of current self-responsibility-based
emissions could be a constructive means of curbing the cur-
rent rapid increase in global carbon emissions. The Paris
Agreement allows countries to work from very different starting
points and with different ambitions toward their own carbon
neutrality goal, and uses production-based accounting to
measure their emissions (e.g., the original idea of carbon
neutrality at the individual country level means taking full re-
sponsibility for all of one’s direct and indirect emissions),
without explicit consideration of the responsibility sharing of
carbon leakage across countries between producers and con-
sumers. This implies that a net carbon exporting country might
take more responsibility in the process of achieving its own
carbon neutrality goal, while a net carbon importing country
might take less responsibility than is required. In this sense,
negotiation about responsibility sharing regarding carbon
leakage across countries is inevitably going to be unavoidable
if we are to achieve the global goal of net-zero emissions.
Regarding emissions that are not self-responsibility based,
our GVC-based sharing approach provides a useful reference
point for future negotiations. One policy application involves
monitoring the difference between the Nationally Determined
Contributions or carbon neutrality agenda (or level of achieve-
ment) nominated by countries for the purpose of achieving
their Paris Agreement target and their responsibility, thereby
helping more countries to clearly recognize how far away
they currently are from achieving their goal. Another policy
application involves developing climate funds that can be
used to support not only renewable energy projects in devel-
oping countries but also innovations that reduce the cost of
carbon capture and storage.®’ These funds could be obtained
through, for example, GVC responsibility-sharing-based car-
bon border adjustment taxes. In summary, substantially
increasing the charges levied for carbon emissions by both
producers and consumers at any point along GVCs in a fair
and efficient manner is very important because unless some
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Figure 4. GVC-based accounting framework
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are exported to other countries for further processing, and multiple times)
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of the largest emitting countries or regions, such as the US,
China, and the European Union can achieve consensus, no
scheme will raise sufficient funds to reduce global carbon
emissions by the necessary amount.”’

As for application of our research findings beyond value-
added and CO, emissions, if the necessary data are available,
the potential environmental costs and responsibility in relation
to income (measured in terms of both labor and capital) and
any other externality (e.g., emissions into the atmosphere,
pollution, and waste production) could also be monitored
along GVCs.>*>* Regarding further improvement of the emis-
sions responsibility sharing method, some recent innovative
studies have introduced capital formation to the consump-
tion-based accounting approach®>°® and the activities of mul-
tinationals to the control-based accounting approach®® ™ (see
Note S3 for endogenizing capital), and have allocated emis-
sions between co-products®® and supply chains from a
game-theory perspective,®>®” all of which provide useful infor-
mation for future research. It is of particular interest to share
responsibility at the sector level, combining a bottom-up
approach with our proposed top-down approach (see Note
S4 for sector level results). In addition, considering that a
considerable amount of emissions are associated with the pro-
duction of capital goods, it is also important to share the emis-
sions responsibilities under a dynamic model with endogen-
ized capital formation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Yuning Gao (gao_yuning@mail.
tsinghua.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

We obtained our MRIO data from three sources: the WIOD11 from 1995 to
2009, the WIOD16 from 2010 to 2014“° (https://www.rug.nl/ggdc/
valuechain/wiod/?lang=en), and the ADB MRIO in 2015 (https://mrio.adbx.
online). Although the techniques used to construct those MRIO data are
similar, the structures of these three MRIOs differ: the WIOD11 covers 40+1

43+1 economies and 56 sectors, and the ADB
covers 62+1 countries and 35 sectors. As one of
the handbooks provided by the developers of the
ADB MRIO notes, the core of the ADB MRIO is the WIOD, which facilitates con-
sistency between the two series of tables. To obtain world IO tables that were
consistent in terms of countries and industries, we aggregated these countries
and sectors to create a series of world 10 tables consisting of 41 countries and
34 industries from 1995 to 2015. All code and data have been deposited at Zo-
nodo Deposit: https://doi.org/10.5281/zenodo.7455938.

(GVC vs Non-GVC)

Building a GVC-based accounting to trace emissions

The method used to build our GVC-based accounting framework is
based on the work of Leontief,°® who showed that the complex linkages
among different industries and across countries could be expressed as
inter-industry, cross-country transactions organized into chessboard-
type matrices known as |O tables, in which each column represents the
inputs required from other industries (including imports and direct value-
added) to produce a given amount of the product represented in each
column. After normalization, the technical coefficient table shows the
amounts and types of intermediate inputs needed for the production of
one unit of gross output. Using these coefficients, the gross output at
all stages of production that is required to produce one unit of final
product can be estimated via the Leontief inverse. When the output
associated with a particular level of final demand is known, the total
emissions from the global economy can be estimated by multiplying these
output flows by the emissions-intensity coefficient (i.e., the amount of
emissions per unit of gross output) in each country/industry. Furthermore,
following previous studies on GVCs,'®*"*?> a country, or sector’s produc-
tion-based emissions (PE) can be thoroughly traced through various
domestic and international trade routes based on the location of the
final user.

Without loss of generality, let us consider an MRIO table including G coun-
tries and N sectors, as shown in Table 2.

In this example, Z°" is an N x N matrix of intermediate input flows that are
produced in country s and used in country r, Y*" isan N x 1 vector representing
the final products produced in country s and consumed in country r, X® is also
an N x 1 vector representing the gross outputs in country s, and Va® and Em®
denote a 1 X N vector of direct value-added and emissions, respectively, in
country s. In this MRIO table, the input coefficient matrix can be defined as
A=2ZX , where X denotes a diagonal matrix with the output vector X on
its diagonal. The value-added and emissions coefficient vectors can be
definedasV =VaX andE = EmX , respectively. The gross output pro-
duction and use balance, or the row balance condition, of the above MRIO ta-
ble can be written as:

AX +Y =X (Equation 1)

Rearranging Equation 1, we obtain the classical Leontief equation:

X = BY, (Equation 2)
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where B = (I — A)~ ' is the well-known global Leontief inverse matrix repre-
senting the output induced by one unit of final demand through the entire
global production network. Equation 2 can also be expressed in the following
matrix form:

X" ... xe B" .. B¢ vy ... yte
Lo : = L : Do ¢ |, (Equation 3)
X&' ... xée g% ... pgée Y&l ... yete
where X5 is an Nx1 vector representing the output induced in country s by
final demand in country r. This can be stated as follows:
G .
X = Zt BS'Y". (Equation 4)
Thus, each country’s output vector can be rewritten as:
XS = Zﬁxsr _ XSS+ZG X"
- r - r+s

Multiplying both sides of Equation 3 by (I — A) yields:
|- A" ... _A. X" ... x© Yy ... y'©
|: 7Ae1 | :AGG:| [Xé“ XéiG:| - |:Y:G1 Yée:|-

(Equation 6)
Each element on the right-hand side of Equation 6 can be rewritten in the
following form:

(Equation 5)

G .
(1= A)XT — 3" ASXT = Y (Equation 7)

Multiplying both sides of Equation 7 by L = (I — A®)~', which represents

the domestic Leontief inverse of country s (output of domestic products
induced by one unit of final demand), we obtain:

X = 1230 AT LY (Equation 8)

Without loss of generality, when r = s in Equation 8, we obtain:

SS __ | SS G styts SSySSs
XS = L Z%AX +LSYSS,

) (Equation 9)

Using Equation 8 and Equation 9, Equation 5 can be rewritten as:
XS = X5 + Z:stsr
ss G stysts SSySs G ss G stystr SSyysr

_ G G tyt G G tyt
S SR B o R ) S LD S DU
(Equation 10)

Using Equation 4, Equation 10 can be rewritten as:

One Earth

(Eme) =E'X° = E'Ley

Route 1:producer’s self — responsibility — based emissions
=s G G
+ E Lss} : Asr} : BrUyus
r#s u
Route 2:emissions re — import via complex GVC trade

+ EL=Y 0 v
———

r#s

Route 3:emissions export via simple GVC trade
+ By ALY
r+s
—_——
Route 4:emissions export via simple GVC trade

—s G G, st\—Cpt G
(DAY 3w

Route 5:emissions export via complex GVC trade

(Equation 12)

Clearly, a country’s domestic emissions can be decomposed into five types
of production activities, as shown below and in Figure 4.

Route 1: production of domestically produced and absorbed emissions. This
represents domestic emissions that are embodied in domestic final demand
not related to international trade, and for which no cross-country production
sharing occurs.

Route 2: domestic emissions embodied in intermediate exports that are
finally absorbed domestically. This represents emissions of country s
embodied in intermediate exports that are used by importing country r to pro-
duce either intermediate (possibly via a third country in the production chain) or
final goods and services that are ultimately shipped back to the source country
s as imports and consumed there. In this case, production sharing via interme-
diate trade occurs between the home and foreign countries and results in two
or more cross-border transactions.

Route 3: production of domestic emissions embodied in final product ex-
ports. This represents domestic emissions embodied in products used to
satisfy foreign final demand that do not involve any cross-country production
activities. These products cross a national border for consumption, and thus
this is similar to the traditional Ricardian-type trade, or “French wine in ex-
change for English cloth.”

Route 4: domestic emissions absorbed by the trading partner country
without further border-crossing activity. This represents emissions of country s
embodied in intermediate exports that are used by a trading partner to produce
its domestic final products, which are then consumed in the direct importing
country, r. In this case, domestic factor contents cross a national border only
once, with no indirect exports via third countries or re-exporting activity involved.

Route 5: this category includes two parts, as shown in Equation 12. The first
part represents the emissions by country s that are induced by the final de-
mand of country r for imports from a third country u. This implies that the emis-
sions by country s need to first be embodied in its intermediate products ex-
ported directly to country t (including country r), which will then be directly
and indirectly used by country u (including country r) to produce final products
for satisfying the final demand of country r. With the second part, which equals
to minus route 3, it is easy to see that route 5 represents the emissions of coun-

G G tyt G G tyt
xs = LSSYSS + LSSZF#SYSI‘ + Lsszt#SAs xs + Lsszr*szt#SAs Xr

- LssYss + LSSZG

- LSSYSS + LSS

r#s

Sr SS G st G tuysus Ss G G st G tuyur
r#sY + L Zt#sA ZUB Y + L Zr#sZt#sA ZUB Y

G r SS G Sry rryIr SS G
Y 4+ L ZMSA L"Y™ + L Z

(Equation 11)
Asth‘ BtuYus

t+s

ss G G st G otuygur G Srp eyt
+L Zr#sZt#sA ZuB Yr - Zr#sA Ly

Multiplying both sides of Equation 11 by the emissions diagonal matrix and
rearranging the results, we obtain:
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try s that are absorbed by country r via third countries (factor contents move
across country borders at least twice).
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By removing the summation for r in Equation 12, routes 3, 4, and 5 can
be expressed bilaterally as the emissions of country s that are absorbed by
a part of the final demand of country r. Thus, the sum of routes 3, 4, and 5
can be expressed bilaterally as the emissions of country s that are ab-
sorbed by the total final demand of country r. This is consistent with the
definition of trade in value-added at the bilateral level proposed by John-
son and Noguera.””

Sharing emissions responsibility along GVCs

One-step algorithm

Here, we share the responsibility for emissions among various producers and
consumers along GVCs using a one-step algorithm. Under the NT scenario, if a
country wants to maintain its current level of final demand for domestically pro-
duced goods and services, its emissions based on the MRIO table can be
calculated as follows:

NT® = ELY™, (Equation 13)
where NT® represents the emissions level for country s using only domestic
contents for its production processes to fulfill its current level of final demand
for domestically made products. E® is a 1 xN vector (where n represents the
number of sectors) of carbon intensity by sector (i.e., emissions per unit of
output), L° = (I — 3,A®)"", in which 3 ,A™ is the Leontief's technical
coefficient (similar to a noncompetitive national IO table in which the domes-
tic input matrix is merged with intermediate import matrices), and Y** is an
N X 1 vector representing final goods and services by sector produced
in country s and consumed in country s. Comparing this NT® with both
production-based emissions (PE® = Em®-u; u is an N x 1 unit vector) and
consumption-based emissions (CE® = 3,5 E'B"Y™), we obtain PCL®
and CCL®. Clearly, PCL®, the production-based emissions minus the emis-
sions under the NT scenario, can be considered as the carbon leakage for
which country s should take responsibility as a producer, and CCL®, the con-
sumption-based emissions minus the emissions under the NT scenario, is
the carbon leakage for which country s should take responsibility as a
consumer:

PCL® = PE° — NT® (Equation 14)

CCL® = CE® — NT®. (Equation 15)

Then, the contribution of country s to worldwide total carbon leakage from
producer and consumer perspectives can be calculated as follows:

s
SPCL® = % (Equation 16)
SCCL® - % (Equation 17)

The emissions responsibilities to be shared by the producers and con-
sumers of country s are its production-based emissions or consumption-
based emissions minus its self-responsibility-based emissions. Given that its
self-responsibility-based emissions SEP° can be directly measured using
our accounting framework, the responsibilities that should be shared by the
production and consumption sides, respectively, are calculated as follows:

PES® = PE® — SEP® (Equation 18)

CES® = CE® — SEP°. (Equation 19)

The remaining responsibilities to be shared by producers and consumers
worldwide can be calculated as follows:

TES = ) PES® =) CES°. (Equation 20)
s S

Following Kondo et al.,*® we assume that country s’s total responsibility
for carbon leakage consists of 50% of its shared PE and 50% of its
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shared CE. That is, its responsibility FS in relation to carbon leakage is
given by:

FS = 0.5-SPCL®-TES +0.5-SCCL® - TES. (Equation 21)

Thus, the total responsibility of country s, TS, in terms of global emissions is
given by:

TS = FS+SEC + SEP, (Equation 22)
where SEC represents self-responsibility-based emissions from the con-
sumption process, that is, emissions directly generated by household fuel
combustion, such as fuel for road transportation, natural gas for heating/
cooking, and other household fuel usage.

Iterative algorithm. Assuming that sharing production-side responsibilities
and sharing consumption-side responsibilities are of equal importance
to country s might be an oversimplification because it seems reason-
able that there should be a difference between the importance of country
s’s role as a producer and that of its role as a consumer. This is
the main reason for developing a multi-step method to share the
responsibilities.

We can define the producers’ and consumers’ responsibility weights, which
reflect the importance of country s’s role as a producer and a consumer,
respectively, as follows:

w® = |PCL%| / (JPCL®| + |CCL?)) (Equation 23)

(1 — °) = [CCL%|/ (JPCL?| + |CCLS)). (Equation 24)

The responsibilities that should be shared are still defined as:

PES® = PE® — SEP® (Equation 25)

CES® = CE® — SEP". (Equation 26)
Thus, the remaining responsibilities to be shared by producers and con-
sumers worldwide can be calculated as follows:

TES = ) PES® =) CES°. (Equation 27)

The total shared responsibilities should be the sum of the production-
side shared responsibilities and the consumption-side shared responsibil-
ities, weighted by the relative importance of the country’s roles as a
producer and as a consumer, represented by w® and (1 — %), respec-
tively. In the process of sharing responsibility with weights of *°
and (1 — ©®), there is no guarantee that total world responsibilities
TES will be fully shared by all countries in the first step. If we denote
the responsibilities that have already been shared by all countries up
until the n-th step as SPCE,, the responsibilities that remain to be
shared until the n-th step are given by TES — SPCE,. Thus, the shared re-
sponsibilities from the production side and the consumption side, respec-
tively, for country s at the n-th step are given by:

PES; = (TES — SPCE,)-SPCL® (Equation 28)
CES; = (TES — SPCE,)-SCCL". (Equation 29)

Using an iterative algorithm to share responsibility step by step, we obtain
the responsibilities shared between countries as follows:

SPCE; = ) w®-PESj+) (1 — v°)-CES}

SPCE, = SPCE, ;+Y w*-PES;_,+3 (1 — v*)-CEs;_,. (Equation 30)

n—1

SPCE, = SPCE,_;+» °-PES} ,+>» (1 — v°)-CES;
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After sufficient iterations, the responsibilities that have already been shared
by all countries converge to the total responsibilities to be shared as follows:
limSPCE = TES. (Equation 31)
n—o n
Using this method, the shared production-based emissions FSP®, shared
consumption-based emissions FSC®, and responsibility for carbon leakage
FS®, respectively, are given by:

One Earth

> wPCL*+> (1 — v*)-CCL* =0 (Equation 42)
s s

RI™

(Equation 43)

2o

We can simplify Equation 37 as follows:

SPCE, = SPCE,_;+8 — SPCE,_1) v*-SPCL® — SPCE, ;) (1 — v*)1 — v*-SCCL® = SPCE, 1 +§
) )

.05 PCL®+ Y (1 — w°)-CCL®
Y

— SPCE, _+-

= SPCE,_1+8 — SPCE, _, g

FSP® — Z w°-FSP® (Equation 32)
n=0

FSC° = > (1 - v°)-CES; (Equation 33)

FS° = FSP® +FSC®. (Equation 34)

Thus, the total responsibility for global emissions of country s is
given by:

TS = FS+SEC + SEP. (Equation 35)

Applying this iterative method to sharing emissions responsibility among
countries, we arrive at the results shown in Table 3.
The convergence in Equation 31 can be proved as follows:

SPCE, = SPCE,_;+ Y »°(TES — SPCE,_;)-SPCL*+ ) (1 — *)-(TES

— SPCE,_4)-SCCL®,
(Equation 36)

that is,
SPCE, = SPCE, | + ) °-TES-SPCL® — > *-SPCE,_;-SPCL®
+Y (1 - »°)-TES-SCCL® — > (1 — °)-SPCE,_;-SCCL".

(Equation 37)

Simplifying the above expressions, we get:

TES=) PES°=) CES° =0 (Equation 38)

> w*-TES-SPCL°+» (1 — v°)-TES-SCCL® = > w*-0.-SPCL*+» (1

— ©°)-a-SCCL® = B
(Equation 39)
(Equation 40)

> we-8PCL°+) (1 — v°)-SCCL® = B/oc
s s

(Equation 41)

> PCL =) cCL’ =y
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(Equation 44)

Eliminating o from both sides, we have:

4

a

SPCE, — « = SPCE,_1 + 8 — SPCE,,_+ b a = (1 ) (SPCE,_1 — «)
o

(Equation 45)

8

2 n-1
SPCE, — a (1 - g) (SPCE,_» — a) = ... = (1 - &> (SPCE; — a).

o
(Equation 46)

Given that 0 < w® < 1, we have:

B8

—1<=<1. (Equation 47)
o

This provides the sufficient condition for obtaining converged results at the
n—1

conclusion of the above process. Thatis, whenn— o, (1 - g) converges
to 0 and SPCE, converges to TES = > PES® = ) CES® = a.

Comparison of one-step and iterative algorithms

Two methods for sharing responsibilities for emissions along GVCs are pro-
posed. A one-step algorithm describes a one-step responsibility-sharing
method, which is simple, intuitive, and easy to calculate. It only needs one
kind of weight index to share the emissions, which is each country’s contribu-
tion to worldwide total carbon leakage from producers’ and consumers’ per-
spectives (SPCL® and SCCL®). An iterative algorithm describes an iterative re-
sponsibility-sharing method, which is more logically reasonable, but more
complex. The iterative method includes two types of weight index to share
the emissions. One is each country’s contribution to worldwide total carbon
leakage from producers’ and consumers’ perspectives (SPCL® and SCCL?),
estimated across countries, while the other is estimated by comparing each
country’s own production-side leakage and consumption-side leakage, which
reflect the importance of the country’s role as a producer and a consumer (w®),
respectively. These two algorithms are similar because they both share the
emissions along GVCs by a country’s contribution to worldwide total carbon
leakage from producers’ and consumers’ perspectives. The main difference
is that the iterative algorithm also supposes the differing importance of each
country’s role as a producer and a consumer.

An example of the responsibility sharing process
Here, we take China, one of the world’s largest CO, emitters, as an example to
illustrate how emissions responsibilities are shared across countries.

First, we use the one-step algorithm to estimate China’s emissions respon-
sibilities. In 2015, on the production side, China’s total production-based
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emissions or territorial-based emissions were 9,372.7 MtCO, (TE), consisting
of 369.5 MtCO, of self-responsibility emissions from consumption processes
generated through households’ direct combustion of fuels (SEC) and 9,003.2
MtCO, of production-based emissions generated through the production pro-
cess (PE). On the consumption side, China’s total consumption-based emis-
sions were 7,966.4 MtCO, (CE), which is the counterpart of PE. Under an NT
scenario, which is a form of economic self-sufficiency, China’s emissions
were 8,067.7 MtCO, (NT). Thus, the difference between practical produc-
tion-based emissions and NT emissions can be defined as production-based
carbon leakage, which was 935.5 MtCO, (PCL = PE — NT), accounting for
35.6% of total global production-based carbon leakage (SPCL) of 2,628.4
MtCO.,. Similarly, the difference between practical consumption-based emis-
sions and NT emissions can be defined as consumption-based carbon
leakage, which was —101.3 MtCO, (CCL = CE — NT), accounting for —3.9%
of total global consumption-based carbon leakage (SCCL) of 2,628.4
MtCO.,. These shares of SPCL and SCCL represent the relative importance
of China in relation to global production-based emissions and consumption-
based emissions, respectively, and provide a reference point for how carbon
emissions should be shared across countries. How many emissions should
be shared? This is derived from our GVC-based results. Self-responsibilities,
which do not need to be shared, are the emissions from Route 1, or 7,148.7
MtCO, for China (SEP). Production-based and consumption-based emissions
that need to be shared are 1,854.5 MtCO, (PES) and 817.7 MtCO, (CES),
respectively, which are the emissions from routes 2 and 5 on the production
side and consumption side, respectively. Summing the figures for all countries,
we obtain the total global production-based and consumption-based emis-
sions to be shared, or 7,967.1 MtCO, (SUM(PES) and SUM(CES)). Considering
the above-mentioned coefficients SPCL and SCCL, China should be respon-
sible for 35.6% and —3.9% of emissions on the production side and the con-
sumption side, respectively. If the production-side and consumption-side
shared responsibilities are equally important, China’s share of production-
based and consumption-based emissions would be 50% X 35.6% X
7,967.1 = 1,417.8 MtCO, (FSP) and 50% x (—3.9%) x 7,967.1 = —153.5
MtCO, (FSC), respectively. Thus, China’s share of total emissions is 8,782.5
MtCO, (TS), consisting of 369.5 MtCO, of self-responsibility emissions from
households’ direct consumption of fuel, 7,148.7 of self-responsibility emis-
sions that need no sharing (SEP), 1,417.8 MtCO, of production-side shared
emissions (FSP), and —153.5 MtCO, of consumption-side shared emis-
sions (FSC).

Next, we use the iterative algorithm to estimate China’s emissions respon-
sibilities. All steps remain the same as those used in relation to the one-step
algorithm if the production-side shared responsibilities and the consump-
tion-side shared responsibilities are equally important. However, under this
iterative algorithm, the production-side and consumption-side shared respon-
sibilities are not of equal importance, which is more reasonable. For instance,
China’s PCL is 935.5 MtCO,, while its CCL is —101.3 MtCO,. We can obtain
more reasonable results if we use another weight w to reflect how shared pro-
duction-based emissions and consumption-based emissions should be re-
flected in total emissions responsibilities (TS). By comparing the sizes of
PCL and CCL, we obtain weight v (w = [PCL®|/(|PCL®|+|CCL®|)), which
was 90.2% for China in 2015. Then, we conduct the iterative process. In the
first-round sharing process, China is allocated 90.2% X 35.6% x 7,967.1
MtCO, from the production side and 9.8% x (—3.9%) x 7,967.1 MtCO,
from the consumption side. After the first round, not all of the global emissions
that should be shared are accounted for. Thus, we sum the global emissions
that remain to be shared and undertake a second round of the sharing process.
This process continues until the n-th round, at which point all global emissions
have been shared.
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