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Abstract: In the context of economic globalization and production fragmentation, the boom in
intermediate and processing trade has made EEIT (emission embodied in international trade)
accounting and the recognition of its responsibility more and more complicated, and the drawbacks
of traditional gross value statistics more and more conspicuous. The rapid development of global
value chain theory in recent years has given rise to a decomposition framework of the trade flow
in a country’s export, based on the global value chain, which offers new methods to study EEIT
and allocate its responsibility. The combination of global value chain accounting and EEIT research
can offer new ways to research EEIT transfer and allocate its responsibility. Utilization of this
technique can help understand each country’s “common but differentiated responsibility” in emission
reduction. Finally, aiming at the knowledge gaps in current analysis, this paper attempts to discuss
the trends, and possible challenges, in research on EEIT, and its responsibility based on the global
value chain theory.

Keywords: embodied emission; international trade; emission responsibility; global value chain; trade
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1. Introduction

Owing to the rapid development of the global economy and industrialization, the large quantify
of emissions resulting from human activities have become a leading cause of global climate change.
In August 2018, the IPCC released the special report “Global Warming of 1.5 ◦C” [1]. This jump
in global warming encouraged the acceleration of global action to combat climate change, and
supported the move towards more stringent global emission reduction steps. Combating climate
change is a significant issue in the current international political economy, with international trade in
goods, services, capital, and its attendant emission responsibilities, acting as the bones of contentions
among countries. The goods, services, and capital of each country are transferred among countries
through international trade. Moreover, emission embodied in these trade flows, i.e., EEIT (emissions
embodied in international trade) is also transferred among countries—changing the global economy and
environment. Any effort to reduce emissions implies designing policies that allocate responsibility to
actors involved in causing these emissions [2], and research on EEIT is indispensable for distinguishing
these responsibilities. Therefore, EEIT and emission responsibility have evolved into two important
issues in the international trade and carbon emission research areas, attracting huge attention.

The measurement of EEIT mainly uses life cycle assessment (LCA) and input-output analysis
(IOA). LCA is a bottom-up method based on the product life cycle, providing specific information for
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policy-makers. LCA requires vast detailed data and high data integrity; however, there is no unified
database at present. Moreover, a systematic phase error exists in LCA as a consequence of the boundary
partition insufficiency, making it difficult to calculate emissions using LCA. IOA, by contrast, can
completely capture the input-output information of the entire production process and has relatively
low data requirements. Therefore, IOA is the main method used in current EEIT research [3,4].

Numerous studies use IOA to calculate EEIT, and almost all of them rely on traditional trade
statistics. These traditional trade statistics use the gross value of goods and services as the statistical
caliber, while processing trade makes intermediate goods and services may flow across the boundaries
multiple times, resulting in the “double counting” problem [5–7]. Current emission responsibility is
allocated according to EEIT calculations based on traditional trade statistics—and is, thus, susceptible
to the “double counting” problem, so it clearly cannot fairly and truly consider the real benefits and
environmental costs of international trade among countries. This problem is particularly acute in the
case of developing countries, a majority of which are dominated by the processing trade. To establish
a fair and effective responsibility allocation mechanism, it is significant to clarify how much EEIT
is caused through which route in each country, and global value chain (GVC) theory is an effective
method for determining this information.

The rise and evolution of GVC has become an important feature of current international trade,
as a consequence of the gradual deepening of the global division of labor. The previously mentioned
deficiencies in traditional trade statistics render them unable to reflect the current situation of
international trade featured by GVC. New methods are in need to measure international trade flows in
the context of fragmented global production [7]. The WTO and OECD jointly presented such a new
method based on the concept of “trade in value-added (TiVA)” [8]. Moreover, since then, the study on
GVC accounting based on TiVA has been further developed.

The deficiency of traditional trade statistics grows in tandem with trade globalization, and the
progress of GVC accounting provides new solutions for relevant research. In September 2018, China’s
State Council Information Office issued “The Facts and China’s Position on China–US Trade Friction”,
deeply analyzing the real China–US trade situation from the GVC perspective [9]. The GVC theory
has become increasingly important in the negotiation of international trade disputes and global
climate change. Predictably, the relationship between international trade, EEIT, and GVC will become
increasingly close in the future. There are many studies about EEIT and emission responsibility, and
some of them offer detailed reviews and analyses of relevant research [10–20]. However, most of the
existing reviews rarely make a comprehensive analysis of both EEIT and its responsibility, instead
only focusing on one of them. Emission responsibility is closely intertwined with EEIT accounting,
especially in the context of economic globalization and production fragmentation. A comprehensive
analysis of EEIT, emission responsibility, and GVC theory may generate new solutions for global
actions to reduce emissions and combat climate change, but a detailed review of related research does
not yet exist.

This paper provides a detailed review of EEIT, emission responsibility, and GVC related literature
from a global perspective to clarify progress in the domain and discuss the trends and challenges
of research on EEIT and its responsibility from the GVC perspective. The remainder is organized
as follows: Progress in EEIT research is analyzed in Section 2; progress in emission responsibility
research is shown in Section 3; progress in GVC accounting and its utilization in EEIT and emission
responsibility is provided in Section 4; Section 5 provides the conclusion and further perspectives.

2. Emission Embodied in International Trade

The concept “embodiment” was firstly presented by the International Federation of Institutes for
Advanced Studies (IFIAS), which used “embodied energy” to represent the energy required directly
and indirectly to allow a system to produce a specific good or service. “Embodied emission” is
an extension of this concept and is used to measure the emission produced by a product or service
throughout its whole production process. With the rapid development of international trade and the
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mass adoption of global emission reduction, EEIT has become a more and more common research
subject. Zhang et al. (2019) provided a bibliometrics analysis of EEIT research and pointed that relevant
studies mainly focused on two aspects: The calculation of EEIT and the decomposition analysis of EEIT
driving factors [21]. Relevant literature is reviewed according to this classification in the following.

2.1. The Calculation of EEIT

The calculation of EEIT is still at the estimation level, and IOA is the most common method. IOA
is firstly proposed by Leontief and is used to analyze the balance of product supply and demand
among various sectors by compiling the IO tables. In the late 1960s, IOA was applied to energy
and environmental research and became a fundamental approach in this domain [22–24]. The IO
model can be roughly divided into the single-region input-output (SRIO) model and the multi-region
input-output (MRIO) model.

The SRIO model is used to study the emissions embodied in the foreign trade of a country
(or region) and treats all other countries and regions as a single entity. According to the processing
method of imports, the SRIO model can be further classified as the competitive IO model and
non-competitive IO model. Based on the assumption that imports and domestic products are at the
same level of production technology, the competitive IO model makes no distinction of imports in
intermediates and final use products. Because of the easy and direct acquisition of competitive IO
tables, the competitive IO model was commonly used in early studies. For example, Schaeffer et al.
(1996), Julio et al. (2004), and Mongelli et al. (2006) used this method to calculate the EEIT of Brazil,
Spain, and Italy, respectively [25–27]. The non-competitive IO model distinguishes import products
from domestic products, and in the absence of data, an assumption about the component of imports is
in need when using this model. However, import data is rarely divided along these lines, so compiling
sorted data (or applying the assumed proportion of intermediate and final use imports to unsorted
data) requires a large workload. For a competitive IO model to ignore the influence of imports in
the production process when calculating EEIT is generally believed to be unreasonable, leading to
a significant increase in the use of non-competitive IO model in calculating EEIT. Weber et al. (2008),
Pan et al. (2008), Su et al. (2010), Wei et al. (2011), Dietzenbacher et al. (2012), Liu et al. (2013), and Jiang
et al. (2015) used this method to calculate the EEIT of China and unanimously pointed out that China
is a net exporter of EEIT [28–34]. Su et al. (2013) analyzed the embodied emissions of China’s exports,
respectively based on competitive and non-competitive IO models—revealing that the estimated results
of the competitive IO model were higher than those of non-competitive model. This difference was
attributed to the transition of intermediate products between export and import [35]. The SRIO model
makes another potential assumption that the energy consumption coefficient (emission coefficient)
of imported products is the same as the energy consumption coefficient (emission coefficient) of
domestically produced products. Simply put, it assumes that the imported products are produced
using the same production technology and energy input as domestically produced products. Lin et al.
(2010) used China’s emission intensity instead of the relevant import producers’ data to calculate
the emissions avoided by import [36]. Although the emissions avoided by China’s import can be
estimated based on this assumption, the amount tends to be overestimated, since China’s emission
intensity is significantly higher than that of most producers of imports to China. As the products
imported by a country come from many countries and regions in the world, different production
technologies among them lead to different energy consumption and emission coefficients. For the
sake of higher accuracy, scholars have improved the SRIO model in some ways, such as dividing
imports into intermediate inputs and final consumption goods or calculating the emissions embodied
in imported products by using the importing country’s energy consumption and emission coefficients.
Yan et al. (2010) used the typical country alternative method, namely, using the emission intensity
of a typical country or the average of several typical countries, to calculate the emission embodied
in imports of China [37]. Jiang et al. (2015) directly used the relevant data of exporting countries
to calculate the emission embodied in the import of China [34]. These improvements calculate the
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import embodied emissions more accurately, to some extent—however, the presupposition of import
homogeneity implicit in the SRIO model leads to inevitable inaccuracies in its results, most notably
when estimating EEIT transfers between countries with obviously different technology levels and
energy structure.

Compared to the SRIO model, the MRIO model, which is featured in more studies, describes
the industrial relations and trade links among various sectors of multiple countries from a global
perspective. This model, however, is more complex than the SRIO model and requires higher data
quality. The MRIO model can be divided into the Bilateral IO model and the Multinational IO model.
The Bilateral IO model studies the EEIT between two specific countries, which is more targeted and
has certain reference significance for international trade policy-making. Shui et al. (2006) adopted
this model to study the EEIT in China–US bilateral trade from 1997 to 2003 [38]. Li et al. (2008) used
this method to study the EEIT between China and the UK [39]. Yin et al. (2010) and Zhan et al. (2014)
also studied the EEIT between China and the United States [40,41]. Ding et al. (2018) calculated EEIT
of China with 219 trading partners to explore the impact of international trade on China’s emissions
and applied the “no-trade scenario” hypothesis to explore China’s bilateral trade influence, as well as
the possible contribution on the global emissions [42]. Due to the international transfer of embodied
emissions brought on by the current trend of trade globalization, however, a simple Bilateral IO model
cannot meet the demands of complex EEIT measurement in multinational trade, so there is a tendency
toward the use of Multinational IO models in the current mainstream research.

The multinational IO model calculates EEIT based on the consideration to differentiate the
technology differences between domestic products and imported products from different regions,
dividing imported products into final consumption and intermediate inputs [4]. Ahmad et al. (2003)
and Nakano et al. (2009) used the Multinational IO table compiled by the OECD to calculate the EEIT of
24 and 41 countries/regions, respectively [43,44]. Global Trade Analysis Project (GTAP) data was used
to calculate the 2001 EEIT of 87 and 113 countries/regions, respectively, in Peters et al. (2008) and Peters
et al. (2011) [20,45]. Also, Dong et al. (2010) and Liu et al. (2010) respectively analyzed the EEIT in
China-Japan using the Asian IO table provided by the Institute of Developing Economies and the Japan
External Trade Organization (IDE/JETRO) [46,47]. Ding et al. (2017) measured the embodied emissions
caused by China’s Outward Foreign Direct Investment (OFDI) by applying a Non-competitive IO
model into their study of China’s OFDI [48]. In Multinational IO models, final consumption is the
only exogenous demand. Hence, the intermediate consumption of domestic products and imports
are endogenous variables, leading to the result that the emissions embodied in imports are attributed
to the country/region that finally consumes the imports. However, in the complex global production
system, imports may pass through multiple countries/regions before being used in final consumption,
so tracking and counting the relevant data is difficult. In addition, there are still many uncertainties in
the processing of the Multinational IO table compilation.

Sato (2014) made a detailed comparison of the results of research on the estimation of embodied
emissions in China’s import and export trade. There are significant differences between the research
results using SRIO models and MRIO models, and also certain differences among research results using
SRIO tables. Additionally, the embodied emission accounting boundary differs according to the model
used, while using when using the same model, the IO table of different data sources and processing
method, imports, emission and energy-related statistics in different ways, the number of industrial
sectors, and assumptions of data processing and calculation, etc., can make differences in results [17].

Through a detailed review of relevant literature, this paper finds that current research is still
deficient in two aspects: First, it is difficult to distinguish the sources and destinations of emissions
embodied in processing trade, because of incomplete data statistics regarding the processing trade,
and relevant research is still scarce. Dietzenbacher et al. (2012), Su et al. (2013), and Weitzel et al. (2014)
studied the emissions embodied in China’s processing trade exports, and all pointed out that there
existed an overestimation in the traditional IO model which does not distinguish between processing
trade and general trade [32,35,49]. Processing trade accounts for a large share of the trade in emerging
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economies (and the analysis of emissions embodied in processing trade exports) can more reasonably
distinguish domestic and foreign emissions. Du et al. (2020) constructed an extended IO model that
distinguishes the processing trade and normal trade based on the benchmark IO tables and the customs
statistics and re-examined the embodied pollutants in China’s exports. Moreover, they pointed out that
the embodied air pollutants in China’s exports would be overestimated by 12–22%, without accounting
for trade heterogeneity [50]. Studies calculating these embodied emissions are of great significance for
the reasonable measurement of a country’s trade benefits and corresponding emission responsibilities.

Second, current EEIT measurement is mainly based on traditional gross value statistics. Following
the globalization and fragmentation of production, processing trade and intermediate trade account
for a greater share of international trade, and the drawbacks of traditional gross value statistics,
namely, the “double counting” problem, are further revealed. The EEIT measurement based on total
value statistics cannot truly reflect the environmental cost of a country’s participation in international
trade, and, is thus, not conducive to establishing a fair and reasonable emission responsibility
allocation mechanism. The GVC accounting framework is a good way to avoid “double counting”,
based on value-added accounting. In addition, the development of the GVC accounting framework
international value-added trade to be traced according to its source, destination, and transfer path in
detail—providing effective solutions to research on processing trade and the emissions embodied in it.
The study of EEIT combined with GVC theory is an important direction for future research.

The research on EEIT has entered its peak period, and a large number of related studies have
emerged. The increased attention paid to EEIT measurement has caused a corresponding gradual
increase in attention to its influencing factors by some scholars.

2.2. Driving Factors of Emission Embodied in International Trade

The methods for determining the driving factors of EEIT mainly include Index Decomposition
Analysis (IDA) and Structural Decomposition Analysis (SDA), and both methods have been widely used
in research on the driving factors of energy consumption and carbon emission [51–56]. The advantage
of the IDA model is that it has relatively low data requirements and operates in a relatively simple way.
It cannot, however, further decompose the final demand structure, intermediate input technology, and
other factors. The SDA method is based on the IO model and is intrinsically related to the studies on
the industrial linkage and the final demand effects. It provides decomposition analysis in more detail,
although it has higher data requirements. IDA was used earlier than SDA in energy research, and
although they differ in their origins and methodology, they share the basic concept of decomposing
composite indicators into impacts related to a number of predefined factors [57]. Rose et al. (1996)
pointed out that the two methods are related [58]. Hoekstra et al. (2003) believed that the two methods
are consistent in the decomposition method, but different in the model construction of a comprehensive
index [59]. Lenzen (2016) considered SDA the extension of IDA in mathematical formula [60]. Wang
et al. (2017) compared the origin and application of the two methods in detail, pointing out that the
fundamental difference between the two methods is related to their origin and theoretical core. IDA
originates from energy system analysis, so it models energy consumption and emissions from an energy
system perspective. SDA is based on the IO model and models energy consumption and emissions
from an economic perspective. This means IDA has a stronger link to energy system research, such
as energy balances and energy flows in the economy, and is often used to study changes in energy
consumption or emissions and their drivers. SDA, by contrast, has a stronger connection with the
economic system (such as the supply and demand connection of the economy), and so is usually used
to study the side effects of production technology and demand, as well as trade-related issues [61].

Most studies on the driving factors of EEIT are based on one of these two methods [37,46,57,61–71].
The factors driving EEIT in relevant studies can be simply summarized into five categories: trade scale,
production structure, energy efficiency, emission intensity, and technical factors. It’s generally believed
that the trade scale factor is the main factor promoting the increase in EEIT, the energy efficiency and the
technical factors are the main factors reducing EEIT, and the production structure, the energy efficiency,
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and the emission intensity factors are the main factors causing the difference between developed and
developing countries. The study of the decomposition of EEIT driving factors is conducive to the
adjustment of trade structure and reduction of EEIT, which is of great significance in turn to global
emission reduction. Currently, IDA and SDA related theories and calculation methods are relatively
developed. In studies on the driving factors of energy consumption and emissions, both decomposition
methods can achieve complete decomposition. On this basis, EEIT driving factors can be further
refined in future studies. Furthermore, most present studies are at the national level. As production
fragmentation continues, however, industries and regions will become the direct object of international
trade, so there is a growing demand for research at the industrial and regional levels following this
trend. In addition, the GVC accounting framework based on TiVA and its decomposition framework
provide a solution both to clarify the real value-added in international trade and its embodied emissions
and to distinguish the amount and transfer path of emissions a country generates for the use of other
countries via international trade. These studies of the path decomposition of EEIT based on GVC
theory can additionally provide a sufficient and necessary supplement for the clear and systematic
characterization of EEIT transfer and its features, which may also be an important trend of future
studies on EEIT.

There are many studies on the measurement of EEIT and its driving factors. Especially in the
context of global emissions reduction which has arisen in recent years, the debate on the allocation of
emission responsibilities among countries has popularized this research in the field of carbon emission
and global climate change. Sato (2014) and Davis et al. (2010) pointed out that the problem of EEIT is
not just its scale, but the lack of a mechanism to measure the emissions generated in one country and
consumed in another country [17,72]. Simply put, the allocation of responsibility for EEIT is a much
more important problem than the amount of EEIT generated, so emission responsibility is another
important topic in the study of carbon emissions and climate change.

3. Research on Global Emission Responsibility

Since the adoption of the United Nations framework convention on climate change (UNFCCC) in
1992, the issue of emission responsibility allocation has aroused wide concern among countries and
become an important topic in the field of climate change. The discussion on emission responsibility
has become increasingly fierce following the development of post-Kyoto climate negotiations. The Rio
declaration on environment and development, the UNFCCC, the Kyoto Protocol, and other international
environmental conventions all agreed that developed and developing countries carry “common but
differentiated responsibilities” in combating climate change. The specific implementation of these
“common but differentiated responsibilities” has, thus, become the focus of international debate. Any
research on emission responsibility involves a series of theoretical problems: When products are
produced to meet foreign needs, who is responsible for the environmental problems stemming from the
production of these exported products? Is it the exporting country’s responsibility to urge the exporting
company to improve its production process? Or is it the importing country’s responsibility to create
environmentally friendly consumer preferences? Or can responsibility be split proportionately between
exporting and importing countries? [73] Scholars continue conducting in-depth research, forming
four corresponding principles of emissions responsibility which can be applied to various objects
of accountability, namely, production-based responsibility (PBR), consumption-based responsibility
(CBR), income-based responsibility (IBR) and shared responsibility (SR). In this paper, the relevant
literature is classified in detail according to this classification.

3.1. Production-Based Responsibility

The UNFCCC first put forward the concept of PBR in 1992, asserting that direct emitters are
responsible for their emissions. According to this principle, the emission responsibility for export
products shall be borne by the exporters. Because each country is responsible for all of its domestic
emissions, this principle is also known as “territory responsibility” or “apanage responsibility”.
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Currently, PBR measures a country’s emissions mainly according to the IPCC National Greenhouse
Gas Inventory of 2006. PBR is more easily calculated and applied than other theories of emission
responsibility. These strengths have caused it to be adopted by most current environmental assessments
and decision-makers to allocate emission responsibility. PBR also, however, has inherent defects in
fairness and inefficiently reduces global emissions. The emission reduction model established by the
UNFCCC and the Kyoto protocol, based on this principle, has been widely criticized, and international
climate negotiations have been repeatedly stalled [74].

The drawbacks of PBR in existing research can be roughly divided into a few types. First, the
fairness of this principle has been widely questioned. Under this principle’s accounting mechanism,
developing countries bear responsibility for a large number of emissions for developed countries
because of their relatively low-end international division of labor status and economic structure,
resulting in emission responsibilities are far beyond their scope and capacity. Many scholars pointed
out that although final demand is one of the main drivers of environmental pressure, PBR makes no
differentiation of final consumers, which is unfair to the developing countries [75–78].

Second, this principle increases carbon leakage as it incentivizes the developed countries to
transfer carbon-intensive industries or production chains to developing countries without emission
reduction constraints. These developed countries subsequently meet their own needs via import
substitution, weakening the effect of emission reduction. These factors make PBR inconducive to
global emission reduction [20,79,80].

Third, according to PBR, the emissions produced in international public airspace or waters by
international transportation are not included in any country’s emission responsibility. Emissions of
this type account for about 3% of global emissions, and this defect is bound to become more and more
prominent owing to the rapid development of international trade [20,80,81].

Fourth, the principle may harm global emission reduction and the effectiveness of the
implementation of climate change agreements and is inconducive to guiding a low-carbon consumption
and living style. When there are national borders between production and consumption activities,
consumers of importing countries are largely unaware of the impact of their consumption activities
on other countries, global resources, and the environment. Thus, PBR, in that case, does not promote
low-carbon consumption patterns. Rothman et al. (1998), based on a study of the environmental
Kuznets curve, pointed out that PBR is not conducive to guiding environment-friendly consumption
patterns in developed countries, where high emission consumption patterns are maintained through
imports [82]. In addition, PBR is detrimental to net carbon exporters, reducing their incentive to
participate in global emission reduction [73,74,80].

To overcome the above disadvantages of PBR, especially the carbon leakage accelerated by PBR,
new responsibility allocation mechanisms are needed. Some scholars argued that new emission
responsibility allocation mechanisms, including responsibility for indirect emissions, are needed to
correct PBR’s main problem, that only direct emissions are included in the PBR emission calculation
process, and indirect emissions are ignored, leading to carbon leakage [20,72]. Eder et al. (1999)
indicated that indirect emissions can be generated by two distinct and opposite driving factors—supply
and demand [83]. The supply-driven emissions correspond to downstream responsibility, under the
assumption that the original supplier is responsible for all emissions generated downstream by its
initial input, also called income-based responsibility. Whereas, demand-driven emissions correspond to
upstream responsibility, indicating that the consumers should shoulder all responsibility for emissions
generated upstream by their demand, which is also widely known as consumption-based responsibility.

3.2. Consumption-Based Responsibility

Based on the “ecological footprint” theory, CBR holds that final consumption is the most important
driver of environmental pollution, so the solution to environmental problems requires the formation
of environment-friendly consumption preferences. Products and services exist to meet the needs of
consumers, and the corresponding emissions should be borne by consumers [84,85]. Many scholars
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used CBR to calculate the emission responsibilities of various countries [86–93]. Relevant studies
showed that developed countries and regions bear more emission responsibility under CBR than under
PBR, while developing economies, like China and India, face significantly less emission reduction
pressure under CBR.

Most scholars believed that CBR more fairly allocates emission responsibility than PBR by
assigning more responsibility to high-consumption countries, most of which are developed countries.
Peters et al. (2008) argued that CBR is conducive to clarifying the impact of developed countries’
final demand on the emissions of developing countries. Thus, it reveals the international transfer
of emission responsibility and reduces carbon leakage. It’s also conducive to the formation of
comparative advantages in low-carbon products and the formation of environmentally friendly
consumer preferences [87]. CP/RAC (2008) pointed out that CBR incorporates all consumption-related
emission sources, making up for the deficiency in PBR’s allocation method. It also increases the
willingness and enthusiasm of developing countries to participate in global emission reduction and
facilitates international cooperation, for example, technology transfers and the clean development
mechanisms, between developed and developing countries (CDM). Furthermore, CBR contributes
to the formulation of sustainable consumption and production policies and climate policies at the
national, and according to Larsen et al. (2009), regional levels [94,95].

However, there are also many doubts about CBR. Spangenberg et al. (2002) believed that emissions
are not completely determined by consumption, but are also affected by producers’ decisions, which
also affect emissions and have a great impact on consumers’ purchase decisions [96]. Bastinanoni
et al. (2004) and Cadarso et al. (2012) indicated that producers lack the direct impetus to reduce
emissions under CBR. Consumers tend not to buy low-carbon products without enough incentive
policy, which further leads to underpowered emission reduction by producers. The producers may
abandon the use of cleaner and more efficient production methods, weakening the effect of global
emission reduction [81,97]. Peters (2008) and Peters et al. (2008) further pointed out that even if
a country takes measures to restrain the emission reduction from the consumption side, these domestic
measures cannot restrain the export sector of other countries, and since the exported products are not
consumed in the exporting country, the exporting country will not take the initiative to control this sort
of emission [79,98]. Furthermore, under CBR, developing economies tend to produce carbon-intensive
export products in pursuit of profit expansion, which is not conducive to global emission reduction.
Additionally, the calculation of CBR is more complicated and requires more assumptions and data
than the calculation of PBR, so its uncertainty is greatly increased, and its applicability is lower [73].

CBR includes indirect emissions into its accounting, which mitigates the "carbon leakage" problem
to some extent compared to PBR. CBR measures the emissions that stem from the final demand for
goods and services in a country. Specified to a certain product, it calculates all the emissions generated
in the product’s supply chain to deliver the product to final demand, namely, its demand-driven
upstream responsibility. CBR has, since, attracted huge attention and discussion as a substitute for
PBR. It is important to remember, however, that although these two methods are homologous, CBR
often ignores downstream responsibility.

3.3. Income-Based Responsibility

Although CBR can force downstream manufacturers to choose upstream producers with
lower-carbon emissions by tracking upstream emission responsibility, consumers often fail to choose
to buy these more environmentally friendly products if they are more expensive because it represents
a reduction in their actual income. People want to consume more and for that need to generate
more income. This is done through the supply of primary factors of production [99]. Downstream
responsibility, in this case, focuses on this source of income. The benefit of emissions is delivered to
suppliers in the form of income, and downstream responsibility forces these upstream suppliers to
choose a downstream producer or product consumer with lower emissions by attributing the emission
responsibility to the production’s initial input supplier.
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Based on IOA, Gallego et al. (2005) constructed the downstream responsibility accounting
framework using the Ghosh model, concluding that the transfer of downstream responsibility is
not an overall transfer, but a partial transfer—that is, only part of the indirect emissions from the
upstream sector are transferred to the downstream sector [100]. Rodrigues et al. (2006) pointed
out that the ratio of indirect transfer is unspecified, so the resulting downstream responsibilities are
uncertain [101]. Aiming at this problem, Lenzen et al. (2007) improved the research by defining
the transfer ratio of upstream responsibility based on the industrial value-added [102]. Lenzen et al.
(2010) emphasized the lack of sufficient attention to downstream responsibility in academic literature,
enterprise reports, and other relevant research. They believed that the main cause is that, although they
can be defined quantitatively based on IOA, the concept and framework of downstream responsibility
are not clear enough. They solved this problem by mapping downstream responsibility onto upstream
responsibility, thus, explaining downstream responsibility’s relevant terms in detail, and establishing
a complete framework for downstream responsibility analysis through comparative analysis with
upstream responsibility [2]. Marques et al. (2012) carried out a detailed summary of PBR and CBR
based on the previous work of Lenzen et al., indicating that both methods ignored the influence of
upstream investment on the emissions of downstream sectors. They formally suggest the idea of
income-based responsibility, which starts from the initial input (value-added) of each department, and
allocates emissions in sectors, as a consequence of accepting their upstream input, to related upstream
sectors [99].

From the calculation prospective, the accounting of CBR and IBR is similar. Both take indirect
responsibility into account, reducing the carbon leakage problem that commonly exists in PBR. Most
current studies on environmental analysis, by contrast, approach the problem from an upstream
perspective and seldom consider downstream responsibility [2]. Marques et al. (2012) pointed out that
is because consumers’ final demand is the main driver of the current market-driven economy, which
focuses on the consumption process—therefore, it is natural to conclude that consumers benefit from
emissions [99].

There are only a few studies conducting studies based on the IBR. For example, Rodrigues
et al. (2010) analyzed downstream responsibility in six regions of the world, and the results showed
that certain regions, such as developed economies and fossil fuel exporters, create more emissions
downstream as a means of generating income, indicating that these regions benefit economically from
emissions that did not occur within their borders [103]. Schucking et al. (2011) researched at the
enterprise level and revealed how the capital of a bank influences greenhouse gas emissions through
investment decisions [104]. Liang et al. (2016) calculated the greenhouse gas emissions of sectors
in various nations from 1995 to 2009 based on IBR, and they compared the PBR, CBR, and IBR of
various sectors in the United States from 1995 to 2009, analyzing their influencing factors using the SDA
decomposition method [105]. Liu et al. (2017) calculated national/regional carbon emissions based on
the value-added accounting approach (as well as the number of global carbon emissions embodied in
value-added chains in the context of IBR) [106]. Guan et al. (2019) used China’s Guangdong province
as an example to establish a comprehensive solid industrial pollutant metabolism framework model,
in which CBR and IBR are used to analyze responsibility for solid industrial pollutants [107].

IBR allocates responsibility for emissions generated throughout the whole production chain to the
supplier of its initial input, which can be interpreted as placing responsibility on the production side.
In many studies by Rodrigues et al., IBR is regarded as the broad “producer principle” [2,99–102,108].
Although both CBR and IBR take indirect emissions into account, which can reduce PBR’s “carbon
leakage” problem, these three principles all place emission responsibility entirely on one agent.
Marques et al. (2012) pointed out that it is fair that those who benefit monetarily from emissions
should bear responsibility for those emissions. However, any measure placing full responsibility on
one actor is unlikely to be accepted as a basis for climate policy, since it will never be perceived as fair
for all the agents involved in negotiations [99]. Some scholars believed that any allocation mechanism
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which distributes all responsibility to one party has inevitable defects, and thus, proposed shared
responsibility as a solution.

3.4. Shared Responsibility

SR is based on the benefit principle and suggests that producers and consumers should jointly
share emission responsibility. According to the benefit principle, all participants that benefit from
emissions should take responsibility for them. The production of a certain product combines producers’
and consumers’ outcomes. The responsibility for emissions, which are a by-product of production,
should be assigned to all the factors driving it, and thus, borne by producers and consumers together.
Kondo et al. (1998) proposed attributing the emissions induced by exports and imports to both
producers and consumers, and they pointed out that the attribution ratio should be adjusted based
on the kind of commodity in question, notably distinguishing between the final intermediate use
products and the countries importing or exporting them [109]. Ferng (2003) also believed that
the benefit principle is a reasonable basis for assigning responsibility. Because exporting countries
generate income through emissions generated by the production of exports (while importing countries
improve their quality of life through emission-generating imported products), they should share
responsibilities for these emissions. Ferng (2003) and Chang (2013) pointed out that a mechanism in
which many subjects share emission responsibilities is more conducive to the widespread mobilization
of countries directly involved in international trade and benefiting from emissions to shoulder emission
responsibilities together, further promoting fairness. It is beneficial to global emission reduction,
helps to promote mandatory emission reduction pledges in developing countries, and improves
global engagement [77,110]. Lenzen et al. (2007) pointed out that the responsibility of each stage in
the production chain under SR is more closely related to its upstream and downstream stages than
under PBR, so all stages can be better encouraged to cooperate to reduce the emissions of the entire
production chain. Compared with CBR, which mainly encourages consumers to change their habits,
this principle can encourage producers and consumers to jointly reduce production emissions [102].
Li et al. (2019) also proposed that SR, as a kind of modified responsibility allocation scheme, can not
only effectively mitigate “carbon leakage” in international trade, but can also inspire producers and
consumers together to reduce global emissions. This, it is a relatively comprehensive and effective
responsibility principle [111].

At present, the main dispute about SR is on the distribution ratio. Various ways based on different
considerations have been proposed in previous literature. Kondo et al. (1998) believed that the
distribution ratio should separate products by type, for example, dividing intermediate and final
consumer goods, as well as by the national conditions of the countries importing and exporting
them [109]. Ferng (2003) argued that the distribution ratio should be fair, giving expression to the
economic structures, consumption patterns, and consumption levels of different countries, and it is
crucial to ensure the basic demand per capita. However, this study did not propose any specific ratios,
instead only assuming that each party should shoulder half of the responsibility in the empirical
analysis [77]. Bastianoni et al. (2004) proposed a ratio calculation method. The direct emissions of each
stage in the production chain are first calculated (e.g., 50 for stage 1, 30 for stage 2, and 20 for stage 3),
and the emissions of each stage and its upstream stages are summed (50 for stage 1, 80 for stage 2, and
100 for stage 3), and finally summarized (50 + 80 + 100 = 230). Each stage’s proportion is equal to the
total emissions of the upstream production chain in the summary proportion (50/230 for stage 1, 80/230
for stage 2, and 100/230 for stage 3). According to this method, the further downstream a company
is, the greater the proportion it bears, with final consumers bearing most of the responsibility [81].
Some scholars argued, however, that this method lacks a theoretical basis, and increasing or decreasing
the number of production stages causes changes in the resulting distribution ratio [73]. Rodrigues
et al. (2006) provided a realistic basis for SR through simulated negotiation. They proposed that the
emission responsibility principle should have six attributes: (1) The overall responsibility is equal
to the sum of its parts. (2) The sum of each country’s emission responsibility equals the global total
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of direct emissions. (3) Indirect responsibility from upstream and downstream should be included.
(4) The ratio of emission responsibility allocated to downstream (upstream) participants is equal to the
ratio of products obtained from upstream (downstream). (5) Emission responsibility can be reduced
only when direct emissions are reduced. (6) The responsibilities of producers and consumers are
symmetrical. The only principle that possesses all six attributes at the same time is SR. Producer
and consumer responsibility is allocated symmetrically, so the distribution proportion of emission
responsibility should be equally shared. As every producer is a consumer, we must assume that they
share symmetric responsibility even if asymmetries exist in reality. Otherwise, there will be too many
distributive possibilities to reach an agreement [101]. Lenzen et al. (2007) raised doubts, pointing
out that not all producers are consumers and that asymmetry is the norm in real producer-consumer
relationships. They contended that although the asymmetric distribution of responsibility may lead
to the possibility of excessive distribution, it is not enough to justify symmetry. Their study put
forward a calculation method using the ratio of value-added and net output to allocate proportion.
Thus, the greater value-added in a stage in the production chain, the greater the degree of control and
influence it exercises over the industrial chain, and the greater responsibility it shares. They further
pointed out that this method has invariance, namely, increase and decrease in the number of production
stages does not change the ratio [102]. Rodrigues (2008), however, proved that this invariance only
existed under certain conditions [108].

Since no attribution principle is well proven and widely accepted, SR research has developed
slowly. There are also disputes about the operability of SR. Bastianoni et al. (2004) argued that PBR
and CBR are at issue, and SR may become a compromise solution [83]. Andrew et al. (2008) compared
the emission responsibility under the three principles and believed that SR may obtain more extensive
support [10]. However, McKerlie et al. (2006) pointed out that SR expands responsibility in general, but
makes it more difficult to define the responsibilities of each subject [112]. Peters (2008) also believed
that the issue of weight would become the new focus of debate [87]. Zhou (2012) proposed that, among
the three principles, PBR has the best operability. Compared with PBR, CBR adds one step, which
increases uncertainty and reduces operability. SR adds another step beyond CBR, so of the three,
it has the highest data requirement, the highest uncertainty, and because of the unsolved theoretical
problems, such as distribution ratio, the worst operability [73]. Li et al. (2019) pointed out PBR so far is
still the most widely adopted principle, but SR is hampered by its operability and is currently used in
few relevant studies [111].

Whether calculating PBR, CBR, or SR, current allocation schemes of emission responsibility are
all based on EEIT accounting using traditional gross value statistics. Emission reduction is a globally
common problem. The recent development of economic globalization and increasing production
fragmentation has caused the costs and benefits of goods and services to dispersed around the world,
so producers and consumers cannot be simply distinguished according to traditional trade statistics.
As for emission responsibility allocation, a single PBR or CBR method has inevitable defects. Under
the general trend of production globalization and the rapid development of international trade,
its disadvantages will become more obvious. From a global production perspective, SR is the inevitable
choice for the concretization of the principle “common but differentiated responsibilities” for global
emission reduction. The development of GVC theory makes it realizable to trace EEIT according to its
source, destination, and possible transfer path. SR based on detailed EEIT decomposition may provide
new solutions for the research on emission responsibility allocation.

4. GVC Theory and Its Utilization in Carbon Emission

The concept of GVC originated from the value chain, which describes all the activities of a good
(or service) from its conception to its final use, including design, production, marketing, supply,
after-sales support, etc. Porter (1985) first proposed the concept of the enterprise value chain. He
stated that the overall economic activities of enterprises can be divided into separate activities of
different natures and links, which are interrelated in the process of enterprise value creation and
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constitute the behavioral chain, namely, the internal value chain of enterprises. He believed that
value chains between enterprises are also interrelated and that the position of each enterprise in the
value chain system has an important impact on its competitiveness [113]. Kogut (1985) extended the
enterprise value chain concept to the whole world. He proposed that each link of the entire value
chain has a spatial configuration between different countries and regions, which depends on the
comparative advantages between those countries and regions [114]. The difference between the value
chain and the GVC is that the value chain can be contained in a geographical location or even within
an enterprise, while the GVC is divided into multiple enterprises distributed in multiple locations.
In a word, the international trade in intermediate is the core element of GVC. The rise and evolution
of GVC theory have become the main feature of current international trade research. It is widely
used in the detailed study of global industrial structure and dynamics to understand who, where,
and how economic, social, and environmental value is created and distributed. The labor division
model of GVC changes the realization and distribution mechanism of trade benefits, separating it from
the trade scale. Traditional trade statistics cannot effectively reflect the value created by a country,
nor accurately reflect the trade benefits obtained by a country. In 2012, the WTO and OECD launched
the "Measurement of TiVA" joint research project. Several international organizations, such as the
European Union and the United Nations Conference on Trade and Development (UNCTAD) have also
conducted statistical studies on TiVA. This work has promoted the mainstreaming of TiVA statistics
and made it a permanent part of the official international statistical system [8]. The measurement
of GVC based on TiVA accounting has been widely adopted, with relevant studies mainly focusing
on two aspects: (1) The theoretical accounting framework of the GVC based on TiVA, and (2) the
description of the locations of countries participating in GVC within that framework.

4.1. The Accounting Framework of GVC

GVC is also called “vertical specialization”, and it has many related labels (such as “value
chain cutting”, “outsourcing production”, “production non-integration”, “production fragmentation”,
“multi-level production”, “product internal specialization”, etc.). [115]. Balassa (1965) proposed in the
literature about trade liberalization that, a kind of continuous production processes product is divided
into a vertical trade chain, which extends to many countries, and the interconnectivity of this production
process is gradually enhanced. Each country focuses on a specific stage in the process of production
and adds value according to its comparative advantage. This global division phenomenon is defined
as vertical specialization [116]. However, because of data and calculation problems, the research on
vertical specialization remained at the case study level until Hummels et al. (2001) defined a narrow
concept of vertical specialization and put forward the quantitative index of systematic measurement,
which made the measurement of GVC possible. Hummels et al. (2001) defined the value of imported
inputs embodied in goods that are exported as vertical specialization (VS) and called the value of
exports that are embodied in a second country’s export goods VS1. They provided a formula for
computing VS, but no formula for VS1, and pointed out that VS1 is more difficult to measure than VS,
as it requires bilateral trade flow data matching the input-output relations [115]. Koopman et al. (2010)
deemed that Hummels et al. (2001) provided the first empirical measurements of vertical specialization,
but their measurement is valid only in special cases and breaks down when confronted with the
multi-country, back-and-forth nature of current global production networks. They pointed out that
there are two key assumptions embodied in Hummels’s measurement. First, all intermediate inputs
imported should be wholly foreign value-added, with no value-added from itself and returned after
processing abroad, and no more than one country can export intermediates. In their model, a country
cannot use import intermediates to produce exporting intermediate products. Second, the domestic
consumption and exports are produced with the same importing inputs. This assumption is violated
when processing exports raise the imported intermediate content of exports relative to domestic
use [117]. Relaxing the first assumption, Wang et al. (2009) extended Hummels’s method based on
the international input-output model and developed an accounting framework involving multiple
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countries. Based on the Asian international Input-Output tables, they decomposed value-added
in the multinational production chain into the net contribution of each country. They provided
formulas for both VS and VS1 and pointed out that Hummels’s measurement is only a special case
in certain situations of their framework [118]. Koopman et al. (2008) relaxed the second assumption
and proposed a method for computing domestic and foreign value-added under commonly existing
processing trade conditions [119]. Koopman et al. (2010) relaxed both assumptions and provided
a complete decomposition of gross exports into its value-added components, thus, making it possible
to connect trade statistics with SNA standards and construct a quantitative index to assess whether
a particular sector in a country is likely located in the upstream or downstream of the global production
chain [117]. The concept of vertical specialization in these studies, following the narrow concept of
vertical specialization proposed by Hummels et al. (2001), is extended to the global system. For closed
economies, IO information can be fully captured in the regional IO table. Under such circumstances,
a narrow vertical specialization is only a special case of the new framework. Other studies expand
the elements related to vertical specialization and define new indicators for measurement. Daudin
et al. (2011) defined VS1* as the exports that, further down the production chain, are embedded
in re-imported goods that are either consumed, invested, or used as inputs for final domestic use,
namely, the domestic content of invested or consumed imports [120]. Johnson et al. (2012) defined
the value-added produced in one country and eventually absorbed in other countries as value-added
export (VAX) and used the ratio of VAX to total export (VAX ratio) as the measurement index of
value-added in trade (VaiT) [5]. Stehrer et al. (2012) discussed the measurement of TiVA and VaiT,
defined TiVA as a country’s direct and indirect value-added embodied in the final foreign consumption,
and VaiT as the value-added of total trade flow between two countries [121].

TiVA estimates the value-added embodied in imports, exports and net exports based on the use of
final products, while VaiT represents the (net) flows of value-added generated by traditional exports
and imports. Koopman et al. (2014) decomposed total exports into nine categories of value-added
components and double-counting items, but their decomposition was limited to the national level
and did not go deeply into the industrial sector level [6]. Wang et al. (2013) compared the TiVA
accounting method with the gross value accounting system from the perspective of gross exports
and decomposed total exports into 16 value-added components and double-counting items, thus,
realizing the complete decomposition of gross exports. They also pointed out that the VS, VS1, and
VS1* indicators only represent part of the components or linear combinations after decomposition [122].
In their work, gross exports can be decomposed into domestic value-added, foreign value-added (FVA),
and double-counting items (PDC). Domestic value-added can be further decomposed into domestic
value-added absorbed in foreign countries (DVA) and domestic value-added that is exported before
finally coming back (RDV), as shown in Figure 1. Furthermore, the domestic value-added of exports
can be divided into eight types based on the form of export products, their absorption mode and the
form of returned products, as shown in Figure 2. The FVA can be further divided into four parts
according to their country of origin and product form, and the PDC can be further divided into four
parts according to their source, as shown in Figure 3.
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The main estimating formula is as follows:
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The components of the gross export accounting in Figure 1 correspond to each part in Equation (1),
thus, gross exports can be completely decomposed. In this formula, Esr is the export vector that denotes
the gross exports of country s to country r. Er* is the total export of country r. Vs is the value-added
coefficient vector of country s, and Vt and Vr denote the similar. Brs is the Leontief inverse matrix,
which is the total requirement matrix that gives the amount of gross output in producing country r
required for one unit increase in final demand in country s, and Bss, Brr, Brt, and Bts have a similar
meaning. Asr is the total input coefficient matrix, giving intermediate use in country r produced in
country s. Lss and Lrr are the local Leontief inverse matrix. “#” is defined as element-wise matrix
multiplication operation, for example, when a matrix is multiplied by a n×1 column vector, each row of
the matrix is multiplied by the corresponding row of the vector. Previous concepts related to TiVA can
be obtained by a linear combination of some components in the decomposition. So far, the measurement
of vertical specialization has been incorporated into a unified and compatible framework, and the GVC
accounting framework based on TiVA accounting has been improved [123].

4.2. Measurement of GVC

Characterized by the international division of production, GVC’s depth and breadth continuously
extend as the level of the international division of labor is gradually refined from the products to the
production processes. The specialization of each country is no longer based on the products it produces,
but on the production processes consistent with its comparative advantage. In his discussion of the
enterprise value chain, Porter (1985) pointed out that the position of each enterprise in the value chain
system has an important impact on their competitiveness [113]. Extending to the global level, each
country’s participation status in the GVC also has a profound impact on its benefits and competitiveness
in international trade. As the accounting framework of the global value chain gradually improves,
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many scholars have proposed various indicators to measure a country’s participation status in GVC,
including physical location (position in the production chain) and economic status (profitability).

In pinpointing the location of GVC, Dietzenbacher (2005) first proposed using average propagation
lengths (APLs) to measure the economic distance between sectors. APLs can be interpreted as the
measurement of the average number of steps it takes for cost-push in industry i to affect the price of
product j, or as the measurement of the average number of steps it takes for demand-pull in industry j
to affect the production in sector i [124]. Dietzenbacher et al. (2007) and Inomata (2008) then extended
APLs, applying them to an MRIO model [125,126]. Fally (2011) proposed two measurement indexes,
including "distance to final consumption" (such as the average number of production stages between
production and final consumption) and "average number of production stages embodied in each
product", respectively named upstream and downstream indicators by Antras et al. (2012) and Antras
et al. (2013). Wang et al (2017) stated that these indicators have two problems. First, these indicators
are calculated based on a sector’s total output, which includes not only final goods and services but
also intermediate inputs [127–129]. Dietzenbacher et al. (2005) and Dietzenbacher et al. (2007) argued
that a production chain’s indicators must start from the initial input of a department, such as labor
and capital (or value-added), not its total output. Second, "upstream" and "downstream" indicators
are not substitutes for each other, and the two indicators may lead to opposite results for the same
country/sector [124,125,130].

Aiming at the first question, Su et al. (2015) improved the upstream indicator based on the TiVA
accounting framework and calculated the sectoral upstream indicator in 2011 and exporting upstream
indicator in 1995–2011 by using world input-output table (WIOT) information for 40 countries and
35 sectors. The results showed that the previous calculation method is indeed flawed [131]. Ni (2016)
extended the production stage number concept to the global input-output framework, making
a distinction between the domestic stage and international stage [132]. Ye et al. (2015) defined the
average value-added propagation lengths (VAPLs) from the perspective of value-added propagation
and defined the average VAPLs from forward and backward perspectives [133]. Ni et al. (2016)
also extended VAPLs from the angle of value-added propagation from one sector to a final demand
sector (point-to-point), one sector to final a demand sector group (point-to-plane), from a sector
group to one final demand sector (plane-to-point) and from a sector group to a final demand sector
group (plane-to-plane), and pointed out that generalized VAPLs cover various measurements of GVC
location in previous studies [134]. Wang et al. (2017) redefined production length as the distance
between initial inputs and final products and pointed out that indicators constructed on this basis are
more consistent and more in line with economic interpretation, and the average length of the value
chain under this definition is always equal to the ratio between the total output value of each part,
and the corresponding value-added resulting from it. Moreover, based on the value-added trade
accounting framework proposed by Wang et al. (2013) and Koopman et al. (2014), total production
length can be decomposed into the pure domestic stage, the direct TiVA stage, and the GVC stage,
which comprehensively reflects in-depth transnational production activities. They pointed out that
although there are some conceptual differences between production length measurement and location
measurement—as long as the production length is defined according to the number of production
stages at the bilateral or sectoral level, indicators representing the position of a country/sector in GVC
can be constructed by decomposition at various levels [130]. Yan et al. (2018) further expanded this
method by decomposing the change in production chain length into the change each industry’s length
and the change in the proportion of each industry’s value-added (industrial structure) to calculate the
influencing factors of the change in the length of the production chain [135]. Ni (2018) comprehensively
reviewed the literature on GVC measurement and pointed out that the definition of generalized VAPL
from sector group to final demand sector (plane-to-point) proposed in Ni et al. (2016) was in line with
the backward production length (namely, the downstream indicator of the sector) defined in Wang et al.
(2017). Ni (2018) also stated that, no matter how and from which perspective the position and length of
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production is defined, its core is the weighted sum calculation for each stage of the production process,
and Wang et al. (2017) has been largely on perfecting to measure macro GVC position [123].

The economic status of GVC has a direct meaning of welfare, and its measurement indicator,
which is expressed by the ratio of domestic value-added in exports (DVAR), is relatively uniform.
Generally speaking, the higher the DVAR, the more domestic value is added by a country’s per unit
exports, and the stronger the country’s profitability in the international division of labor, in other words,
the higher its economic status in the international division of labor. The definition of this indicator can
also show that the key point of the DVAR index is the exact definition of value-added exports. Johnson
et al. (2012) defined value-added exports from the perspective of the final consumption of products as
the value that one country’s production adds, which is eventually absorbed by other countries [5].

With the improvement of the TiVA accounting framework, DVAR is being applied at an ever-
increasing rate. Zhang et al. (2013) and Luo et al. (2014) used this indicator to evaluate China’s
exports [136,137]. Su (2016) also used this index to evaluate China’s provincial exports [138]. In addition
to the DVAR indicator, Koopman et al. (2010) constructed a GVC status index to evaluate the status of
sectors in country i in the international division of labor, as shown in Equation (2):

GVC−Positionir = ln
(
1 +

IVir
Eir

)
− ln

(
1 +

FVir
Eir

)
(2)

where IVir is a domestic intermediate product used by the importing country to produce exports from
sector r of country i, and FVir is a foreign intermediate product used in sector r of country i. They
believed that the larger the indicator is, the higher this sector’s economic status is in the division of
GVC [117]. Wang et al. (2014) also used this indicator to evaluate the international division of labor
status of various manufacturing sectors in China [139]. Wang et al. (2015) then constructed the global
value chain status index (GS index), as shown in Equation (3):

GSik = vai,k +
G∑

i, j=1

N∑
k,l=1

dik, jlY j,l

Yi,k
GS j,l (3)

where, GSi,k represents GS index of sector k in country i, vai,k represents its direct value-added coefficient,
Yi,k represents its gross output, dik,jl represents the direct consumption coefficients of sector l in country
j on sector k in country i, and dik,jlYj,l/Yi,k represents the proportion of the gross output of sector k
in country i used as intermediates in the production of sector l in country j. They believed that the
economic meaning of the GS index is the value-added range experienced by intermediate products in
a specific industry before they become final products, which can reflect the position and value-added
capacity of a country’s specific sectors in the GVC [140].

With the gradual improvement of the value-added accounting framework, until Wang et al. (2013)
unified the accounting framework of TiVA and realized the complete quantitative decomposition of
gross exports, GVC accounting (and description indicators of on the macro level) had been relatively
perfected and applied with increasing frequency in the field of international trade. The GVC accounting
framework is based on TiVA accounting, and it can not only solve the “double counting” problem present
in EEIT calculation based on traditional trade statistics and the complete decomposition framework of
gross exports, but it can also provide an important means to clarify the source, destination and transfer
path of emissions embodied in ’ country’s exports. Furthermore, it is importance to make the real EEIT
situation clear, and to fairly allocate emissions responsibility among countries.

4.3. The Utilization of GVC Theory in Emission Research

Since the GVC accounting framework has not been implemented until recent years, there are
relatively few studies of EEIT based on TiVA accounting. The relevant research can be divided into
two categories: (1) Recalculating the EEIT based on TiVA statistics and comparing the results with
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traditional gross value accounting, and (2) analyzing the original source and destination of EEIT in
detail based on the GVC accounting framework.

Xiang et al. (2014) re-estimated the embodied emissions of China’s foreign trade from a TiVA
perspective and compared them with traditional estimation results, pointing out that there is
an overestimation in the traditional trade statistical method [141]. Liu et al. (2015) estimated the
embodied emissions of China’s regional value chain by using China’s MRIO table, and Xu et al. (2017)
estimated the embodied emissions of China’s foreign trade, which also proved the overestimation in
the traditional trade accounting [142,143]. Pan (2017) put forward an analysis framework based on
Koopman et al. (2010) to analyze China’s EEIT, which focuses on the analysis of the influence of China’s
position and status in the GVC on its EEIT while the emission transfer path was not involved [144].
Ma et al. (2018) re-estimated the emissions embodied in bilateral trade between China and South Korea
in 2001~2011 from a TiVA perspective, pointing out that China and South Korea had an economic
trade deficit, but a surplus in EEIT [145]. Zhang et al. (2018) re-estimated the emissions embodied in
China-Japan trade and pointed out that there is also an emission deficit in China-Japan trade [146].
Yasmeen et al. (2019) calculated various air pollutants in 39 countries from 1995 to 2009 based on TiVA
accounting, and based on this, analyzed the impact of trade on the environment through quantitative
research [147]. These studies focus on the total accounting of EEIT (or other pollutants), but fail to
analyze the path and stages of emission transfer in detail.

Peng et al. (2016) built an MRIO model based on the GTAP database and reallocated EEIT
according to the distribution benchmark of the location of final demand, and defines the emission
transfer path [148]. Wang et al. (2018) analyzed the transfer of PM2.5 related emissions in China
through three different trade modes (i.e., trade of final products, trade of intermediate products in the
final stage of production, domestic value chain and GVC) based on the TiVA decomposition framework,
which is consistent with the decomposition framework featured in Koopman et al. (2010) [149]. Meng
et al. (2015) based on the TiVA accounting framework established by Koopman et al. (2014) and Wang
et al. (2013) and a large number of other EEIT studies, proposed a set of systematic accounting systems
to trace emissions in GVC. The technique used in this study has several advantages. It can trace how
downstream countries and industrial sectors absorb emissions from the upstream portion of the value
chain. It can also trace the emissions caused by final production in the downstream portion of the
GVC to upstream countries and industrial sectors. Finally, it can scientifically trace the emissions
embodied in export products according to the direction of trade flow, while analyzing the transfer
direction and transfer path of embodied emissions [150]. Meng et al. (2016) also used this model to
conduct a detailed decomposition of emissions embodied in China’s exports and their transfer paths in
the GVC [151]. Zhang et al. (2018) measured regional exports and their embodied pollutants (PM2.5,
SO2, NOx and NMVOC (non-volatile organic compounds of methane)) by applying TiVA accounting
to China’s MRIO table, and tracked the export-oriented economic and environmental costs mismatch
along with the state of the supply chain area. They deemed that about 56% of the economic benefits
induced by China’s exports go to the developed coastal regions, but about 72% of the associated air
pollution is mainly caused by the underdeveloped central and western regions [152]. The study is
a regional level application of GVC theory, which traces the domestic paths of the embodied emissions
(or other pollutants) involved in international trade in various regions within a country clearly but
cannot distinguish their specific destinations. Meng et al. (2013) proposed a new IO table compilation
method, that attempts to embed China’s domestic regional IO table into the world IO table. In this
method, the domestic and international paths of China’s domestic regions can be traced using this
new IO table, showing how they participate in the GVC [153]. Because the current trade statistics
system is not yet complete, the compilation of this IO table involves a lot of international trade data,
and there may be large errors, thus, receiving less attention, and related research has not been fully
developed. Using this method, Pei et al. (2018) analyzed the transfer routes of the embodied emissions
originating in each region of China through the GVC [154]. Owing to the limited development of
the trade statistics system, it is difficult to compile such IO tables. However, just as the international
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division of labor is further deepening, production fragmentation is growing in depth intra-nationally.
GVC participation actually takes place at the regional and even enterprise level. Research combing the
GVC and domestic value chain will also become an important research direction, of which studies like
Meng et al. (2013) are effective attempts.

Subjected to the slow progress of the GVC accounting framework and global MRIO statistics,
research on EEIT from the GVC perspective is a newly arisen issue, so few studies have even attempted
to use it. For example, Zhao et al. (2013) and Zhang et al. (2015) distributed the emission responsibilities
of upstream sectors to backstream sectors, final consumption sectors and themselves according to
the value-added in their productions. A major weakness in their work is that it assumes that the
studied sectors form a closed economic system, so only connections between sectors within this system
are considered, and connections between this system and external sectors are not [155,156]. As the
GVC accounting framework, intra-national trade statistics and global IO database are being perfected,
the combination research on the GVC and emission responsibility allocation is coming closer to drawing
a clear roadmap of EEIT sources, destinations, and transfer paths, thus, providing a basis for emission
responsibility allocation. This combination of research approaches may be an important trend of the
domain in the future.

5. Conclusions and Perspectives

5.1. Conclusions

There are two main deficiencies in the existing EEIT research: Firstly, it is difficult to recognize the
sources and destinations of emissions embodied in the processing trade, and there is a lack of relative
studies. Secondly, current EEIT accounting is based on traditional gross value statistics, which has
an increasingly severe “double counting” problem. Results based on current EEIT accounting do not
sufficiently show the real EEIT situation among countries, and are, therefore, unable to establish a fair
and reasonable mechanism for global emission responsibility allocation.

PBR, CBR, and SR are currently the most common principles for emission responsibility allocation,
and among them, CBR is of special concern in recent studies. There are inevitable drawbacks in both
PBR and CBR, which assign responsibility to a single subject. SR seems to be more reasonable as it
can press producers and consumers to reduce emissions together. Nevertheless, there is a controversy
surrounding the weight of distribution and yet no perfect and commonly acceptable standard for
its assignment.

GVC accounting is based on TiVA and can solve the “double counting” problem in current EEIT
accounting, as well as provide a clear roadmap of EEIT sources, destinations and transfer paths using
the decomposition framework of gross exports. GVC theory provides new ways to determine EEIT
and its allocation of responsibility, and there are some effective empirical studies.

GVC accounting framework has been improved at the macro level, but it is still a field on the
frontier of current research. Therefore, it still has many theoretical and practical obstacles to in-depth
study and further study. The main drawback is the faultiness of the current trade statistic system;
however, the global input-output database and international trade statistics have been increasingly
accurate, meaning empirical analysis and application are predicted to be more extensive.

5.2. Perspectives

As the processing trade accounts more in the gross international trade, the use of TiVA accounting
to calculate EEIT, which distinguishes processing and non-processing trade, can provide a detailed
analysis of countries’ EEIT and more accurately describe the current global EEIT situation. It helps
to compare the national and global emission reduction pressures and targets, and further provide
references for formulating and implementing effective emission reduction policies.

It’s of paramount importance to establish a global emission chain according to GVC theory and
to then apply GVC measurement to the global emission chain. This helps to analyze the influence
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of a country’s GVC position and status on EEIT and can provide effective references for relative
policy-making and implementation for countries.

The GVC is not only directly supported by the direct exporting regions, but also indirectly
supported by other regions that provide intermediate goods and services to these exporting regions.
However, in most of the current GVC studies, China participates in GVC as one region. Considering
the vastness of China, the economic development, industrial structure, and export structure differ
among regions. It’s also essential to embed the regional input-output relationship of China into the
global input-output table to analyze the global value chains and global emission chains—such studies
help to analyze the performance in the global value chain and global emission chain for each region of
China and enhance their competitiveness when participating in global production. Meng et al. (2013)
provided a new framework for measuring the domestic linkages to global value chains [157], and more
empirical studies are urgently needed.

The economic benefits and environmental costs of products and services are globally scattered,
any principle that assigns responsibility to a single subject has its inevitable defects, and SR is a better
choice. By decomposing global international trade flow and EEIT to analyze their sources, destinations,
and transfer paths, the real economic benefits and emission costs for countries participating in the
GVC can be calculated. Based on the specific analysis, we can establish a unified correlation index
between benefits and emissions, providing a basis to define the responsibility share between producer
and consumer. Thus, it is conducive to the establishment of a fair and unified emission responsibility
allocation mechanism, which is expected to make both producers and consumers more enthusiastic
and active in reducing emissions.
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