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Introduction: The fossil energy sector is an important part of international trade,
and the flow of products between sectors will bring about the flow of embodied
carbon. There are relatively few studies on embodied carbon in the fossil energy
sector, which aremostly concentrated in other sectors and are not well integrated
with GVC. Combining embodied carbon with GVC provides a better view of the
allocation of environmental responsibility in trade. At the same time, it can also
help different countries to improve the environment with the help of GVC.

Methods: This research is based on the World Input–Output Database. First, by
using multi-regional input–output, this paper measures fossil energy trade
embodied carbon (FEE) data of 39 countries from 2000 to 2014; second, using
structural decomposition analysis, we find what factors affect FEE. Finally, we
analyze theimpact of global value chain (GVC) on the FEE.

Results: This study obtained the following conclusions: 1) different GVCs have
different effects on the embodied carbon in trade. Simple forward, complex
forward, and simple backward to embedded play a positive role. The complex
backward GVC has a negative impact; 2) high-income countries can get greater
positive environmental effects through GVC, and middle-income countries
cannot obtain or obtain less environmental effects; and 3) the backward GVC
affects the FEE by affecting the proportion of fossil energy consumption.

Discussion: The results show that the FEE shall be jointly responsible for the
world’s countries, and different countries should make different contributions to
the world’s environmental protection comprehensively considering factors such
as the economic development level of various countries. This proposes relevant
policy suggestions in China.
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1 Introduction

With the continuous deepening of international trade, the degree of participation of countries
in the global value chain (GVC) is deepening, and the polarization of their positions on the GVC
is becoming increasingly evident. In the process of polarization, it not only brings inequality in
economic benefits but also brings about issues of environmental inequality. This problem is more
evident in industrial production, especially in industries that cause severe pollution. In order to
better distinguish carbon emission responsibilities, it is necessary to conduct segmented research
on industries. However, in previous studies, most of the perspectives have focused on studying

OPEN ACCESS

EDITED BY

Erginbay Uğurlu,
İstanbul Aydın University, Türkiye

REVIEWED BY

Xiaoqing Wang,
Ocean University of China, China
Agnieszka Stanimir,
Wroclaw University of Economics, Poland

*CORRESPONDENCE

Jingsheng Ni,
6120220393@mail.jxust.edu.cn

RECEIVED 13 September 2023
ACCEPTED 08 December 2023
PUBLISHED 04 January 2024

CITATION

Zheng M, Ni J and Wen D (2024), Has
GVC participation exacerbated inequality
of the embodied carbon in fossil energy
industry export trade?
Front. Environ. Sci. 11:1293462.
doi: 10.3389/fenvs.2023.1293462

COPYRIGHT

© 2024 Zheng, Ni and Wen. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 04 January 2024
DOI 10.3389/fenvs.2023.1293462

https://www.frontiersin.org/articles/10.3389/fenvs.2023.1293462/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1293462/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1293462/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1293462/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2023.1293462&domain=pdf&date_stamp=2024-01-04
mailto:6120220393@mail.jxust.edu.cn
mailto:6120220393@mail.jxust.edu.cn
https://doi.org/10.3389/fenvs.2023.1293462
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2023.1293462


countries or the overall industry, and there is a relative lack of research
on industries with differentiation, making it difficult to define the
division of responsibilities in carbon emissions in detail. Therefore,
this article studies the fossil energy industry, hoping to fill the gap in this
field of research.

Fossil energy trade is the key trade department under the angle of
the GVC. The development of fossil energy embodied carbon (FEE)-
related research has good theory and practical significance. On the other
hand, the world energy trade pattern is being adjusted from the second
energy structure to the upcoming energy structure transformation and
development. In this process, the world energy trade pattern is mainly
oil, coal, natural gas, and new energy. After the transformation of the
energy structure in the future, the consumption attributes of fossils
gradually weaken, but the raw material attributes are still difficult to be
replaced. Therefore, research on FEE has a good long-term
application prospect.

From the perspective of the industrial chain, the fossil energy
industry has extremely distinct upstream and downstream
differences. Taking the petroleum industry as an example, the crude
oil-exporting countries in the upstream of the petroleum industry chain
are usually dominated by countries with abundant petroleum resources.
Due to the relatively fixed resource endowment, exporting countries
usually do not undergo significant changes, and carbon emissions
during the crude oil extraction process can only be generated within
the corresponding countries. From the perspective of the middle and
lower reaches of the industrial chain, the export of products such as
compounds, rubber, fibers, and fuels is related to the country’s
economic development and position in the GVC. This leads to
different positions on the GVC, which can affect the division of
carbon emission responsibilities in the fossil energy industry. There
is relatively little research on this issue, which makes it difficult to
distinguish the carbon emission responsibilities of participating fossil
energy-exporting countries upstream and downstream in the GVC.

This study used world input–output data to calculate the FEE of
world fossil energy export trade from 2000 to 2014, empirically analyzed
the impact of different GVCs on FEE, divided national income levels,
analyzed the environmental effects obtained by countries at different
levels in the GVC, and combined with intermediary models, further
explored the path of GVC’s impact on the environment. This article
mainly studies the following questions: 1) What are the differences in
the environmental impacts of different ways of GVC embedding? 2)
How do countries with different income levels experience different
environmental effects in the GVC? 3) Is the impact of the GVC on the
environment achieved by affecting the energy structure?

Compared with previous studies, the contribution of this study
is as follows: 1) In terms of research perspectives, it is the first time to
directly link department FEE with the GVC and use a structural
decomposition model to decompose other influencing factors.
Through empirical testing, the final results are obtained. 2) In
terms of research methods, innovative mediation models are used
to combine EEC with energy structure, analyze the impact path of
the GVC, and fill the gaps in relevant mechanisms in this field. 3) In
terms of research conclusions, in addition to the original division of
emission responsibilities based on the national level, a more detailed
supplement was provided on how different countries should assume
environmental responsibility through the GVC, which is a further
combination of theory and practice and contributes to the further
development of this field.

The rest of the present study is structured as follows: Section 2
reviews relevant literature and proposes assumptions. Section 3
calculates FEE and decomposes the factors affecting FEE. Section
4 constructs an empirical model and explains variables. Section 5
analyzes empirical results and testing for robustness and
heterogeneity. Section 6 further studies the impact of different
GVCs and investigates the impact pathways. Section 7
summarizes conclusions and provides suggestions.

2 Literature review

From the perspective of the GVC, there are many references
available for research on environmental impacts, and initially, only a
summary studywas conducted on export carbon emissions (Su andAng,
2010; SU et al., 2010). From further research results, it can be seen that
there is a relatively close relationship between the development of the
GVC and carbon emissions (Kanemoto et al., 2012). This connection is
mainly reflected in the separation of production and consumption in
upstream and downstream countries when trade dependent on theGVC
occurs, which leads to carbon emissions in the production process
remaining domestically rather than flowing with products (Gallego and
Lenzen, 2005). The more the foreign demand, the more the domestic
production and emissions increase (Meng et al., 2018). This issue has
attracted increasing attention (Peters and Hertwich, 2008; Kanemoto
et al., 2012; Long et al., 2018; Kim and Tromp, 2021). Meanwhile, some
scholars have used structural decomposition models to study what
factors affect carbon emissions (Su and Ang, 2012; Wang et al., 2017;
Zhou et al., 2018; Dietzenbacher et al., 2020). The above research did not
effectively combine the GVC with carbon emissions for research but
rather conducted relatively independent research on carbon emissions in
the context of the GVC and did not delve into how different positions on
the GVC would affect carbon emissions.

Subsequent research, based on previous studies, delved into the
relationship between the GVC and carbon emissions and found a
relatively close relationship (Zhong et al., 2021; Ji et al., 2022a; Shi et al.,
2022). Scholars had found that there is a “U”-shaped relationship
between the GVC and the per capita carbon emissions (Wang et al.,
2019), together with the economic growth factors, and the participation
of the GVC will promote economic development in the long run and
reduce the per capita carbon emissions (Shi et al., 2022a).

From the above research, it is not difficult to see that currently, in
order to combine theGVCwith the environment for research, the focus is
on how to measure the degree of environmental impact. Embodied
carbon is usuallymeasured, and the currentmainstreammethods include
the Intergovernmental Panel on Climate Change (IPCC), the life cycle
assessment (LCA), and multi-regional input–output (MRIO). The IPCC
needs to set the future environmental situation in advance to explore
carbon emissions (van Vuuren et al., 2017a) and provide a basis for
environmental policies through research through different situations in
the same situation (van Vuuren et al., 2017b). The LCA studies the
impact of the environment from the perspective of the product
production process and is widely used in the construction industry
for empirical research (Li et al., 2021; Morris et al., 2021; Pakdel et al.,
2021; Xu et al., 2022). TheMRIOobtains the trading embodied carbon by
calculating the trade data between different countries and different
departments (Su et al., 2013; Li et al., 2022); this method is widely
used in the calculation of implicit carbon and often combines research
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with social network analysis (Lv et al., 2019; Wang L. et al., 2020; Pan
et al., 2022a; Zhu et al., 2022; Zhao et al., 2023). There are also some
scholars who studied from the perspective of national heterogeneity, and
they reached a conclusion that developed countries will reduce carbon
emissions in the GVC, while developing countries will increase emissions
(Liu and Zhao, 2021; Jin et al., 2022; Wang S. et al., 2022). According to
the perspective of industrial heterogeneity, other scholars found that there
was a great difference in carbon emissions at different stages of the
industrial chain (Sun et al., 2019; Takayabu et al., 2019; Liu et al., 2020; Yi
et al., 2022). In addition, we noticed that the value chain embedded will
affect the energy structure (Jin et al., 2022a; Ji et al., 2022b). The energy
structure of the upstream state will be optimized, and the downstream
countries will worsen (Pan et al., 2022b). While some researchers found
there is a “U"-shaped relationship between China’s GVC and energy
strength (Wang S. et al., 2020), with the increase in GVC participation,
the energy intensity of the industry will show an upward trend, but when
it reaches the turning point, it will show a downward trend. This trend is
consistent with the previous discussion on the relationship between the
GVCand per capita carbon emissions and also raises concerns about how
the GVC affects the environment (Wang et al., 2019).

From the theoretical basis, at present, themainstream theory affected
by trade under the GVC vision can be divided into the following two
types: pollution haven hypothesis and pollution halo hypothesis. Scholars
who support the hypothesis of pollution haven believe that under the
perspective of the GVC, the environment of developing countries will
deteriorate and become a “polluted paradise” of developed countries.
Some scholars found that China has become a polluted paradise in other
countries to trade with China. Moreover, other scholars found that
foreign investment will affect China’s energy structure, and the changes
in the energy structure exacerbatedChina’s environmental pollution. The
study confirms the “pollution paradise” hypothesis (Jin et al., 2022b;
Zhang, 2022). The pollution halo hypothesis corresponds to the pollution
paradise hypothesis. Scholars who support the pollution halo believe that
trade has a positive effect on the environment, while some scholars have
found that FDI has a positive effect on the environment (Hille et al., 2019;
Demena and Afesorgbor, 2020). This viewpoint has also been proven in
some developed regions (Zhu et al., 2016).

Based on the above analysis, we propose the following
hypothesis:

H1: The impact of different GVC embedding methods on FEE
varies; when segmenting GVC, there may be negative effects.

H2: There are differences in the environmental effects obtained by
countries with different natures in the GVC, and high-income
countries can obtain more environmental effects.

H3: Energy structure plays a mediating role in GVC embedding,
affecting FEE by influencing the proportion of fossil energy
consumption.

3 Materials and methods

3.1 Multi-regional input–output model

In the MRIO model, assuming that there are M countries in the
world trade, each country has the same number of N industrial sectors,

and the products produced by each department include intermediate
and final products. The calculation formula is expressed as follows:

X � AX + Y, (1)
X � I − A( )−1Y � LY . (2)

In formula (2), L is the Leontief inverse matrix, indicating the
intermediate investment required for the production of the product
production of the fossil energy department. X is the department total
outputmatrix. I is the identitymatrix.A is the direct demand coefficient
matrix. Y is the final requirement matrix. In this formula, combined
with the data of the environmental account, the carbon dioxide
emission emitted in the production process is set to the carbon
emission matrix, and it is brought into the input–output matrix:

C � E I − A( )−1Y � ELY . (3)
Among them, the element E is the carbon emission during the

production process. The carbon dioxide emissions are measured and
diagonally matrixed. The formulas of the FEE caused by the export
trade of the fossil energy department are expressed as follows:

FEE � ∑
M

j�1ci,j. (4)

3.2 Structural decomposition
analysis method

The structural decomposition analysis (SDA) method is often
associated with MRIO and can be used for the analysis of
environmental impact factors. On this basis, demand Y is divided into
the following four parts: scale effect Q, structural effect S, technical effect
T, and economic development quality level G. The influencing factors of
export trade embodied carbon changes can be decomposed as follows:

FEE � ELY � ELQSTG. (5)
The changes from FEE from the basis to the reporting period can

be decomposed as follows:

ΔFEE � ΔCE + ΔCL + ΔCQ + ΔCS + ΔCT + ΔCG. (6)
Furthermore, according to the two pole decomposition

methods, the analysis of the influencing factors is as follows:

ΔCE � 1
2

ΔEL1Q1S1T1G1 + ΔEL0Q0S0T0G( ),

ΔCL � 1
2

E1ΔLQ1S1T1G1 + E0ΔLQ0S0T0G0( ),

ΔCQ � 1
2

E1L1ΔQS1T1G1 + E0L0ΔQS0T0G0( ),

ΔCS � 1
2

E1L1Q1ΔST1G1 + E0L0Q0ΔST0G0( ),

ΔCT � 1
2

E1L1Q1S1ΔTG1 + E0L0Q0S0ΔTG0( ),

ΔCG � 1
2

E1L1Q1S1T1ΔG + E0L0Q0S0T0ΔG( ).

(7)

As shown in Formula 7, the decomposition affects the implicit
carbon factors that affect the export of global stone energy departments
and analyze from the perspective of scale effect, structural effect,
technical effect, and economic development quality level.
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3.3 Data sources

This article mainly uses the World Input–Output Database
(WIOD) 2016. The database contains the input–output and
environmental account data of 56 departments in 43 countries
or regions. The fossil energy department is selected for analysis.
The GVC data are derived from the relevant database of the
University of Foreign Economic and Trade (http://gvcdb.uibe.
edu.cn/). Other data mainly come from the World Development
Indicators (WDI) database (https://databank.world-bank.org/)
and the UN Comtrade database (https://comtradeplus.un.org/).
The data need to be screened first of all in order to match the
national and regional data of the WIOD with those of the WDI
database. Due to the missing data of some indicators in the WDI
database corresponding to some countries in the WIOD, they are
deleted. These deleted countries include Taiwan (TWN), Cyprus
(CYP), the Netherlands (NLD), and Luxembourg (LUX), and a
total of 39 countries are selected. Second, in order to match
departmental data, according to the global value chain database
code comparison table, the products of major trade categories 27,
28, and 84 are selected as the corresponding trade data of the
WIOD fossil energy department. The selection criteria mainly
refer to the relevant databases of the University of International
Business and Economics and the United Nations database
(https://unstats.un.org/unsd/). The specific product codes
selected are shown in Table 1.

4 Research design

4.1 Model settings

Referring to the research method in the work of Jin et al. (2022),
based on 15 years’ data from 39 countries, in this article, a panel
regression model was constructed, and the specific benchmark
regression model was established as follows:

FEEit � a0 + a1GVCPBit + a2Xit + λt + γi + εit, (8)
FEEit � a0 + a1GVCPFit + a2Xit + λt + γi + εit. (9)

Among them, i represents the country, t represents the time, the
dependent variable FEEit represents the embodied carbon intensity
of the export trade of the fossil energy sector in year t, the core
explanatory variables GVCPBit and GVCPFit are the backward
value chain embedding index and forward value chain embedding
index, respectively, andXit is the control variable. λt and γi represent
the year and individual fixed effects, respectively. εit is a random
perturbation term.

4.2 Definition of variables

(1) Dependent variable

Based on the WIOD data and MRIO, embodied carbon data for
56 sectors in 39 countries are calculated. The fossil energy sector is
selected, the trade embodied carbon data of total output are
calculated, and then, they are matched with the fossil energy

trade data. Embodied carbon is divided by export trade volume.
Finally, the FEE is obtained.

(2) Independent variable

The GVC embedding index is selected to measure country
participation (Wang Z. et al., 2022). The GVC embedding index
is used as a measure of a country’s participation in the
international division of labor (Wang et al., 2022). After
decomposing the product value added into 16 parts, the
forward value chain embedding index and the backward value
chain embedding index are calculated separately. The calculation
formula is expressed as follows:

GVCPF � GVCPFS + GVCPFC

� VAGVCD − VAGVCF + VAGVCR( )/SVA. (10)

GVCPF is the forward value chain embedding index, and SVA
is the GDP by sector. The forward GVC can be further subdivided
into the simple forward GVC (GVCPFS) and the complex forward
GVC (GVCPFC). VAGVCR is a simple cross-border production-
sharing activity that includes the added value of intermediate goods
exports, VAGVCD is the added value of intermediate products in
the production process of products exported to the country, and
VAGVCF is the added value of intermediate products in the final
foreign consumer goods.

GVCPB � GVCPBS + GVCPBC

� FGYGVCR + FGYGVCD − FGYGYCF( )/FGY. (11)

GVCPB is the backward GVC index, and FGY is the final
product and service produced by the department. The index can
be further subdivided into the simple backward GVC (GVCPBS)
and the complex backward GVC (GVCPBC). FGYGVCR is the
part of imported intermediate products used to produce the final
product, which only passes through once and is used for domestic
production after entering the country. FGYGVCD represents
imported intermediate products used for export production or
domestic consumption. FGYGYCF represents the value-added
portion absorbed by foreign countries in import processing and
re-export.

(3) Control variables

Combining the structural decomposition model, control
variables are selected from the following four perspectives: the
scale effect, structural effect, technological effect, and economic
development quality level. Among them, the scale effect is
measured by GDP (constant price in 2010), and the logarithm
is taken to reduce the impact of heteroscedasticity; the structural
effect utilizes the proportion of service industry employment to
total employment to measure the degree of structural
optimization in economic development; the technological
effect is measured by the ratio of FDI to national GDP; and
the quality level of economic development is expressed by the
ratio of carbon dioxide emissions to the purchasing power parity
index of GDP.

The descriptive statistics of study variables are shown in Table 2.
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TABLE 1 Product code table.

2016 version WIOD sector
description

SITC
Rev.3code

HS2017 Description

Manufacture of coke and refined petroleum
products

3250 270400 Coke and semi-coke; of coal, lignite, or peat, whether or not agglomerated; and retort carbon

Manufacture of coke and refined petroleum
products

334 271012 Petroleum oils and oils from bituminous minerals; not containing biodiesel; not crude; not
waste oils; preparations n.e.c, containing, by weight, 70% or more of petroleum oils or oils

from bituminous minerals; and light oils and preparations

Manufacture of coke and refined petroleum
products

334 271019 Petroleum oils and oils from bituminous minerals; not containing biodiesel; not crude; not
waste oils; preparations n.e.c, containing, by weight, 70% or more of petroleum oils or oils

from bituminous minerals; and not light oils and preparations

Manufacture of coke and refined petroleum
products

334 271020 Petroleum oils and oils from bituminous minerals; containing biodiesel; not crude; not waste
oils; and preparations n.e.c, containing, by weight, 70% or more of petroleum oils or oils from

bituminous minerals

Manufacture of coke and refined petroleum
products

334 271091 Waste oils; of petroleum or obtained from bituminous minerals; not crude; and
preparations n.e.c., weight 70% or preparations of the same, containing
polychlorinated biphenyls (PCBs), polychorinated terphenyls (PCTs), or

polybrominated biphenyls (PBBs)

Manufacture of coke and refined petroleum
products

334 271099 Waste oils; of petroleum or obtained from bituminous minerals; not crude; and
preparations n.e.c., weight 70%, or preparations of the same, not containing
polychlorinated biphenyls (PCBs), polychorinated terphenyls (PCTs), or

polybrominated biphenyls (PBBs)

Manufacture of coke and refined petroleum
products

3421 271112 Petroleum gases and other gaseous hydrocarbons; liquefied, propane

Manufacture of coke and refined petroleum
products

3425 271113 Petroleum gases and other gaseous hydrocarbons; liquefied, butanes

Manufacture of coke and refined petroleum
products

3441 271114 Petroleum gases and other gaseous hydrocarbons; liquefied, ethylene, propylene, butylene,
and butadiene

Manufacture of coke and refined petroleum
products

3442 271119 Petroleum gases and other gaseous hydrocarbons; liquefied, n.e.c. in heading no. 2711

Manufacture of coke and refined petroleum
products

3432 271121 Petroleum gases and other gaseous hydrocarbons; in gaseous state, natural gas

Manufacture of coke and refined petroleum
products

3449 271129 Petroleum gases and other gaseous hydrocarbons; in gaseous state, other than natural gas

Manufacture of coke and refined petroleum
products

52511 284410 Uranium; natural uranium and its compounds; alloys; dispersions (including cermets);
ceramic products; and mixtures containing natural uranium or natural uranium compounds

Manufacture of coke and refined petroleum
products

52513 284420 Uranium; enriched in U235; plutonium; their compounds; alloy dispersions (including
cermets); ceramic products; andmixtures containing uranium enriched in U235, plutonium, or

compounds of these products

Manufacture of coke and refined petroleum
products

52515 284430 Uranium; depleted in U235; thorium; their compounds; alloys; dispersions (including
cermets); ceramic products; and mixtures containing uranium depleted in U235, thorium, or

compounds of these products

Manufacture of coke and refined petroleum
products

52519 284440 Radioactive elements; isotopes; compounds, n.e.c. in heading no. 2844 alloys; dispersions
(including cermets); ceramic products; mixtures containing these elements, isotopes, or

compounds; and radioactive residues

Manufacture of coke and refined petroleum
products

52517 284450 Spent (irradiated) fuel elements (cartridges) of nuclear reactors

Manufacture of coke and refined petroleum
products

52591 284510 Heavy water (deuterium oxide)

Manufacture of coke and refined petroleum
products

52591 284590 Isotopes other than those of heading no. 2844, 2845.20, 2845.30, or 2845.40; compounds,
inorganic or organic, of such isotopes, whether or not chemically defined

Manufacture of coke and refined petroleum
products

52595 284610 Cerium compounds

Manufacture of coke and refined petroleum
products

52595 284690 Compounds, inorganic or organic (excluding cerium), of rare-earth metals, of yttrium,
scandium, or of mixtures of these metals
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4.3 Unit root test

Referring to the work of Ye et al. (2020), we use Fisher criteria to
avoid the pseudo regression problem From Table 3, it can be seen
that there is no unit root problem, and the data are zero-order single
integers. The next step of compression can be carried out.

5 Results

5.1 Benchmark regression results

This study conducts benchmark regression based on different
methods of the GVC to further analyze in detail the impact of the
GVC on the FEE. After conducting the Hausman test, the
benchmark regression uses random effects. Cross-sectional

dependency, autocorrelation, and heteroscedasticity tests are
performed on the benchmark regression, the benchmark
regression model is adjusted, and generalized least squares
(FGLS) are used for regression.

Regression of FEE is carried out using the GVC, and the
benchmark regression results are shown in Table 4. Columns (1)
and (2) are regression for the forward GVC and FEE,
respectively, and the results show that the impact of the
forward GVC on FEE is significantly negative at the 1% level.
Columns (3) and (4) are regression for the backward GVC and
FEE, respectively, and the results are also significantly negative.
The benchmark regression results indicate that the GVC will
reduce the FEE. According to the preliminary proof of
hypothesis 1, there are differences in the environmental
impact of different GVCs, but in the absence of segmentation,
the main difference is in the size of the impact, with the impact of
the backward GVC being greater.

No matter how the country participates in the GVC, overall, the
domestic environment will be improved to a certain extent. The
utility of backward embedding is much higher than that of forward
embedding. The reason for this is that the two embedding methods
represent different meanings, and the participation modes
represented are also different. The backward GVC mainly
represents relatively extensive production in the fossil energy
industry, such as oil extraction and asphalt extraction, which can
lead to environmental degradation. Forward embedding is mainly
focused on relatively high-end industries, such as extraction.

5.2 Robust test

In order to test the robustness of the research conclusion,
considering the impact of the 2008 global economic crisis, the
data from 2000 to 2008 were chosen for retesting. Columns (1)
and (2) of Table 5 are variable lag tests, while (3) and (4) columns are

TABLE 2 Variable descriptive statistics.

Variable Mean sd Min Max

FEE 0.202 0.819 0 12.34

CGDP 0.261 0.134 0.0717 0.837

Service 62.97 12.51 24.04 80.07

FDI 4.102 18.33 −87.23 219.2

LNGDP 26.67 1.697 22.61 30.52

GVCF 0.560 1.455 0.0481 21.79

GVCFS 0.336 0.861 0.0310 13.65

GVCFC 0.224 0.599 0.0119 8.142

GVCB 0.512 0.220 0.0493 0.897

GVCBS 0.303 0.169 −0.462 0.839

GVCBC 0.210 0.170 −0.437 1.347

Fossil energy 0.741 0.173 0 1.000

Clean energy 0.129 0.0708 0 0.330

TABLE 3 Panel unit root test.

Variable Fisher criteria Fisher criteria

P Pm

FEE 275.2626*** 15.7936***

CGDP 118.6135*** 3.2517***

Service 157.7602*** 6.3859***

FDI 376.512*** 23.9001***

LNGDP 191.4505*** 9.0833***

GVCF 191.073*** 9.0531***

GVCB 224.7851*** 11.7522***

Fossil energy 174.7564*** 7.7467***

Clean energy 185.1903*** 8.5821***

TABLE 4 Benchmark regression results.

(1) (2) (3) (4)

RE FGLS FE FGLS

FEE FEE FEE FEE

GVCF −20.73*** −23.69***

(4.003) (3.083)

GVCB −111.2** −130.3***

(52.76) (23.78)

Constant −418.5 −55.32 −346.7 145.3

(1.196) (237.3) (1.198) (203.9)

Observations 585 585 585 585

Control Yes Yes Yes Yes

Year FE No No No No

Country FE No No No No

***p < 0.01, **p < 0.05, *p < 0.1.
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data tests from 2000 to 2008. The results show no significant changes
and are robust.

In order to overcome the endogeneity problems that may
exist in the research process, the instrumental variable estimation
selects the GVC that lags behind one period. First, in response to
the issue of overrecognition, the instrumental variable estimation
is an embedded index lagging one period, so it is not considered.
Second, the weak instrumental variable estimation test was
conducted and passed. On the basis of the above, the two-
stage least squares method and generalized method of
moments are selected for testing. The results are shown in
columns (5)–(8) of Table 5. Through robustness testing, it can
be seen that the embedding of the GVC has a significant positive
effect on the environment, and the utility of backward embedding
is still significantly higher than that of forward embedding. This
indicates that in sectors with relatively severe pollution, the effect
of improving the backward GVC is more significant, and this
feature is more significant in the early stages of economic
development, such as before the economic crisis. This is
consistent with the conclusion in benchmark regression,
demonstrating the robustness of the study.

5.3 Heterogeneity analysis

The significant differences in income levels among different
countries in international trade are considered. According to the
classification of high-income and low-income countries in the
database of the University of International Business and
Economics, the regression results are shown in Table 6. From the
results, it can be seen that there is a significant difference between
high-income countries and low- and middle-income countries.
From the perspective of the GVC, the forward GVC has a
significant effect on the environment of high-income countries,
while the backward GVC has a certain environmental effect on

low- and middle-income countries. After introducing the quadratic
term, the results changed to some extent, with higher-income
countries having a greater environmental effect of the forward
GVC and middle- and low-income countries experiencing a
significant U-shaped relationship instead of a disappearance of
the environmental effect of the backward embedding after
introducing the quadratic term. This conclusion proves
hypothesis 2 that the environmental effects of different countries
in the GVC vary, and high-income countries can achieve better
environmental effects.

This result indicates that for high-income countries, due to
their high level of economic and industrial development, the
environmental benefits of the backward GVC have disappeared,
and they mainly rely on the forward GVC to improve the
environment. This also indicates that high-income countries
have shifted their future focus on embedding as the main
industry to other countries. In low- and middle-income
countries, there is an interesting phenomenon that when only
one term is considered, the backward GVC has environmental
effects. After adding the quadratic term, it is actually positive
embedding with environmental effects. Based on the carbon
Kuznets curve (CKC) and the characteristics of fossil energy
development, it can be inferred that in the early stage of
development, low- and middle-income countries, due to their
own industrial structure and development level limitations, are
dominant in industries with the backward GVC; at this point,
enhancing the backward GVC will bring environmental effects.
However, in the long run, when a country undergoes industrial
transformation, due to the influence of existing industries, there
will be a “U"-shaped relationship when the fossil energy industry
is further improved, that is, forward GVC improvement, and the
environment will deteriorate. This indicates that low- and
middle-income countries should pay attention to energy
transformation and actively expand energy development
beyond fossil energy.

TABLE 5 Robust test.

(1) (2) (3) (4) (5) (6)

Economic crisis 2SLS GMM

FEE FEE FEE FEE FEE FEE

GVCB −188.83*** −155.02*** −155.02***

(−4.44) (−5.0007) (−5.0007)

GVCF −76.14*** −17.70*** −17.70***

(−4.20) (6.208) (6.311)

Constant 208.41 197.21 −224.13** −270.28** −224.13** −270.28**

(1.32) (−4) (−2.10) (−2.45) (−2.10) (−2.45)

Observations 351 351 546 546 546 546

Control Yes Yes Yes Yes Yes Yes

Year FE No No No No No No

Country FE No No No No No No

***p < 0.01, **p < 0.05, *p < 0.1.
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6 Further analysis

6.1 The impact of subdivision
embedding methods

To further investigate the impact of GVC embedding on FEE,
this article further subdivides the core explanatory variables into
complex and simple calculation methods and divides the
embedding methods into four types for further research. The
research results are shown in Table 7. Simple forward, complex
forward, and simple backward embeddings have positive
environmental impacts, while complex backward embeddings
can bring negative environmental impacts. Among them,
forward embedding is consistent with the previous conclusion,
while backward embedding is different. This result further
confirms hypothesis 1, indicating that there are differences in
the impact of the GVC on the environment under different
calculation methods. This difference is not only a difference in
the size of the influence coefficient but also a change in the
direction of influence after subdivision.

This phenomenon is analyzed according to different
embedding methods, where the backward simple embedding
method represents the ratio of foreign added value imported
for the production of intermediate products to the final product.
It should be noted that this part of intermediate products only
underwent one cross-border production. The complex backward
embedding method represents the difference between the
domestic added value and foreign absorbed value in the
imported intermediate goods that produce the final product
and the ratio of the final product. From the further analysis of

the meaning represented by the indicators, it is not difficult to
find that the simple backward positive environmental effect can
be understood as that the more the imported products are used to
produce domestic final consumption, the stronger the
improvement effect on the environment, and the improvement
effect on the environment is much higher than that of positive
embedding. This indicates that in order to improve the domestic
environment, transferring the intermediate goods required for
domestic final demand production to foreign countries will yield
good results. From a complex backward perspective, the larger
the gap in the added value between domestic and international
production, export, or domestic consumption of intermediate
goods, the worse the domestic environment. To improve the
environment, it is necessary to further narrow down the
differences in domestic and international development,
thereby minimizing the degree of backward complexity
embedding as much as possible.

6.2 Impact path research

The Energy structure is selected as the mediating variable.
The energy structure is divided into the proportion of fossil
energy consumption and the proportion of clean energy
consumption. Among them, the WDI database provides the
proportion of fossil energy consumption, but data on the
proportion of clean energy consumption are missing.
Therefore, the corresponding energy account is used in the
WIOD to calculate the proportion of clean energy
consumption. The energy structure M is added to the

TABLE 6 Heterogeneity analysis.

(1) (2) (3) (4) (5) (6) (7) (8)

High-income Middle-income

FEE FEE FEE FEE FEE FEE FEE FEE

GVCF −15.46*** −26.53*** −1.442 −20.94***

(3.365) (9.700) (1.348) (5.780)

GVCF* GVCF 0.645 35.63***

(0.538) (10.30)

GVCB 24.13 198.8 −1.494* −2.182

(51.51) (219.8) (0.803) (3.288)

GVCB* GVCB −159.6 0.870

(195.3) (4.030)

Constant −5.266*** −5.309*** 0.958 3.397 −0.958 2.774 3.397 3.154

(1.872) (1.932) (3.612) (3.859) (3.612) (3.507) (3.859) (4.033)

Observations 450 450 450 450 135 135 135 135

Control Yes Yes Yes Yes Yes Yes Yes Yes

Year FE No No No No No No No No

Country FE No No No No No No No No

***p < 0.01, **p < 0.05, *p < 0.1.
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benchmark model, and the following model is built (Zhao et al.,
2010; Shi et al., 2022b):

FEEit � a0 + a1GVCPit + a2Xit + λt + γi + εit, (12)
Mit � β0 + β1GVCPBit + β2Xit + λt + γi + εit, (13)

FEEit � δ0 + δ1GVCPBit + δ2Mit + δ3Xit + λt + γi + εit. (14)
When the coefficients a1, β1, and δ1 are significant, there is an

intermediary effect; when δ1 is significant, there is a partial
intermediary effect; and when δ1 is not significant, there is a
complete intermediary effect.

According to models (12)–(14), the intermediary effect of the
energy structure between the segmented GVC and FEE is discussed.
Based on the different meanings represented by the GVC, the
proportion of fossil energy and clean energy consumption was
selected as intermediary variables, and the regression results are
shown in Table 8. Among them, columns (1) and (2) use the
proportion of fossil energy consumption as the dependent
variable and the GVC as the independent variable for regression;
columns (3) and (4) use the proportion of clean energy consumption
as the dependent variable and the GVC as the independent variable
for regression, and columns (5)–(8) add intermediary variables to
the explanatory variables to analyze FEE.

First, the regression results in Table 4 show a significant relationship
between the GVC and FEE. Second, from columns (1) to (4) of Table 8,
it can be seen that there is a significant relationship between the GVC
and energy structure. From the perspective of coefficient size, the impact
of the backward GVC on the energy structure is much greater than that
of the forward GVC. From the perspective of the impact direction, the
complex backward GVC has a negative impact, which is consistent with
Table 4. Finally, from columns (5)–(8) of Table 8 , it can be seen that
after the forward GVC is embedded in the energy structure as an

intermediary variable, the explanatory power of the core explanatory
variable is not weakened, and there is no intermediary effect. The
backwardGVC affects the implied carbon intensity of trade through the
path of energy structure. After adding the proportion of fossil energy
consumption, the simple backward GVC becomes insignificant,
indicating a complete intermediary effect. This result confirms
hypothesis 3 that the GVC further affects the environment by
influencing the energy structure.

Analyzing the mechanism of GVC embedding affecting the
environment, combined with the results, it can be concluded that
one of the pathways of the backward GVC affecting the environment
is the impact on the domestic energy usage structure, mainly manifested
in the impact on the proportion of fossil energy consumption. The
explanation for this phenomenon is that the backward GVC is mainly
reflected in lower-end industries, which have a significant impact on the
environment. At the same time, due to the locking in the GVC position,
the environmental utility of this part is relatively fixed, and it will have a
significant impact through the GVC. This phenomenon is mainly
reflected in the simple backward GVC, as this part is mainly used
for importing intermediate products to produce the final product.When
this part is transferred to foreign countries, there is no need to engage in
the production of polluting intermediate products domestically, resulting
in a decrease in the proportion of domestic fossil energy use and an
improvement in the environment.

7 Discussion and conclusion

7.1 Conclusion

This article uses the WIOD and corresponding environmental
accounts from 2000 to 2014 to calculate the trade-implied carbon

TABLE 7 Subdivision benchmark regression results of the impact of subdividing the GVC on FEE.

(1) (2) (3) (4) (5) (6) (7) (8)

FEE FEE FEE FEE FEE FEE FEE FEE

GVCFS −31.40*** −31.54***

(−5.392) (−5.439)

GVCFC −44.85*** −45.30***

(−8.004) (−8.063)

GVCBS −93.40** −155.9***

(−45.3) (−43.8)

GVCBC 163.8*** 218.8***

(−47.9) (−45.98)

Constant −418.5 539.2*** −346.7 536.8*** −555.9 580.8*** −986.3 539.1***

−1.196 −26.76 −1.198 −26.81 −1.229 −29.81 −1.229 −27.02

Observations 585 585 585 585 585 585 585 585

Control Yes No Yes No Yes No Yes No

Year FE Yes Yes Yes Yes Yes Yes Yes Yes

Country FE Yes Yes Yes Yes Yes Yes Yes Yes

***p < 0.01, **p < 0.05, *p < 0.1.
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data of fossil energy sectors in 39 countries. It examines the impact
of the GVC on the FEE and draws the following conclusions: (1)
from the perspective of the GVC on FEE, the GVC has a positive
environmental effect. However, after subdividing the calculation
methods, it was found that the complex backward GVC increased
the implied carbon intensity of trade. The higher the embedding
degree, the more the FEE and the further the deterioration of the
environment; (2) the results of heterogeneity analysis show that
high-income countries can better reduce the FEE and achieve greater
environmental effects in the GVC, but low- and middle-income
countries are unable to obtain or have little environmental effects in
the GVC; and (3) the mediation effect test results show that the
backward GVC further affects the implied carbon intensity of export
trade through the path of energy structure.

7.2 Recommendation

Based on the above conclusions, the following countermeasures
and suggestions are proposed to address China’s current
requirements for reducing carbon emissions and China’s own
requirements for high-quality economic development: 1) The
level of participation in the global value chain should be
deepened, and value chain embedding should be fully utilized in
reducing the implied carbon intensity of trade. Based on the
regression results mentioned earlier and combined with the

actual development of international trade, in the GVC, focusing
on enhancing industrial upgrading to drive the forward GVCmay be
far less effective than enhancing the environmental utility of existing
relatively low-end industries, which is more evident in the fossil
energy sector. Taking China as an example, the current economic
development in China is gradually shifting to the digital economy
industry as the main focus in order to improve the environment.
However, at the same time, attention needs to be paid to the
development of departments such as energy collection and
smelting in order to achieve better environmental benefits. At the
same time, based on further analyses, it will be interesting to find
that as a low- and middle-income country, China will face a “U-
shaped” relationship in order to improve the environment through
the forward GVC. When the environment improves to a certain
extent, the continued increase in the forward GVC will lead to
environmental degradation. This indicates that improving the
environment through the GVC requires selecting appropriate
paths, not only increasing the forward GVC but also paying
attention to the backward GVC and also paying attention to the
degree. Excessive pursuit of the forward GVC can actually lead to
environmental degradation. 2) We should focus on developing the
economy and enhancing China’s position in the world economy.
According to the analysis of national heterogeneity, from the
perspective of the global value chain, high-income countries can
obtain greater environmental effects from the global value chain. As
a low- and middle-income country, China has achieved relatively

TABLE 8 Intermediary effect test.

(1) (2) (3) (4) (5) (6) (7) (8)

Fossil energy Clean energy FEE

Fossil energy 0.427*** 0.409***

(0.084) (0.082)

Clean energy −730.9*** −776.2***

(254.8) (256.6)

GVCBS −119.0*** −42.51

(22.89) (45.40)

GVCBC 92.05*** 126.1***

(24.66) (47.49)

GVCFS −0.003*** −33.82***

(0.001) (5.421)

GVCFC −0.005*** −49.42***

(0.001) (8.085)

Constant −6.578*** −6.759*** −0.251 −0.240 2.254* 1.780 −601.8 −533.0

(621.0) (632.9) (0.203) (0.202) (1.323) (1.327) (1.189) (1.191)

Observations 585 585 585 585 585 585 585 585

Control Yes Yes Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes Yes Yes

Country FE Yes Yes Yes Yes Yes Yes Yes Yes

***p < 0.01, **p < 0.05, *p < 0.1.
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low returns in the process of embedding in the global value chain. In
order to further improve China’s environmental protection, it is
necessary to fully develop the economy and better utilize value chain
embedding to obtain environmental benefits, rather than achieving
environmental protection by reducing the speed of economic
development. (3) The domestic energy use structure should be
optimized. Backward simple value chain embedding has an
impact on the implied carbon of fossil energy trade by
influencing the energy structure. Therefore, it is urgent to
optimize the domestic energy utilization structure and reduce the
proportion of fossil energy consumption. At the same time,
attention should be paid to expanding the scope of energy trade,
which can not only protect energy security but also leverage the
positive environmental effects of value chain embedding on
neighboring countries. Taking China’s Belt and Road policy as an
example, it mainly provides cooperation platforms for countries
along the Belt and Road to help them achieve mutual benefit and
common development. China plays an extremely important role in
providing funds for countries along the Road to build. Through
cooperation with countries along the route, China can give priority
to countries that export implied carbon to China and achieve the
transformation from an outflow country to an inflow country of
implied carbon in fossil energy trade, so as to achieve the dual
carbon goals.
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