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Abstract

Technological progress (TP) is a double-edged sword to global climate change. This study for the first time reveals rebound and mitigation
effects of efficiency-related TP in global value chains (GVCs) on greenhouse gas (GHG) emissions. The integrated effects of TP depend on
the positioning of sectors in GVCs. The cost-saving TP in upstream sectors would stimulate downstream demand. This produces stronger
rebound effects than mitigation potentials and leads to global GHG emission increments (e.g. TP in the gas sector of China and petroleum
and coal products sector of South Korea). In contrast, sectors located in the trailing end of GVCs have greater potentials for GHG emission
mitigation through TP, mainly due to the reduction of upstream inputs. (e.g. the construction sector of China and dwelling sector of the
United States). Global GHG emissions and production outputs can be either a trade-off or a win-win relationship on account of TP than
rebound effects, because TP in different sectors could possibly increase or decrease the emission intensity of GVCs. This study could
recognize the most productive spots for GHG emission mitigation through efficiency-related TP. It provides a new perspective for
international cooperation to promote global GHG emission mitigation.
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Significance statement

An interesting and classical question of climate science is how the technological progress affects greenhouse gas (GHG) emissions. By
revealing the integrated effects of technological progress on GHG emissions in global value chains (GVCs), we find that the techno-
logical progress of upstream manufacturing sectors has stronger rebound effects than mitigation potentials and leads to global
GHG emission increments. In contrast, sectors located in the trailing end of GVCs (e.g. the construction sector) have greater potentials
for GHG mitigation through technological progress than rebound effects. This study helps recognize the most productive spots for
GHG emission mitigation through improving the technologies. Moreover, the newly proposed framework of this study could be ap-
plied to other environmental pollutants or resource uses at different scales.

Introduction

The climate change treaties, such as the Paris Agreement, are ex-

improvement of the utilization efficiency of inputs due to the in-
vention of new technologies or the improvement of traditional

pected to promote the joint supply of two global public goods:
greenhouse gas (GHG) emission mitigation and knowledge of
new technologies that can lower mitigation costs (1). An interest-
ing and classical question is how technological progress (TP) af-
fects GHG emissions. Understanding the impact of TP on global
GHG emissions is important for measuring the progress from na-
tionally determined contributions (NDCs) in various technology
scenarios (2).

This study mainly focuses on efficiency-related TP. The
efficiency-related TP (TP for short in this study) refers to the

technologies. This is always synonymous with changes in pro-
ductive capacity at a given level of production factors such as la-
bor and capital (3). Through TP, the same quantity of inputs can
produce more products; correspondingly, less inputs are required
to produce the same amount of products. For example, TP can
save labor by improving the efficiency of machines, innovating or-
ganizational systems, or stimulatinginvestment in human capital
(e.g. industrial robots reduce labor inputs and innovative organ-
izational structures improve work efficiency) (4); it can save cap-
ital by introducing advanced and cheap machines and using

Received: August 2, 2023. Accepted: August 28, 2023

OXFORD

UNIVERSITY PRESS

Competing interest: The authors declare no competing interest.

© The Author(s) 2023. Published by Oxford University Press on behalf of National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

£202Z 1890190 20 uo Jasn uopuo abs|j0n Ausieaiun Aq gy9v/z//88zpebd/e/z/e10nie/snxauseud/woo dno-olwapeose//:sdiy Woll papeojumod]


https://orcid.org/0000-0002-6306-5800
https://orcid.org/0000-0003-3188-3697
https://orcid.org/0000-0001-7911-3566
https://orcid.org/0000-0001-8708-0485
https://orcid.org/0000-0003-2229-6968
mailto:liangsai@gdut.edu.cn
https://creativecommons.org/licenses/by/4.0/

2 | PNAS Nexus, 2023, Vol. 2, No. 9

more labor-oriented technologies (e.g. intelligent monitoring sys-
tem reduces maintenance costs) (5); it can also save intermediate
inputs through the discovery of new or the improvement of exist-
ing technologies that use a smaller proportion of intermediate
products (e.g. nanomaterial application improves solar panel effi-
ciency) (6).

The classical understanding of TP's impact is two-fold. On one
hand, some studies find that TP can reduce GHG emissions. TP is
believed to be the main driving factor of production efficiency im-
provement and consumption structure transformation (7). Thus,
TP is regarded as an effective strategy to reduce GHG emissions
(8). On the other hand, lots of studies have discovered that TP
can also increase GHG emissions. TP lowers production costs
but boosts consumption and outputs (9, 10). As a result, TP leads
to an increase in GHG emissions on account of larger production
outputs (11). This is regarded as a generalized rebound effect
(12). Other studies argue that the relationship between TP and
GHG emissions is complicated. TP may increase GHG emissions
at the early stage and reduce GHG emissions at the later stage
(13). Some regression analyses also show that TP may result in
an environmental Kuznets curve (14). It indicates that TP in-
creases GHG emissions when the economic development of a na-
tion is low but begins to reduce GHG emissions when the
economic development reaches a certain level (15).

Existing studies have evaluated the impacts of TP on GHG emis-
sions, as well as on energy uses (16) and environmental pollutants
(17). They mostly focus on a single sector (18, 19) or a specific econ-
omy (20, 21). However, the knowledge of technology is considered
as a public goods, not only because of the technology spillover ef-
fect (22-24) but also due to the network externality of TP (25, 26).
The TP in a nation could generate a global effect on GHG emissions
through the global value chains (GVCs) (27). For instance, the TP in
the steel sector of China could affect global GHG emissions
through the GVCs as follows: Firstly, the efficiency promotion re-
duces the production costs and direct emission intensity of the
steel sector in China (28). Secondly, the reduction in production
costs raises the demand for Chinese steel and its complement
goods (29). Thirdly, the cost reduction in China lowers the demand
for steel products from competitive nations and their GHG emis-
sions (30). Consequently, TP in China makes footprints on global
GHG emissions via GVCs (31). However, the cascading effect of
TP on global GHG emissions throughout GVCs in a multiregional
and multisectoral framework has not been investigated (32).
That is, the relationship between the positioning of sectors in
GVCs and the integrated impacts of their TP on global GHG emis-
sions throughout GVCs still remains unknown. Revealing this re-
lationship in GVCs is conducive to formulating global GHG
emission mitigation policies through TP. It requires a clear de-
scription of the internal mechanism to help policymakers see
the transparent logic. Some traditional methods only show the
quantitative results, leaving the internal mechanism as a black
box (33). Thus, the effects of TP in different stages of GVCs on glo-
bal GHG emissions remain unknown.

Under these backgrounds, this study for the first time reveals
the integrated effects of efficiency-related TP in different stages
of GVCs on global GHG emissions. It measures the GHG footprint
of TP in a newly proposed framework of an environmentally ex-
tended general equilibrium model with heterogeneous agent
and input-output network (EE-HA-IO), based on the general equi-
librium model with heterogeneous agent and input-output net-
work (HA-IO) (34-36). The HA-IO model is related to
multisectoral and multiregional models and models with produc-
tion networks (37-40). It can open the black box of the computable

general equilibrium (CGE) models and hence describe the
GVCs. The GHG footprint of TP defined in this study refers to the
impact of TP in a sector of a nation on GHG emissions from each
sector of each nation. The TP of a nation sector means a
one-percentage-point increase in its total factor productivity
(TFP). Based on this definition, we first provide a method to calcu-
late the GHG footprint of TP using the EE-HA-IO model. Then, we
calibrate the EE-HA-IO model with the international input-output
database covering 141 nations and 65 sectors from GTAP (version
10) (41). Subsequently, we calculate the GHG footprint of TP in
various nations sector and explore the changes in GVCs and asso-
ciated GHG emissions due to a marginal change in technological
levels (i.e. TP).

This study provides a new perspective (i.e. GHG footprint of TP)
to evaluate the cascading effects of TP in GVCs on global GHG
emissions. It could identify the hotspots of global GHG emission
changes due to TP in GVCs under a multiregional and multisector-
al framework. The results show that the TP of sectors with differ-
ent positions in GVCs (measured by the upstreamness of each
nation sector) would have different integrated impacts on global
GHG emissions. TP in upstream sectors usually leads to global
GHG emission increments, while that in downstream sectors usu-
ally contributes to global GHG emission reductions. Thus, sector-
specific TP policies are required from a GVCs perspective.
Furthermore, by applying this framework to specific sectors (i.e.
inputting the TFP change caused by actual technology application
in a sector into the model), the cascading effect of the actual TP on
GHG emissions in GVCs can be revealed. This could provide tar-
geted policy implications for international and intersectoral co-
operation to promote global GHG emission mitigation through TP.

Results

Critical nations and sectors for the GHG footprint
of TP

TP is a double-edged sword that can reduce production costs
while boosting consumption and output, which has significant ef-
fects on global GHG emissions and climate change. It contributes
to the changes of production scale and production efficiency
through GVCs and further affects GHG emissions of each nation
and sector. TP in the chemical sector of Russia, gas sector of
China, and petroleum and coal products sectors of China, the
Unite States, and South Korea contributed significantly to global
GHG emission increments (Table S1). In contrast, TP in sugar
and construction sectors of China and dwelling and human health
and social work activities sectors of the United States would pro-
mote GHG emission reductions (Table S2).

At the national scale, TP in nations considered in this study
would lead to GHG emission increments. This indicates that the
rebound effect of TP in sectors is greater than the reduction effect.
In particular, TP in China, Russia, and the United States primarily
contributes to global GHG emission increments, mainly occurring
domestically (occupying 78-95%) (Fig. S1). These nations possess
superior technological capabilities, abundant resource reserves,
and extensive domestic markets, leading to relatively complete
domestic supply chains and consequent domestic effects of TP.

Meanwhile, there are obvious cross-national effects of TP on
global GHG emissions (e.g. South Korea, Canada, and Australia).
TP in South Korea would lead to an increase in global GHG emis-
sions (628 MtCO,-eq, million tonnes of CO, equivalents), where
418 MtCO,-eq are embodied in international trade (accounting
for 65%). With poor natural resource endowment and relatively
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small domestic market, South Korea highly depends on inter-
national trade. Its exports accounted for 42% of its gross domestic
product (GDP) in 2021, significantly exceeding the global average
level (29%) (42). Meanwhile, over 90% of its consumed energy
and natural resources depend on imports (43). Consequently, TP
in South Korea would significantly affect the production and
GHG emissions of foreign nations. TP in South Korea would con-
tribute relatively less to its absolute domestic GHG emissions
than to foreign nations. However, in terms of GHG emission chan-
ging rates, it could lead to a 40% increase in domestic GHG emis-
sions, mainly attributable to GHG emission increments in the
electricity sector (Fig. S2).

In addition, we find a significant negative correlation (—0.483,
P=0.068) between the GHG footprint of TP of nations and their
economic development levels (represented by per capita GDP)
(Fig. S3). This means that the GHG footprint of TP would become
smaller as the economic level increases. It largely benefits from
the life cycle management of technologies and products in devel-
oped nations. For example, the United States Environmental
Protection Agency and the European Environment Agency have
been promoting the life cycle assessment in product design (44,
45). Thus, promoting economic development and life cycle man-
agement could help global GHG emission reductions through TP.
On the contrary, TP’s cross-national impacts on GHG emissions
are more pronounced in nations with higher levels of economic
development (e.g. South Korea). By conducting a correlation ana-
lysis between the proportion of the foreign GHG footprint of TP (i.e.
foreign GHG emissions caused by TP in a nation) in the total GHG
footprint of TP in a nation and its economic development level, we
find a significant positive correlation (0.485, P=0.067). This indi-
cates that TP in nations with higher levels of economic develop-
ment would make more footprints on GHG emission of foreign
nations. With the process of globalization, most developed na-
tions have shifted the high-emission industries to developing na-
tions. Meanwhile, TP in developed nations may promote supply
chain optimization (e.g. TP by saving capital) in favor of domestic
GHG emission reductions while contributing to the GHG emis-
sions of foreign nations. This can be validated by the higher car-
bon leakage of developed nations than developing nations (46, 47).

International linkages for the GHG footprint of TP

We further explore the cross-national impact of TP on GHG emis-
sions through GVCs. Figure 1 shows the impact of TPin a nation on
GHG emissions of other nations. The TP in South Korea could con-
tribute 227 MtCO,-eq of GHG emission increments in China (ac-
counting for 2% of China’s GHG emissions). The TP in Japan
would contribute 123 MtCO,-eq of GHG emission increments in
China, accounting for 56% of the foreign GHG emission incre-
ments resulting from the TP in Japan. In addition, Canada and
Mexico both have frequent trade with the United States, and the
TP in these nations would contribute 109 and 102 MtCO,-eq of
GHG emission increments in the United States, respectively.

By further exploring the impact of TP on GHG emissions at the
sector level, we find that the upstream and downstream effects
are two channels that TP affects GHG emissions in GVCs. On
one hand, TP in a sector could contribute to GHG emission growth
in its downstream sectors. This is because TP in upstream sectors
would reduce their costs and promote those sectors’ and down-
stream sectors’ production scale (29). As shown in Fig. 1 (the upper
part), TP in the petroleum and coal products sector would contrib-
ute significantly to GHG emission growth in all nations. For in-
stance, the combination of horizontal drilling and hydraulic

fracturing has increased the production of crude oil in the
United States (48), and the energy use has subsequently resulted
in significant GHG emissions. In particular, the petroleum and
coal products sector in South Korea is the main sector affecting
GHG emission growth in China. It contributes 137 MtCO,-eq, ac-
counting for 1% of China's GHG emissions (Fig. S4). In particular,
TP in this sector contributes 40, 32, and 13 MtCO,-eq of GHG emis-
sion increments in the chemical products, mineral products, and
electricity sectors of China. They account for 5, 2, and 0.3% of GHG
emissions from the chemical products, mineral products, and
electricity sectors of China, respectively. This is mainly because
South Korea produces intermediate inputs for China’s manufac-
turing sectors and China has a long value chain on the down-
stream side of South Korea (49). TP of the upstream sectors in
South Korea promotes the production scale expansion of these
downstream sectors in China and leads to higher GHG emissions.

On the other hand, TP in a nation could contribute to GHG
emission mitigation in its upstream nations. This is because TP
in downstream sectors leads to efficiency gains and reduces the
demand for upstream inputs. For example, TP in the United
States could reduce 5 MtCO;-eq of GHG emissions in China (ac-
counting for 0.04% of China’s GHG emissions) and 2 MtCO,-eq of
GHG emissions in Canada (accounting for 0.4% of Canada’s GHG
emissions) (Fig. 1). For China, electricity (—4 Mt CO,-eq, accounting
for 0.1% of GHG emissions from the electricity sector of China) is
the main sector where the GHG emission mitigation benefits
from TP in the United States (Fig. S5A). TP in the construction sec-
tor of the United States could help reduce 2 MtCO,-eq of GHG
emissions from the electricity sector of China (accounting for
0.04% of GHG emissions from the electricity sector of China). For
Canada, the oil and gas sectors (both 7 MtCO,-eq, accounting for
1% of GHG emissions of Canada) are main sectors of GHG emission
mitigation (Fig. SSB). TP in the petroleum and coal products sector
in the United States could help reduce 6 MtCO,-eq and 5 MtCO,-eq
of GHG emissions from the oil and gas sectors of Canada, respect-
ively. They account for 7 and 5% of GHG emissions from the oil
and gas sectors of Canada. This is mainly because the final prod-
ucts produced in the United States have a long value chain on its
upstream side, which includes energy products from Canada and
steel products from China (50, 51). Its TP would reduce inputs
from the upstream sectors and leads to lower GHG emissions for
unitary product output.

International linkages for GHG emission intensity
changes affected by TP

TP affects global GHG emissions by changing the production scale
and GHG emission intensity. We explore the relationship between
GHG footprints and outputs of TP in sectors, and the result shows
a significantly positive correlation (0.445, P = 0.000) when the GHG
emission intensity is constant. It generally leads to trade-offs be-
tween production increments and GHG emission mitigation.
However, this study finds that TP in some food sectors could pro-
mote a win-win situation. For example, TP in sugar sectors with
relatively downstream positions in GVCs would increase sugar
outputs and contribute to global GHG emission reductions
(Fig. S6). To balance these two goals and realize win-win situa-
tions, the reduction of GHG emission intensity is of vital import-
ance. Therefore, we further investigate the effects of TP on GHG
emission intensity of each nation and take it as a critical perspec-
tive to explore the GHG footprint of TP.

Foranation, TP could generate a global effect on GHG emission
intensity through GVCs (Fig. 2). In a general equilibrium
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Fig. 1. Main international linkages for GHG footprint of TP. The map shading indicates GHG emission changes of 15 major nations due to global TP. The
arrows show the 10 largest increase or decrease changes of the GHG emissions affected by TP. The pie charts denote the contributions of TP in global

sectors to the increase or decrease of national GHG emissions.

economy, TP affects the emission intensity through two chan-
nels. Firstly, TP in a sector could reduce the inputs per unitary
production output. Consequently, it decreases direct GHG emis-
sion intensity. Secondly, TP could change the sectoral sale struc-
ture. Given that emission intensities vary across sectors, the

change of sectoral sale structure would change the national
emission intensity. For example, TP in the United Kingdom could
reduce the GHG emission intensity of China by 0.4 tCO,-eq/Md
(tonnes of CO, equivalents/million dollars). On one hand, TP in
the United Kingdom leads to significant sale increases in
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Fig. 2. Main international linkages for GHG emission intensity changes affected by TP. The map shading indicates GHG emission changes of 15 major
nations due to global TP. The arrows show the 10 largest increase or decrease changes of GHG emission intensity affected by TP.

China’s sectors where GHG emission intensity is below national
level (e.g. the construction and machinery and equipment sec-
tors). The sale increases of the construction and machinery and
equipment sectors of China mainly result from TP in the up-
stream metal sectors of the United Kingdom (Table S3). On the
other hand, TP in the United Kingdom leads to certain sale de-
creases in China’s sectors where GHG emission intensity is above
national level (e.g. the electricity sector). The sale decrease in the
electricity sector of China mainly roots in TP in downstream sec-
tors of United Kingdom (e.g. the construction and dwelling sec-
tors). As a result, the sectoral sale structure of China becomes
more environmentally friendly because of the TP in the United
Kingdom.

Figure 2 also shows that TP in South Korea could increase the
GHG emission intensity of China by 15 tCO,-eq/Md. On one
hand, TP in South Korea leads to significant output increases
in China’s sectors where GHG emission intensity is above na-
tional level (e.g. the petroleum and coal products and chemical
products sectors). The sale increases in these sectors mainly re-
sult from the TP in upstream or competitive sectors of South
Korea (e.g. the gas, petroleum and coal product, and chemical
product sectors) (Table S4). On the other hand, TP in South
Korea leads to sale decreases in China’s certain sectors where
GHG emission intensity is below national level, such as the
trade and financial service sectors. The sale decreases in these
sectors mainly result from the upstream petroleum and coal
products sector of South Korea. As a result, the sectoral sale
structure of China becomes more pollutional because of the
TP in South Korea. This leads to an increase in the national
GHG emission intensity of China.

GHG footprint of TP in gas and construction
sectors

To illustrate the rebound or mitigation effects of TP in different
stages of GVCs on GHG emissions, we select gas and construction
sectors as the representatives of upstream and downstream sec-
tors, respectively. TP in gas sectors would lead to 783 MtCO,-eq
of global GHG emission increments, and TP in construction

sectors would contribute 34 MtCO,-eq of global GHG emission
reductions.

Significant TP has been made in natural gas extraction, storage,
and distribution. For example, the shale gas revolution would sig-
nificantly reduce the cost of natural gas production (52), mainly
due to the advances in the cost-effectiveness of horizontal drill-
ing, new mapping tools, and hydraulic fracturing technologies
(53). By saving capital, TP in the gas sector would stimulate the ex-
pansion of downstream sectors and increase energy use and con-
sequent GHG emissions. Figure 3A shows the GHG footprint of TP
in the gas sector of nations. TP in the gas sector of China is the
most critical by contributing 492 MtCO,-eq of global GHG emis-
sion increments, most of which occur domestically (468
MtCO,-eq, accounting for 95%). The electricity sector is a down-
stream sector that is strongly connected with the gas sector. TP
in gas sector of China would contribute 306 MtCO,-eq of GHG
emission increments in global electricity sectors (occupying 64%
of the total GHG footprint of TP in the gas sector of China), 299
MtCO,-eq of which occur domestically.

Although the construction sector is usually regarded as an en-
vironmentally friendly sector with low direct GHG emissions, it
drives significant indirect emissions from upstream sectors in
GVCs (54). Fortunately, we find that the TP in construction sectors
could contribute to global GHG emission reductions (Fig. 3B). In
particular, TP in China’s construction sector would contribute
13 MtCO,-eq of global GHG emission reductions (accounting for
37% of the total emission reductions due to TP in global construc-
tion sectors). The global electricity sector is the primary benefi-
clary with a 4 MtCO,-eq reduction in GHG emissions (occupying
32% of GHG emission reductions caused by TP in China’s con-
struction sector). Construction is a highly energy-consuming sec-
tor, with electricity being one of its primary sources. TP in the
construction sector could reduce electricity demand by increasing
energy use efficiency (e.g. promoting energy-efficient construc-
tion design, implementing precise energy management and con-
trol, and utilizing renewable energy) (55), thus reducing GHG
emissions from the electricity sector. This reflects enormous po-
tentials of TP in downstream sectors to promote emission reduc-
tions in upstream sectors.
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Fig. 3. GHG footprint of TP in gas and construction sectors. A) GHG footprint of TP in gas sectors and sectoral structure for China’s gas sector. B) GHG
footprint of TP in construction sectors and sectoral structure for China’s construction sector. The number below or above the name of each nation

represents the upstreamness of gas and construction sectors.

Positioning of nation sectors in GVCs affects the
GHG footprint of TP

TP in different nation sectors could have positive or negative ef-
fects on global GHG emissions. As we discussed previously, TP in
a nation sector could contribute to GHG emission growth in its

Table 1. Pearson correlation coefficients for GHG footprint of TP
and the upstreamness of nation sectors in GVCs.

Selected regions Pearson correlation coefficients P-values
World 0.029 0.005"**
Canada 0.514 0.000"*
Australia 0.485 0.000***
Mexico 0.485 0.000"*
United Kingdom 0.469 0.001**
China 0.391 0.001™*
Brazil 0.304 0.014™
South Korea 0.299 0.016™
Japan 0.285 0.022**
Russia 0.255 0.040™
India 0.250 0.045*

Notes: * represents significant at 10% level; ** represents significant at 5% level;
and ** represents significant at 1% level. The “World” region in this table
includes all the 141 regions of the model.

downstream nation sectors and GHG emission mitigation in its
upstream nation sectors. In this section, we empirically illustrate
the relationship between the positions of nation sectors in GVCs
and the GHG footprint of their TP.

This study uses the upstreamness (56) of each nation sector to
quantify its position in GVCs. Table 1 shows the relationship be-
tween the GHG footprint of TP and upstreamness. The results
show a significantly positive correlation between the GHG foot-
print of TP and the upstreamness. On one hand, TP of a nation sec-
tor with relatively upstream position in GVCs (e.g. upstream
manufacturing sectors) tends to induce higher global GHG emis-
sion increments. Simply depending on TP in these sectors is insuf-
ficient for GHG emission mitigation. More effective measures for
GHG emission mitigation are urgently needed to complement
their TP. For example, the cost-saving technology in the coal min-
ing sector would reduce the price of coal and resultin an increase
of coal demand (57). Replacing coal by low-cost renewables, which
reduces the GHG emission intensity of energy supply sectors,
would mitigate GHG emissions. On the other hand, TP in a nation
sector with a relatively downstream position in GVCs results in
higher global GHG emission reductions. This implies that TP in
downstream sectors with long value chains is an effective meas-
ure to reduce GHG emissions. Thus, technological investments
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in downstream sectors can better achieve win-win situations for
economic welfare growth and GHG emission reduction.

Discussion

This study provides a new perspective on global GHG emission
mitigation by measuring the GHG footprint of efficiency-related
TP. It can reveal the cascading effect of TP on GHG emissions
throughout GVCs under a multiregional and multisectoral frame-
work. This is crucial for policy decisions on global GHG emission
mitigation and achieving the Paris Agreement goals. Our findings
show that TP of sectors with different positions in GVCs would
have different integrated impacts (i.e. rebound or mitigation im-
pacts) on global GHG emissions. There is a significantly positive
correlation between the GHG footprint of TP in a nation sector
and its upstreamness. Thus, sector-specific TP strategies from
the GVC perspective are necessary for global GHG emission
mitigation.

Existing studies mainly examine the rebound or mitigation ef-
fects of TP on carbon emissions in a single region or sector (named
direct effects here) (7, 58), which cannot reveal the cascading ef-
fects of TP on GHG emissions in GVCs (named indirect effects
here). In this study, we set the input of TP as a 1% increase in
TFP of a nation sector in the model. In the real world, the cascad-
ing effect of actual TP in a nation sector on GHG emissions in GVCs
can be quantified by replacing 1% with the TFP change caused by
the actual TP in this nation sector. For instance, numerous studies
have measured the change in TFP of different sectors in certain re-
gions (i.e. direct effects) (59, 60). Based on the multiregional and
multisectoral framework for the GHG footprint of TP proposed
in this study, the cascading effect throughout GVCs (i.e. indirect
effects) can be quantified with the TFP change of a particular sec-
tor from existing studies. Such an in-depth analysis helps avoid
the overestimation or underestimation of the effects of TPin a sin-
gle sector on global GHG emissions, compared to only considering
the direct effects of TP on GHG emissions in existing studies.
Moreover, investigating the cascading impacts of TP can reveal
international and intersectoral carbon leakage, which is not fully
characterized by existing studies on TP. Thus, this study could
help prevent TP policy application in a specific region from in-
creasing GHG emissions in other regions (i.e. carbon leakage).
Furthermore, by identifying the critical linkages between regions
and sectors, cooperative mechanisms on TP could be strength-
ened to promote global GHG emission mitigation.

This study reveals that TP in upstream sectors has stronger re-
bound effects than mitigation potentials and would lead to global
GHG emission increments (e.g. the gas and petroleum and coal
products sectors). In a narrow sense, the rebound effect refers to
an increase in energy use induced by an improvement of energy
efficiency (61). This study observes that an improvement in TFP
can also lead to increases in energy use and GHG emissions. We
define this phenomenon as the generalized rebound effect.
Moreover, we find that the TP in upstream sectors (e.g. gas sector)
would contribute to its own GHG emission increments as well as
that of its downstream sectors. The Intergovernmental Panel on
Climate Change (IPCC) and World Bank have proposed many pro-
grams to facilitate technology development and technology trans-
fer. Several programs focus on the technologies for improving
energy exploitation efficiency, such as the Energy and Mineral
Sectors Strengthening Project II (62) and Extractive Industries
Technical Advisory Facility (63). These programs highlight the im-
portance of TP in upstream sectors. TP in such upstream sectors
boosts consumption and output increments in downstream

sectors, contributing to global GHG emission increments. This
pattern may continue in the context of global economic develop-
ment. Thus, to promote GHG emission reductions in GVCs, up-
stream sectors should conduct specific analyses of different
technologies. By applying the framework proposed in this study,
the sectors could choose the technologies with mitigation or rela-
tively small rebound effects.

On the contrary, we find that the TP in sectors at the trailing end
of GVCs has greater potentials of GHG emission mitigation than re-
bound effects, such as construction and dwelling sectors. TP in
these downstream sectors could improve the utilization efficiency
for products from upstream value chains, consequently reducing
global GHG emissions. Existing programs have highlighted the im-
portance of TP in downstream sectors as consumers in GVCs (64,
65). Further efforts are required to promote TP in downstream sec-
tors for global GHG emission mitigation. For instance, the Chinese
government has taken measures to promote TP in the construction
sector through policy guidance and standard setting (66). This
could help increase the production efficiency and reduce upstream
sectoral inputs. In addition, the government could offer incentive
rewards to encourage technological innovation in enterprises of
downstream sectors. Meanwhile, the government could promote
technological cooperation and information sharing among enter-
prises, thereby promoting the application of new technologies
within downstream sectors.

Furthermore, our findings highlight the importance of promoting
GHG emission mitigation throughout GVCs from a multiregional
and multisectoral framework. It is essential to establish cooperation
mechanisms between upstream and downstream sectors. In
particular, the cross-sectoral impact of TP on GHG emissions is
prominent within a nation. Thus, conducting cross-regional and
cross-sectoral management domestically is necessary and feasible
to promote GHG emission reductions. The government could de-
velop a joint GHG regulatory mechanism for closely linked sectors
due to the cascading effects of TP (e.g. gas—electricity and construc-
tion-electricity sector pairs in China). This joint mechanism allows
upstream and downstream sectors of critical supply chains to share
the responsibility of GHG emission control from the TP perspective,
thus promoting a joint effort in supply chains to reduce global GHG
emissions. In particular, the development of technologies and
transfer of technologies to downstream sectors should be signifi-
cantly encouraged.

In the context of growing international trade, this study reveals
the cross-national effects of TP on GHG emissions. Existing studies
from the consumption perspective have highlighted the flows of
embodied carbon emissions between the United States and devel-
oping economies (e.g. China) (67). This study has newly identified
critical international pairs from the TP perspective (e.g. South
Korea-China). TP in South Korea would significantly contribute
to GHG emission increments in foreign nations (e.g. China). Such
nations should take more responsibility of GHG emission mitiga-
tion from a TP perspective as they reap economic and environ-
mental benefits through GVCs. It is necessary to promote the
cooperation between South Korea and China in terms of technolo-
gles and management. Taking advantage of South Korea’s experi-
ences and technologies to promote TP in downstream sectors of
China can reduce GHG emissions in GVCs. Conversely, TP in
some nations has positive effects on GHG emission reductions in
other nations. For example, TP in the United States could contrib-
ute to GHG emission mitigation in China and Canada. These na-
tions should strengthen their cooperation on technological
innovation and jointly promote technological development and
applications (especially in downstream sectors).

£202Z 1890190 20 uo Jasn uopuo abs|j0n Ausieaiun Aq gy9v/z//88zpebd/e/z/e10nie/snxauseud/woo dno-olwapeose//:sdiy Woll papeojumod]



8 | PNAS Nexus, 2023, Vol. 2, No. 9

In addition, comparing with the developed nations, TP in devel-
oping nations is rather slow. More attention is paid to improving
the living standards in less-developed nations, and thus, TP gets
lessinputs (68). Spurring the innovation and development of tech-
nologies in developing nations (especially their downstream sec-
tors) is also a promising method to achieve GHG emission
mitigation. Thus, developed nations are supposed to help devel-
oping nations promote TP, such as increasing technological in-
vestment and accelerating technology transfer (especially for
the downstream sectors). Policy coordination and information
sharing can be enhanced through international climate change
cooperation mechanisms to promote global GHG emission
mitigation.

Uncertainties of the results mainly come from the substitution
elasticity of intermediate inputs 8 in production functions and the
global multiregional input-output (MRIO) data. The change of
parameter  might have an effect on the substitution relationship
between products and price formation mechanism. To test the ro-
bustness of results, this study investigates three possible values of
the parameter 0 (9 € {0.4, 0.6, 0.9}) according to Baqaee and Farhi
(36). Robustness checks show that our results are not sensitive to
the exact value of the parameter 0. Under the value volatility of
the parameter 0, we draw a similar conclusion that the cost-
saving TP in upstream sectors has stronger rebound effects while
sectors located in the trailing end of GVCs have greater potentials
of GHG emission mitigation by TP. In addition, the quality of global
MRIO data could lead to uncertainties in the results. This study
obtains the global MRIO data from the Global Trade Analysis
Project (GTAP) (41), due to its considerably high resolutions of re-
gions and comparable sectors. It gives priority to more reliable
data sources by a quality control process. The comparative stud-
ies of global MRIO databases reveal that the GTAP database has
similar results with WIOD (69) and Eora (70) for most regions.
However, standard deviations or other uncertainty information
of raw data in the GTAP database is unavailable (71). As a result,
itis difficult to do the quantitative uncertainty analysis for the glo-
bal MRIO data used in this study. If more information on the un-
certainty of GTAP data is available, a precise quantitative
uncertainty analysis could be conducted in future work.

This study mainly focuses on the efficiency-related TP, and
fundamental process innovation of TP (e.g. development of
carbon-free technology) is not in the scope of this study. The
TFP plays a crucial intermediary role in measuring the economic
impact and practical significance of TP (59). In this study,
efficiency-related TP is defined as a one-percentage-point in-
crease in the TFP of a sector. Apart from the efficiency, other fac-
tors (e.g. carbon cap and innovative technologies) would also
affect TP and the associated GHG emissions. The scope of this
study is positioned to be the efficiency property of TP. Future stud-
ies can incorporate more factors to investigate the impact of gen-
eralized TP on GHG emissions. This requires the development of
more sophisticated models. In addition, this study takes 2014 as
the base year given the data availability. Future work could up-
date the results to more recent time points, which requires the up-
dating of global MRIO data.

Materials and methods

This study developed an EE-HA-IO to reveal the impact of TP
(one-percentage-point increase in the TFP) in a sector of a nation
on the changes in global GHG emissions. When the TP happens in
a sector of a nation, there are two types of impacts (Fig. 4): produc-
tion efficiency improvement and lower production costs boosting

outputs. These two impacts will be transferred in GVCs and pro-
duce cascading effects on global GHG emissions.

EE-HA-IO

The EE-HA-IO model is based on the HA-IO model of Bagaee and
Farhi (36) and is used to evaluate GHG emission changes in dif-
ferent TP scenarios. The EE-HA-IO model treats GHG emissions
as the satellite account and constructs a broad class of multisec-
toral general equilibrium models with heterogeneous agents
and intermediate inputs. It unbundles interacting reduced-form
building blocks between the representative agent model and the
aggregate production function. Here, we use the global MRIO ta-
ble and sectoral GHG emissions to construct the EE-HA-IO mod-
el. On account of the detailed classification of regions and
comparable sectors, the global MRIO table is derived from the
GTAP (version 10) database (41, 72). GHG emissions in this study
include CO,, methane (CHy), nitrous oxide (N,0), and the group
of fluorinated gases (F-gas) (Table S5). Sectoral CO, emissions
from fossil fuel combustion are obtained from the GTAP-E
Data Base (41, 72), and CO, emissions from other sources (i.e. fu-
gitive emissions from fuels, industrial processes and product
uses, and wastes) are derived from the Emissions Database for
Global Atmospheric Research (EDGAR, version 6.0) database
(73) (Table S6). The non-CO, emissions are obtained from
Non-CO, Data Base (74). The EE-HA-IO model in this study in-
cludes 141 regions and 65 sectors per region.

Changes in GHG emissions resulting from TP

The EE-HA-IO model includes a set of consumers C, producers N,
factors F, and emission E. For the economic part of the model (Egs.
(1)-(18)), we keep the same settings with Bagaee and Farhi (36).
From Eq. (19), we extend the model to cover GHG emissions. In
the multisectoral structure model, each producer uses intermedi-
ate inputs and factors to produce one kind of goods, which can be
used as intermediate inputs to other producers or final goods to
consumers. The emission is a by-product of production processes.
Factors are produced in a vacuum. For each agent c, the utility
maximization activity is shown in Egs. (1) and (2):

max Uc(ccly Ce2y vhy CCN)v (1)

N F
D PG =) Wilg+m, 2)
=1 =

where U refers to a homothetic utility, p; is the price of goods j, ¢,
is consumer c's consumption of goods j, wy is the price of factor f,
L is consumer c's supply of factor f, and =, is consumer c’s share
of profits.

The HA-IO matrix is defined to be the (C+N+F)x(C+N+F)
matrix Q, as shown in Eq. (3):

O Qn O
Q=10 Ouw r |, 3)
O O (o]

where Qindicates the directinputs from one producer to another
producer, which is the analog of the input-coefficient matrix
with households endogenous in the context of input-output
analysis (IOA), and O refers to the matrix of zeros with proper
dimensions.

The cith element of Q¢y is shown in Eq. (4):

PiCe
Of=—x——, 4)
2{11 PiC
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Fig. 4. The analytical framework of the EE-HA-IO model.

where o, indicates the share of goods i in consumer c’s expendi-
tures, p; is the price of good i, and ¢ is consumer ¢’s consumption
of goods 1.

The jith element of Quy is shown in Eq. (5):

_PXi_PX; 5
I=Ts Ty
S PY
where o indicates goods j's expenditures on inputs fromias a share

of its total revenues and s; is the jth element of the sale vector s.
The jfth element of Qur is shown in Eq. (6):

wrLis wrL;

o= fs]f= f )f’ (6)
] Pjy;

where wjs indicates j's expenditures on factor f as a share of its to-

tal revenues.

The HA-IO Leontief inverse matrix is shown in Eq. (7):
=1-9)7, 7)

where ¥ indicates the direct and indirect linkages through the
GVCs and I is an identity matrix.

We then define factor-distribution matrix @, and the cfth elem-
ent of ® is shown in Eq. (8):

_wyl Cf
¢ ®)
T Ly
where ¢, indicates the share of factor f's income distributed to
consumer c.
For the Domar weight, the Domar weight of producer j is shown
in Eq. (9):
By
% =Gop’ ©)

where /; indicates the share of producer j’s sales in global GDP.
The Domar weight of factor fis shown in Eq. (10):

wy Ly

GDpP’

where Ar indicates the share of factor f’s value in global GDP.
We decompose the Domar weight of producer j, as shown in Eq. (11):

A= (10)

N
M=) o5, (11)
=

where 4 indicates the sum of all paths from producer i to consumer c
weighted by that consumer’s size and y;; is the jith element of '¥.

Then, we decompose the Domar weight of factor f, as shown in
Eq. (12):

N
Af=) oguy, (12)
=1

where Af indicates the sum of all paths from factor fto consumer
c weighted by that consumer’s size and yj is the jfth element
of ¥.

For each producer k, the constant elasticity substitution (CES)
production function is shown in Eq. (13):

%
Hk—l -1

Ok—l 'k
Ve _ A v Lis
Ve A f; i (ka) v 1; o (Xk ) ' 3
where y, is the total output of producer k, Ay is the technology of
producer k, and it is a Hicks-neutral shifter, which can be ex-
plained as the index of the level of technology. If | € F, xy, is the in-
put of factor [ to producer k and ey, is the element of Qnr. Ifl € N,
Xy is the intermediate input of goods of | to producer k and wy; is
the element of Quy. The notations ¥, A, and X, refer to the total
output, technology, and inputs of producer k in baseline year, re-
spectively. The notation 6 is the element of 6, indicating the sub-
stitution elasticity of inputs for producer k.

For the elasticities of sale shares or Domar weights to different
productivities, it is shown in Eq. (14):

dloga; A
dlogA, ;,1_)1-(91 — 1)Cova, (¥, ¥)
dlog A
‘ZZ (8; — 1)Cova, (¥, ¥ )dlogAi
dlogA,
T Z Z ¢C8AE d log Ag (14)

where ddlfgg/il indicates the elasticities of sale shares or Domar

weights of i to the technology of producer k and Covo (¥, ()
is the input-output covariance, as shown in Eq. (15):

prllllkvll (Z wji'/’ﬂe) (Z wji'/’ﬂ)v (15)

COVQ(/)

where QU is the jth row of @ and ¥y and ¥ are the kth and Ith
columns of ¥, respectively.
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For the elasticities of factor shares to different productivities, it
is shown in Eq. (16):

jizég - Z%(ej — 1)Covay, (¥, ¥p)
—ZZ (6 - 1)Cova, (¥, ¥ )jigézi
+ Kf%: XC: (A = Ay)deyAg j}gg;\\g (16)
where digg’\f indicates the elasticities of factor shares of f to the

technology of producer k.
For the elasticities of wages to different productivities, the cal-
culation is shown in Eqg. (17):

dlogwy dlogAs
dlogAy

_ . dlogy _dlogAs
“dlogA;  dlogA, ~ dlogAy

+/1k, (17)

OUJf

where Tos i indicates the elasticities of wages of factor f to the

technology of producer k and dd]}f’g'

indicates the elasticities of ag-

gregate outputy to the technology of producer k and is given by its
Domar weight 4.

Thus, the elasticities of output quantities of different pro-
ducers to different productivities are given by Eq. (18):

dlogy; _dlogs; dlogp; [ dlogi + dlogy
dlogA, ~ dlogA, dlogA, \dlogA, ' dlogA;
dlogwgy\  dlogi;
- (—'l’ik + ;‘/’ig m) = dlogA, + A+ Wy
dlogwy
B -kt 18
Xg:%g dlogA, (18)

where ;11;3; indicates the elasticities of output quantities of pro-

ducer i to the technology of producer k.

The economic implication of Eq. (18) is shown in the following,
taking TP occurred in sector k as an example.

TP and TFP are inextricably linked. The variable of TFP plays a
crucial intermediary role in measuring the economic impact and
practical significance of TP. TFP refers to the part of the economic
growth process that cannot be explained by the number of inputs,
while technology is the input-use efficiency thatis independent of
the number of inputs. Therefore, both the growth of TFP and TP
implies an intensive growth mode, representing the “qualitative”
part of the economy rather than the “quantitative” one.
Moreover, based on assumptions such as constant returns to
scale, competitive market, and economic efficiency (75), sectoral
TFP just represents TP, and these assumptions are always satis-
fied when using input-output models as in this study. Thus, the
TP in sector k (TPy) is defined as one-percentage-point increase
in the TFP of sector k, as shown in Egs. (19) and (20):

TFP, = Ay, (19)
TP, = ATFP, = 0.01 TFP, = 0.01 Ay. (20)
For dllsggj‘ , when the TP occurred in sector k, the relative price of

products in sector k falls. If sector i uses product k as a production
input (i.e. i and k are complementary goods), then i will face lower
production cost according to k’s relative price changes. As the
price of inputs decreases, the output and sales of sector i will
rise. Finally, because of the complementary relationship between
1and k, the positive technological impact of sector kleads to an in-
crease in the total output of sector i. This in turn leads to an

increase in the emissions generated by the production activities
of sectori. On the contrary, if sector k and sector i are in a competi-
tive relationship, the relative price advantage brought by TP of
sector k will squeeze the market share of sector i. The output of
sector i will decline, which leads to a reduction in emissions gen-
erated by sector i.

For gllggg}\”, when the TP in sector k occurs, the TP that occurred
in sector k will lead to the relative price change of production fac-
tor g. Sector i will adjust factor allocation to respond to the price
changesin g. If the price of g decreases, then sector i will increase
the use of g. Consequently, the output of sector i will increase,
which leads to more emissions from production activities of sector
1. If the price of g increases, sector i will reduce the use of g. The
output of sector i will reduce, and then, emissions of sector i will
decrease.

In general, the direction of the impact of TP in sector k on the
output of sector iis ambiguous. It is determined by the elasticity
of substitution of the two products and their respective elasticity
of substitution to the factors.

The GHG emissions from producer k are shown in Eq. (21):

Ek=€k><yi,

o @y

where Ep is the GHG emissions from producer k, e is the GHG
emission coefficient of producer k, and /{7’1 refers to the combin-
ation of inputs in the form of CES, which decides the energy usage.
Therefore, the elasticity of the GHG emissions from producer i to
the technology of producer k is given by Eq. (22):

dlogE; _ dlogy; o (22)
dlogA, dlogA, ™
where [y is the ikth element of identity matrix I. [;;, =1 wheni=k
and [;, =0 when i # k.

The matrix of GHG emission changes from various producers
due to unitary productivity changes in different producers, M, is
given by Eq. (23):

. dlogE

M=ExdlogA' (23)

where E is the diagonalization of E, which refers to the GHG emis-
sions from various producers in baseline year.

The matrix of GHG emission changes from various producers
due to one percent of productivity growth, H, is then calculated
by Eq. (24):

H=MxAA/A, (24)

where AK?A isthediagonalization of AA/A and AA/A indicates the
growth rate of technology (i.e. 1% in this study).

The matrix of changes in sales from various producers due to
one percent of productivity growth of different producers, T, is cal-
culated as follows:

dlogs
dlogA

T=58x x AA/A, (25)
where § is the diagonalization of s.

The change in GHG emission intensity of producer i due to the
change in productivity of producer k, Djy, is given as follows:

Ei +Hi,k _5

D= ,
KT Ty s

(26)

where H;, and Tj; are the ikth elements of matrixes H and T,
respectively.
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Parameter calibration

In this study, the HA-IO matrix © comes from the global MRIO ta-
ble derived from the GTAP (version 10) database (41, 72).
Specifically, the matrix Qcy is calculated based on the final de-
mand matrix of the global MRIO table; the matrix Quy is calcu-
lated based on the intermediate input matrix and the total
output vector of the global MRIO table; and the matrix Qyr is cal-
culated based on the labor vector and the total output vector of
the global MRIO table. To eliminate the effects of incorrect data
in the global MRIO table, this study conducts parameter calibra-
tions. If an element was smaller than 10% of both the sectoral
and national average levels for labor input rates (i.e. the ratio of
labor inputs to sales) or larger than 1 in the matrix Qur, it will be
replaced by the sectoral average level in the subglobal area that
its nation belongs to (Table S7). Similar calibrations are done to el-
ements larger than 1in the matrix Quy (Table S7). In addition, val-
ues of the vector ¢ are from Bagaee and Farhi (36). Other
parameters are calculated based on the above parameters.

Acknowledgments

This work was financially supported by the National Key R&D
Program of China (2022YFF1301200), National Natural Science
Foundation of China (72293602 and 72293600), and Program for
Guangdong Introducing Innovative and Entrepreneurial Teams
(2019ZT08L213).

Supplementary material

Supplementary material is available at PNAS Nexus online.

Funding

The authors declare no funding.

Author contributions

S.L. designed this study. S.L. and Q.Z. conducted the calculations
and interpretations. All authors wrote and revised the paper. S.L.
supervised this study.

Data availability

The data used in the EE-HA-IO model include the global MRIO data
in 2014, sectoral GHG emissions of nations, and substitution elas-
ticities of intermediate inputs in production functions. The global
MRIO table is derived from GTAP (version 10) database (41, 72).
The sectoral GHG emissions of nations are obtained from
GTAP-E 10 Data Base (41, 72), non-CO, Data Base (74), and
EDGAR (version 6.0) database (73). The substitution elasticities
of intermediate inputs in production functions are obtained
from Bagaee and Farhi (36).

References

1 Barrett S. 2006. Climate treaties and “breakthrough” technolo-
gles. Am Econ Rev. 96:22-25.

2 Iyer G, et al. 2017. Measuring progress from nationally deter-
mined contributions to mid-century strategies. Nat Clim
Change. 7:871-874.

3  Solow RM. 1956. A contribution to the theory of economic
growth. QJ Econ. 70:65-94.

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Xie Z, Wu R, Wang S. 2021. How technological progress affects
the carbon emission efficiency? Evidence from national panel
quantile regression. J Clean Prod. 307:127133.

Ranasinghe K, Guan K, Gardi A, Sabatini R. 2019. Review of ad-
vanced low-emission technologies for sustainable aviation.
Energy. 188:115945.

Kumar S, et al. 2017. Quantum-sized nanomaterials for solar cell
applications. Renew Sust Energ Rev. 73:821-839.

Chen]J, GaoM, Mangla SK, Song M, Wen J. 2020. Effects of techno-
logical changes on China’s carbon emissions. Technol Forecast Soc.
153:119938.

Wang H, Wei W. 2020. Coordinating technological progress and
environmental regulation in CO, mitigation: the optimal levels
for OECD countries & emerging economies. Energy Econ. 87:
104510.

Wang S, Zeng J, Liu X. 2019. Examining the multiple impacts of
technological progress on CO, emissionsin China: a panel quan-
tile regression approach. Renew Sust Energy Rev. 103:140-150.
Alcott B. 2005. Jevons’ paradox. Ecol Econ. 54:9-21.

Cheng Z, Li L, LiuJ. 2018. Industrial structure, technical progress
and carbon intensity in China’s provinces. Renew Sust Energy Rev.
81:2935-2946.

Sorrell S, Dimitropoulos J. 2008. The rebound effect: microeco-
nomic definitions, limitations and extensions. Ecol Econ. 65:
636-649.

Gu W, Zhao X, Yan X, Wang C, Li Q. 2019. Energy technological
progress, energy consumption, and CO, emissions: empirical evi-
dence from China. ] Clean Prod. 236:117666.

Lindmark M. 2002. An EKC-pattern in historical perspective: car-
bon dioxide emissions, technology, fuel prices and growth in
Sweden 1870-1997. Ecol Econ. 42:333-347.

Yin ], Zheng M, Chen J. 2015. The effects of environmental regu-
lation and technical progress on CO, Kuznets curve: an evidence
from China. Energy Policy. 77:97-108.

Vonsee B, Crijns-Graus W, Liu W. 2019. Energy technology de-
pendence—a value chain analysis of geothermal power in the
EU. Energy. 178:419-435.

Wang S, He Y, Song M. 2021. Global value chains, technological
progress, and environmental pollution: inequality towards de-
veloping countries. ] Environ Manage. 277:110999.

Herrero M, et al. 2016. Greenhouse gas mitigation potentials in
the livestock sector. Nat Clim Change. 6:452-461.

Machado MM, de Sousa MCS, Hewings G. 2016. Economies of
scale and technological progress in electric powerproduction:
the case of Brazilian utilities. Energy Econ. 59:290-299.

Yang L, Li Z. 2017. Technology advance and the carbon dioxide
emission in China—empirical research based on the rebound ef-
fect. Energy Policy. 101:150-161.

Khan AN, En X, Raza MY, Khanc NA, Ali A. 2020. Sectorial study of
technological progress and CO, emission: insights from a devel-
oping economy. Technol Forecast Soc. 151:119862.

Huang R, et al. 2020. The effect of technology spillover on CO,
emissions embodied in China-Australia trade. Energy Policy. 144:
111544.

Feng T, et al. 2020. Carbon transfer within China: insights from
production fragmentation. Energy Econ. 86:104647.

Sun L, et al. 2020. Carbon emission transfer strategies in supply
chain with lag time of emission reduction technologies and low-
carbon preference of consumers. J Clean Prod. 264:121664.
Thum M. 1994. Network externalities, technological progress,
and the competition of market contracts. Int J Ind Organ. 12:
269-289.

£202Z 1890190 20 uo Jasn uopuo abs|j0n Ausieaiun Aq gy9v/z//88zpebd/e/z/e10nie/snxauseud/woo dno-olwapeose//:sdiy Woll papeojumod]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad288#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad288#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad288#supplementary-data

12

| PNAS Nexus, 2023, Vol. 2, No. 9

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Gosens J, LuY, Coenen L. 2015. The role of transnational dimen-
sions in emerging economy ‘Technological Innovation Systems’
for clean-tech. J Clean Prod. 86:378-388.

YeC,YeQ, ShiX, SunY. 2020. Technology gap, global value chain
and carbon intensity: evidence from global manufacturing in-
dustries. Energy Policy. 137:111094.

Lin B, Wu R. 2020. Designing energy policy based on dynamic
change in energy andcarbon dioxide emission performance of
China’s iron and steel industry. J Clean Prod. 256:120412.

Wang X, Wen X, Xie C. 2018. An evaluation of technical progress
and energy rebound effects in China’s iron & steel industry.
Energy Policy. 123:259-265.

Guo S, et al. 2019. Steel product prices transmission activities in
the midstream industrial chain and global markets. Resour
Policy. 60:56-71.

Nechifor V, et al. 2020. Steel in a circular economy: global impli-
cations of a green shift in China. World Dev. 127:104775.

KanoL, Tsang EWK, Yeung HWC. 2020. Global value chains: a re-
view of the multi-disciplinary literature. J Int Bus Stud. 51:
577-622.

Feehn T. 2015. A shaft of light into the black box of CGE analyses
of tax reforms. Econ Model. 49:320-330.

Bagaee DR, Farhi E. 2020. Nonlinear production networks with an
application to the covid-19 crisis. National Bureau of Economic
Research Working Papers.

Bagaee DR, Farhi E. 2020. Productivity and misallocation in gen-
eral equilibrium. Q J Econ. 135:105-163.

Bagaee DR, Farhi E. 2019. The macroeconomic impact of micro-
economic shocks: beyond Hulten’s theorem. Econometrica. 87:
1155-1203.

Gabaix X. 2011. The granular origins of aggregate fluctuations.
Econometrica. 79:733-772.

Acemoglu D, Carvalho VM, Ozdaglar A, Tahbaz-Salehi A. 2012.
The network origins of aggregate fluctuations. Econometrica. 80:
1977-2016.

Jones CI. 2011. Intermediate goods and weak links in the theory
of economic development. Am Econ ] Macroecons. 3:1-28.
Jones CI. 2013. Misallocation, economic growth,
input-output economics, advances in economics and economet-

and

rics. Tenth World Congress. Cambridge University Press,
Cambridge.

Aguiar A, Chepeliev M, Corong E, McDougall R, van der
Mensbrugghe D. 2019. The GTAP data base: version 10. ] Glob
Econ Anals. 4:1-27.

World Bank. 2021. World Development Indicators-Exports of
goods and services (% of GDP).

Ministry of Foreign Affairs Republic of Korea. 2022. Policy
information-energy.

Cashman SA, et al. 2016. Mining available data from the United
States Environmental Protection Agency to support rapid life
cycle inventory modeling of chemical manufacturing. Environ
Sci Technol. 50:9013-9025.

European Environment Agency. 2018. Electric vehicles from life
cycle and circular economy perspectives.

Grubb M, et al. 2022. Carbon leakage, consumption, and trade.
Annu Rev Environ Resour. 47:753-795.

Essandoh OK, Islam M, Kakinaka M. 2020. Linking international
trade and foreign direct investment to CO, emissions: any differ-
ences between developed and developing countries? Sci Total
Environ. 712:136437.

U.S. Energy Information (EIA).  2018.
Hydraulically fractured horizontal wells account for most new

Administration

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

oil and natural gas wells [accessed 2023 May 1]. https:/www.
eia.gov/todayinenergy/detail. php? id=34732.

Yan 'Y, Wang R, Zheng X, Zhao Z. 2020. Carbon endowment and
trade-embodied carbon emissions in global value chains: evi-
dence from China. Appl Energy. 277:115592.

Liu Y, et al. 2020. Environmental and economic-related impact
assessment of iron andsteel production. A call for shared respon-
sibility in global trade. ] Clean Prod. 269:122239.

JiangL, He S, Tian X, Zhang B, Zhou H. 2020. Energy use embodied
in international trade of 39 countries: spatialtransfer patterns
and driving factors. Energy. 195:116988.

Mistré M, Crénes M, Hafner M. 2018. Shale gas production costs:
historical developments and outlook. Energy Strategy Reu. 20:
20-25.

Nichols C, VictorN. 2015. Examining the relationship between shale
gas production and carbon capture and storage under CO, taxes
based on the social cost of carbon. Energy Strategy Rev. 7:39-54.
Huang L, Krigsvoll G, Johansen F, Liu Y, Zhang X. 2018. Carbon
emission of global construction sector. Renew Sust Energ Rev. 81:
1906-1916.

Zhou N, Khanna N, Feng W, Ke J, Levine M. 2018. Scenarios of en-
ergy efficiency and CO, emissions reduction potential in the
buildings sector in China to year 2050. Nat Energy. 3:978-984.
Antras P, Chor D. 2018. On the measurement of upstreamness
and downstreamness in global value chains. National Bureau
of Economic Research Working Papers.

Teng M, Burke PJ, Liao H. 2019. The demand for coal among
China’s rural households: estimates of price and income elastici-
ties. Energy Econ. 80:928-936.

Lin B, Chen Y, Zhang G. 2017. Technological progress and re-
bound effectin China’s nonferrous metals industry: an empirical
study. Energy Policy. 109:520-529.

Wang Z, Zhao X, Zhou Y. 2021. Biased technological progress
and total factor productivity growth: from the perspective of
China’s renewable energy industry. Renew Sust Energ Rev. 146:
111136.

Sahoo AK, Sahu NC, Sahoo D. 2018. Impact of policy reforms on
the productivity growth of Indian coal mining: a decomposition
analysis. Resour Policy. 59:460-467.

Berkhout PHG, Muskens JC, Velthuijsen JW. 2000. Defining the re-
bound effect. Energy Policy. 28:425-432.

World Bank Group. 2020. Energy and mineral sectors strengthen-
ing project II; [accessed 2023 Jun 1]. https://projects.worldbank.
org/en/projects-operations/project-detail/P170850.

World Bank Group. 2013. Extractive industries technical advisory
facility (EI-TAF) annual report 2012; [accessed 2023 May 1].
https://www.dfat.gov.au/sites/default/files/mining-ei-taf-
progress-report.pdf.

The Intergovernmental Panel on Climate Change (IPCC). 2021.
IPCC working group III authors meet virtually to advance report;
laccessed 2023 Jun 1]. https://www.ipcc.ch/2021/04/12/ipcc-
wgiii-aré-lam4/.

World Bank Group. 2023. Energy efficiency in public facilities
project; [accessed 2023 May 1]. https://projects.worldbank.org/
en/projects-operations/project-detail/P149872.

Zhang Y, WangJ, Hu F, Wang Y. 2017. Comparison of evaluation
standards for green building in China, Britain, United States.
Renew Sust Energ Rev. 68:262-271.

Wu X, et al. 2021. Extended carbon footprint and emission trans-
fer of world regions: with both primary and intermediate inputs
into account. Sci Total Environ. 775:145578.

£202Z 1890190 20 uo Jasn uopuo abs|j0n Ausieaiun Aq gy9v/z//88zpebd/e/z/e10nie/snxauseud/woo dno-olwapeose//:sdiy Woll papeojumod]


https://www.eia.gov/todayinenergy/detail.php?%20id=34732
https://www.eia.gov/todayinenergy/detail.php?%20id=34732
https://projects.worldbank.org/en/projects-operations/project-detail/P170850
https://projects.worldbank.org/en/projects-operations/project-detail/P170850
https://www.dfat.gov.au/sites/default/files/mining-ei-taf-progress-report.pdf
https://www.dfat.gov.au/sites/default/files/mining-ei-taf-progress-report.pdf
https://www.ipcc.ch/2021/04/12/ipcc-wgiii-ar6-lam4/
https://www.ipcc.ch/2021/04/12/ipcc-wgiii-ar6-lam4/
https://projects.worldbank.org/en/projects-operations/project-detail/P149872
https://projects.worldbank.org/en/projects-operations/project-detail/P149872

Liangetal. | 13

68

69

70

71

DuK, Li]. 2019. Towards a green world: how do green technology
innovations affect total-factor carbon productivity. Energy Policy.
131:240-250.

Owen A, Steen-Olsen K, Barrett J, Wiedmann T, Lenzen M. 2014.
A structural decomposition approach to comparing MRIO data-
bases. Econ Sys Res. 26:262-283.

Wieland H, Giljum S, Bruckner M, Owen A, Wood R. 2018.
Structural production layer decomposition: a new method to
measure differences between MRIO databases for footprint as-
sessments. Econ Syst Res. 30:61-84.

Lin C, et al. 2020. Saving less in China facilitates global CO, miti-
gation. Nat Commun. 11:1358.

72

73

74

75

Andrew RM, Peters GP. 2013. A multi-region input-output table
based on the global trade analysis project database (GTAP-MRIO.
Econ Syst Res. 25:99-121.

Crippa M, et al. 2021. EDGAR V6.0 greenhouse gas emissions.
European Commission. Joint Research Centre [Dataset] PID.
http://data.europa.eu/89h/97a67d67-c62e-4826-b873-9d972c4f
670b.

Chepeliev M. 2020. Development of the Non-CO, GHG Emissions
Database for the GTAP 10A Data Base. GTAP Research
Memorandum. https://doi.org/10.21642/GTAP.RM32.

Schreyer P, Pilat D. 2001. Measuring productivity. OECD Econ Stud.
33:127-170.

£202Z 1890190 20 uo Jasn uopuo abs|j0n Ausieaiun Aq gy9v/z//88zpebd/e/z/e10nie/snxauseud/woo dno-olwapeose//:sdiy Woll papeojumod]


http://data.europa.eu/89h/97a67d67-c62e-4826-b873-9d972c4f670b
http://data.europa.eu/89h/97a67d67-c62e-4826-b873-9d972c4f670b
https://doi.org/10.21642/GTAP.RM32

	Double-edged sword of technological progress to climate change depends on positioning in global value chains
	Introduction
	Results
	Critical nations and sectors for the GHG footprint of TP
	International linkages for the GHG footprint of TP
	International linkages for GHG emission intensity changes affected by TP
	GHG footprint of TP in gas and construction sectors
	Positioning of nation sectors in GVCs affects the GHG footprint of TP

	Discussion
	Materials and methods
	EE-HA-IO
	Changes in GHG emissions resulting from TP
	Parameter calibration

	Acknowledgments
	Supplementary material
	Funding
	Author contributions
	Data availability
	References




