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

improvement of the utilization efficiency of inputs due to the in
vention of new technologies or the improvement of traditional 
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 stimulating investment 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 
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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 MtCO2-eq, million tonnes of CO2 equivalents), where 
418 MtCO2-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 TP in a nation on 
GHG emissions of other nations. The TP in South Korea could con
tribute 227 MtCO2-eq of GHG emission increments in China (ac
counting for 2% of China’s GHG emissions). The TP in Japan 
would contribute 123 MtCO2-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 MtCO2-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 MtCO2-eq, ac
counting for 1% of China’s GHG emissions (Fig. S4). In particular, 
TP in this sector contributes 40, 32, and 13 MtCO2-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 MtCO2-eq of GHG emissions in China (ac
counting for 0.04% of China’s GHG emissions) and 2 MtCO2-eq of 
GHG emissions in Canada (accounting for 0.4% of Canada’s GHG 
emissions) (Fig. 1). For China, electricity (−4 Mt CO2-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 MtCO2-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 MtCO2-eq, accounting for 
1% of GHG emissions of Canada) are main sectors of GHG emission 
mitigation (Fig. S5B). TP in the petroleum and coal products sector 
in the United States could help reduce 6 MtCO2-eq and 5 MtCO2-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.

For a nation, TP could generate a global effect on GHG emission 
intensity through GVCs (Fig. 2). In a general equilibrium 
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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 tCO2-eq/Md 
(tonnes of CO2 equivalents/million dollars). On one hand, TP in 
the United Kingdom leads to significant sale increases in 

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.

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

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/9/pgad288/7274648 by U

niversity C
ollege London user on 02 O

ctober 2023



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 tCO2-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 MtCO2-eq 
of global GHG emission increments, and TP in construction 

sectors would contribute 34 MtCO2-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 MtCO2-eq of global GHG emis
sion increments, most of which occur domestically (468 
MtCO2-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 MtCO2-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 
MtCO2-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 MtCO2-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
ciary with a 4 MtCO2-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.

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.
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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 

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 result in 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 

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.

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.
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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 TP in 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
gies 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).
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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 
less inputs (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 θ in production functions and the 
global multiregional input–output (MRIO) data. The change of 
parameter θ 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 θ (θ ∈ {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 θ. Under the value volatility of 
the parameter θ, 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, 
it is 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 Baqaee 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 CO2, methane (CH4), nitrous oxide (N2O), and the group 
of fluorinated gases (F-gas) (Table S5). Sectoral CO2 emissions 
from fossil fuel combustion are obtained from the GTAP-E 
Data Base (41, 72), and CO2 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-CO2 emissions are obtained from 
Non-CO2 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 (Eqs. 
(1)–(18)), we keep the same settings with Baqaee 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 Eqs. (1) and (2):

max Uc(cc1, cc2, . . . , ccN), (1) 

􏽘N

j=1

pjccj =
􏽘F

f=1

wf Lcf + πc, (2) 

where Uc refers to a homothetic utility, pj is the price of goods j, ccj 

is consumer c’s consumption of goods j, wf is the price of factor f, 

Lcf is consumer c’s supply of factor f, and πc is consumer c’s share 

of profits.
The HA-IO matrix is defined to be the (C + N + F ) × (C + N + F ) 

matrix Ω, as shown in Eq. (3):

Ω =
O ΩCN O
O ΩNN ΩNF

O O O

⎛

⎝

⎞

⎠, (3) 

where Ω indicates the direct inputs 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 ΩCN is shown in Eq. (4):

ωci =
picci

􏽐N
i=1 picci

, (4) 
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where ωci indicates the share of goods i in consumer c’s expendi
tures, pi is the price of good i, and cci is consumer c’s consumption 
of goods i.

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

ω ji =
pix ji

sj
=

pix ji

pjyj
, (5) 

where ω ji indicates goods j’s expenditures on inputs from i as a share 

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

ω jf =
wf L jf

sj
=

wf L jf

pjyj
, (6) 

where ω jf 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):

Ψ = (I − Ω)−1, (7) 

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

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

ϕcf =
wf Lcf

wf Lf
, (8) 

where ϕcf 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):

λj =
pjyj

GDP
, (9) 

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

Λf =
wf Lf

GDP
, (10) 

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

λc
i =

􏽘N

j=1

ωcjψ ji, (11) 

where λc
i indicates the sum of all paths from producer i to consumer c 

weighted by that consumer’s size and ψ ji is the jith element of Ψ.

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

Λc
f =

􏽘N

j=1

ωcjψ jf , (12) 

where Λc
f indicates the sum of all paths from factor f to consumer 

c weighted by that consumer’s size and ψ jf is the jfth element 

of Ψ.
For each producer k, the constant elasticity substitution (CES) 

production function is shown in Eq. (13):

yk

y̅k
=

Ak

A̅k

􏽘F

f=1

ωkf
Lkf

L̅kf

􏼠 􏼡θk −1
θk

+
􏽘N+F

l=1

ωkl
xkl

x̅kl

􏼒 􏼓θk−1
θk

⎛

⎜
⎝

⎞

⎟
⎠

θk
θk−1

, (13) 

where yk is the total output of producer k, Ak 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 l ∈ F, xkl is the in
put of factor l to producer k and ωkl is the element of ΩNF. If l ∈ N, 
xkl is the intermediate input of goods of l to producer k and ωkl is 

the element of ΩNN. The notations y̅k, A̅k, and x̅kl refer to the total 
output, technology, and inputs of producer k in baseline year, re
spectively. The notation θk is the element of θ, 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):

d log λi

d logAk
=
􏽘

j

λj

λi
(θj − 1)CovΩ(j)

(Ψ(k), Ψ(i))

−
􏽘

g

􏽘

j

λj

λi
(θj − 1)CovΩ(j)

(Ψ(g), Ψ(i))
d log Λg

d log Ak

+
1
λi

􏽘

g

􏽘

c

(λc
i − λi)ϕcgΛg

d log Λg

d log Ak
, (14) 

where d log λi
d log Ak 

indicates the elasticities of sale shares or Domar 

weights of i to the technology of producer k and CovΩ(j)
(Ψ(k), Ψ(l)) 

is the input–output covariance, as shown in Eq. (15):

CovΩ(j) (Ψ(k), Ψ(l)) =
􏽘

i

ω jiψikψil −
􏽘

i

ω jiψik

􏼠 􏼡
􏽘

i

ω jiψil

􏼠 􏼡

, (15) 

where Ω(j) is the jth row of Ω and Ψ(k) and Ψ(l) are the kth and lth 

columns of Ψ, respectively.

Fig. 4. The analytical framework of the EE-HA-IO model.
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For the elasticities of factor shares to different productivities, it 
is shown in Eq. (16):

d log Λf

d logAk
=
􏽘

j

λj

Λf
(θj − 1)CovΩ(j)

(Ψ(k), Ψ(f ))

−
􏽘

g

􏽘

j

λj

Λf
(θj − 1)CovΩ(j)

(Ψ(g), Ψ(f ))
d log Λg

d log Ak

+
1

Λf

􏽘

g

􏽘

c

(Λc
f − Λf )ϕcgΛg

d log Λg

d log Ak
, (16) 

where 
d log Λf

d log Ak 
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 Eq. (17):

d logwf

d logAk
=

d log Λf

d log Ak
+

d log γ
d logAk

=
d log Λf

d logAk
+ λk, (17) 

where 
d log wf

d log Ak 
indicates the elasticities of wages of factor f to the 

technology of producer k and d log γ
d log Ak 

indicates the elasticities of ag

gregate output γ to the technology of producer k and is given by its 
Domar weight λk.

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

d log yi

d log Ak
=

d log si

d logAk
−

d log pi

d logAk
=

d log λi

d logAk
+

d log γ
d logAk

􏼒 􏼓

− −ψik +
􏽘

g

ψig
d log wg

d logAk

􏼠 􏼡

=
d log λi

d logAk
+ λk + ψik

−
􏽘

g

ψig
d logwg

d logAk
, (18) 

where d log yi
d log Ak 

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 that is 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 (TPk) is defined as one-percentage-point increase 
in the TFP of sector k, as shown in Eqs. (19) and (20):

TFPk = Ak, (19) 

TPk =△TFPk = 0.01 TFPk = 0.01 Ak. (20) 

For d log si
d log Ak

, 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 
i and k, the positive technological impact of sector k leads 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 sector i. 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 d log pi
d log Ak

, 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 
changes in 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 
i. 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 i is 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 = ek ×
yk

Ak
, (21) 

where Ek is the GHG emissions from producer k, ek is the GHG 

emission coefficient of producer k, and yk
Ak 

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):

d logEi

d logAk
=

d log yi

d logAk
− Ii,k, (22) 

where Ii,k is the ikth element of identity matrix I. Ii,k = 1 when i = k 

and Ii,k = 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):

M = Ê ×
d logE
d logA

, (23) 

where Ê 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 = M × 􏽤ΔA/A, (24) 

where 􏽤ΔA/A is the diagonalization of ΔA/A and ΔA/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:

T = ŝ ×
d log s
d logA

× ΔA/A, (25) 

where ŝ is the diagonalization of s.
The change in GHG emission intensity of producer i due to the 

change in productivity of producer k, Di,k, is given as follows:

Di,k =
Ei + Hi,k

si + Ti,k
−
Ei

si
, (26) 

where Hi,k and Ti,k are the ikth elements of matrixes H and T, 

respectively.
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Parameter calibration
In this study, the HA-IO matrix Ω comes from the global MRIO ta
ble derived from the GTAP (version 10) database (41, 72). 
Specifically, the matrix ΩCN is calculated based on the final de
mand matrix of the global MRIO table; the matrix ΩNN is calcu
lated based on the intermediate input matrix and the total 
output vector of the global MRIO table; and the matrix ΩNF 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 ΩNF, 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 1 in the matrix ΩNN (Table S7). In addition, val
ues of the vector θ are from Baqaee and Farhi (36). Other 
parameters are calculated based on the above parameters.
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