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Abstract. The expansion of trade and production networks under the Belt and 

Road Initiative (BRI) has strengthened economic cooperation while redistrib-

uting carbon emissions across national borders. This study quantifies embodied 

carbon flows among 60 BRI countries using environmentally extended multi-re-

gional input–output models for 2015 and 2023. The analysis draws on the 

EMERGING V2 database (245 economies, 133 sectors) and its corresponding 

sector-level CO₂ emissions inventory. Consumption-based emissions (CBE), 

production-based emissions (PBE), and national net embodied carbon balances 

are calculated to identify the distribution of carbon responsibilities within BRI 

supply chains. The results show that intra-BRI embodied carbon was highly con-

centrated in a few large economies. The results reveal that intra-BRI embodied 

carbon was highly concentrated. China recorded the highest CBE and PBE in 

both years, followed by India and Russia, with the emission levels of several 

major economies increasing markedly by 2023. Most countries were net embod-

ied carbon importers, although their share remained broadly stable, declining 

from 78.3% in 2015 to 76.7% in 2023. China remained a central node in the re-

gional carbon network: India and Russia were among its most important embod-

ied carbon partners, while India was its largest export destination. Moreover, the 

declining domestic-demand share of China’s PBE indicates the growing influ-

ence of final demand from other BRI countries. These findings provide evidence 

for differentiated mitigation responsibilities and stronger low-carbon cooperation 

along BRI supply chains. 
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The Belt and Road Initiative (BRI) has strengthened economic connectivity across 
Asia, Europe, Africa, and the Middle East through trade, investment, and infrastructure 
development. These expanding economic linkages can support industrialization and re-
gional development, but they may also increase energy demand and redistribute envi-
ronmental pressures through cross-border supply chains. In particular, the production 
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of traded goods and services generates carbon emissions in producing countries while 
satisfying consumption and investment demand elsewhere. Consequently, territorial 
emission inventories alone cannot fully reveal the allocation of carbon emissions and 
mitigation responsibilities within the BRI economic system. Previous research has also 
emphasized that the BRI’s environmental consequences require systematic assessment 
alongside its economic benefits [1][2]. 

International trade creates a spatial separation between the consumption of products 
and the emissions generated during their production. Under production-based account-
ing, emissions are attributed to the economies in which they physically occur. Con-
sumption-based accounting, by contrast, reallocates supply-chain emissions to the 
economies whose final demand ultimately drives production. Early studies demon-
strated that a substantial amount of CO₂ is embodied in international trade and that the 
choice of accounting principle can considerably affect the allocation of national emis-
sion responsibilities [3][4]. Emission transfers through international trade also in-
creased significantly during the expansion of global production networks, partially off-
setting territorial emission reductions in some importing economies [5]. These findings 
highlight the need to consider both production- and consumption-based perspectives 
when evaluating regional carbon responsibilities. 

Environmentally extended multi-regional input–output (EE-MRIO) analysis pro-
vides an appropriate framework for this purpose. By integrating intersectoral transac-
tions, interregional trade, final demand, and sector-level emission data, EE-MRIO mod-
els can trace both direct and indirect emissions throughout complex supply chains. Un-
like analyses based only on bilateral trade statistics, this approach captures emissions 
generated by upstream production stages and assigns them to the final consumers re-
sponsible for the associated demand [6]. The development of global MRIO databases 
with detailed geographical and sectoral coverage has further improved the ability to 
quantify environmental pressures embodied in international trade [7]. 

Although the literature on global embodied emissions is extensive, several issues 
remain relevant to the BRI context. First, BRI countries differ substantially in economic 
size, industrial structure, energy composition, and positions within regional value 
chains. Major manufacturing and resource-producing economies may bear considerable 
production-related emissions, whereas economies relying more heavily on imported 
products may shift part of their consumption-related carbon burden to trading partners. 
Second, the growth of trade among developing and emerging economies has altered the 
geography of global emissions. The expansion of South–South trade has increased the 
importance of developing countries as both producers and consumers in carbon-inten-
sive supply chains [8]. Third, many global databases provide less detailed or less relia-
ble information for small and medium-sized emerging economies, limiting the accurate 
representation of their roles in regional carbon flows. These issues make a BRI-focused 
assessment using a database with broad country coverage and detailed sectoral infor-
mation particularly valuable. 

This study therefore examines embodied carbon flows among 60 BRI countries in 
2015 and 2023 using an EE-MRIO model. The analysis is based on the EMERGING 
V2 database [9] and its accompanying CO₂ emissions inventory, covering 245 econo-
mies and 133 sectors. The original economic system is aggregated into 60 individual 
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BRI countries and one Rest of the World region. The study calculates CBE, PBE, and 
national net embodied carbon balances within the BRI system. China’s major embodied 
carbon import sources and export destinations are examined separately because of its 
central position in BRI production and trade networks. 

This study makes three main contributions. First, it provides a comparative assess-
ment of embodied carbon flows in 2015 and 2023, revealing changes in the distribution 
of consumption- and production-related emissions among BRI countries. Second, it 
identifies the relative positions of countries as net importers or exporters of embodied 
carbon, thereby illustrating the separation between consumption benefits and produc-
tion-side environmental burdens. Third, it evaluates China’s bilateral embodied carbon 
linkages with other BRI economies. The findings can provide empirical support for 
differentiated mitigation responsibilities, cleaner production cooperation, and coordi-
nated supply-chain decarbonization across BRI countries. 

2 Research Methods 

2.1 Data Sources and Research Scope 

This study employs the Multi-regional Input–Output Table for the Global Emerging 
Economies (EMERGING) V2 and its accompanying CO₂ emissions inventory. The da-
tabase [9] covers 245 economies and 133 production sectors, providing detailed infor-
mation on intermediate inputs, final demand, gross output, and interregional economic 
linkages. Compared with EMERGING 1.0, EMERGING V2 removes the original 27th 
sector and improves the calibration of the intermediate transaction matrix, import and 
export volumes, and gross output, particularly for the electricity, transportation, and 
energy sectors. The database also places particular emphasis on improving the repre-
sentation of small- and medium-sized emerging economies. 

Data for 2015 and 2023 are selected to conduct a comparative analysis. The main 
economic variables include the intermediate transaction matrix 𝑍𝑍, final demand matrix 
𝐹𝐹, and gross output vector 𝑋𝑋. The database also provides the ISO3 codes of the 245 
economies and detailed classifications of the 133 sectors. Using a consistent database 
and sectoral classification for both years facilitates the comparison of production link-
ages, final-demand drivers, and embodied carbon flows among Belt and Road Initiative 
(BRI) countries. The comparison is intended to identify structural changes between 
2015 and 2023 rather than establish the causal effects of any specific policy. Following 
the database's compilation convention, all monetary values in the EMERGING V2 ta-
bles are expressed in current prices, and no constant-price adjustment was applied in 
this study; the comparison between 2015 and 2023 therefore partly reflects price and 
exchange-rate movements in addition to real changes in production and demand. 

Sector-level emissions are obtained from the EMERGING CO₂ Inventory, which 
integrates emissions data from the International Energy Agency (IEA) database and the 
China Emission Accounts and Datasets (CEADs). It reports CO₂ emissions from fossil 
fuel combustion and energy consumption at the economy–sector level in million tonnes 
of CO₂ equivalent (Mt CO₂eq). The inventory distinguishes seven energy categories: 
(1) coal, (2) natural gas, (3) oil products, (4) crude oil, natural gas liquids, and refinery 
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feedstocks, (5) other energy sources, (6) oil shale and oil sands, and (7) peat and peat 
products. In this study, emissions from the seven energy categories are summed to ob-
tain the direct CO₂ emissions of each economy–sector unit. These emissions are subse-
quently matched with sectoral gross output to calculate direct carbon emission intensi-
ties. 

Regarding the geographical scope, 60 BRI countries are treated as individual re-
gions, while the remaining 185 economies are aggregated into a single Rest of the 
World (ROW) region. The original classification of 133 sectors is retained. Conse-
quently, the original 245-economy MRIO system is transformed into a system compris-
ing 60 BRI countries and one ROW region, with a total of 8113 region–sector units. 
The intermediate transaction matrix, final demand matrix, gross output vector, and sec-
toral emissions inventory are aggregated using the same regional classification for both 
2015 and 2023 to ensure temporal comparability. For final demand, the three categories 
reported for each economy are first summed and then aggregated into the corresponding 
61 destination regions. 

By integrating the MRIO tables with the sector-level CO₂ emissions inventory, this 
study constructs environmentally extended MRIO systems for 2015 and 2023. These 
systems are used to quantify the CO₂ emissions generated along domestic and interna-
tional supply chains to satisfy the final demand of BRI countries and to examine 
changes in the magnitude, direction, and spatial distribution of embodied carbon flows 
between the two years. 

2.2 Regional and Sectoral Aggregation 

To focus on embodied carbon flows among BRI countries, the 245 economies in the 
original EMERGING V2 database were aggregated into 61 regions. Sixty BRI coun-
tries were retained as individual regions, while the remaining 185 economies were com-
bined into a single ROW region. The original classification of 133 sectors was retained, 
resulting in 8,113 region–sector units 

The intermediate transaction matrix, gross output, final demand, and sectoral CO₂ 
emissions were aggregated according to this regional classification. Specifically, the 
intermediate inputs and gross outputs of economies assigned to ROW were summed by 
sector, while the corresponding data for each BRI country were retained separately. 
Sectoral CO₂ emissions from the seven energy categories were also summed to obtain 
the total direct emissions of each region–sector unit. 

The original database reports three final-demand categories for each economy, 
household final consumption expenditure, government final consumption expenditure, 
and gross capital formation, which were first summed to obtain each economy's total 
final demand and then aggregated into the 61 destination regions. The resulting final 
demand matrix therefore represents the demand of each BRI country and ROW for 
products supplied by all region–sector units. 

The same aggregation procedure was applied to the 2015 and 2023 datasets to ensure 
consistency and comparability between the two years. The final dataset thus consists of 
a 61-region and 133-sector environmentally extended input–output system, which 
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provides the basis for measuring embodied carbon flows among BRI countries while 
accounting for their economic linkages with the rest of the world. 

2.3 Environmentally Extended Multi-Regional Input–Output Model 

An environmentally extended multi-regional input–output (EE-MRIO) model was used 
to estimate the CO₂ emissions embodied in the final demand of BRI countries. All var-
iables refer to the aggregated input–output system comprising 60 BRI countries and the 
ROW, with 133 sectors in each region. 

The direct input coefficient matrix and the Leontief inverse are calculated as: 

 𝐀𝐀 = 𝐙𝐙 𝐗𝐗�−𝟏𝟏 ,   𝐋𝐋 = (𝐈𝐈 − 𝐀𝐀) −𝟏𝟏 (1) 

where 𝐙𝐙 is the intermediate transaction matrix, 𝐗𝐗 �  is the diagonal matrix of gross out-
put, and 𝐈𝐈 is the identity matrix. The direct input coefficient matrix 𝐀𝐀 represents the 
direct production inputs required among region–sector units, while the Leontief inverse 
𝐋𝐋  captures both direct and indirect production requirements throughout the supply 
chain. 

The direct CO₂ emission intensity of each region–sector unit is calculated by divid-
ing its direct CO₂ emissions by its gross output: 

 𝑒𝑒𝑖𝑖 = 𝑞𝑞𝑖𝑖
𝑥𝑥𝑖𝑖

 (2) 

where 𝑞𝑞 𝑖𝑖  and 𝑥𝑥 𝑖𝑖  denote the direct CO₂ emissions and gross output of region–sector 
𝑖𝑖, respectively. For region–sector units with zero gross output, the corresponding emis-
sion intensity is set to zero. 

The CO₂ emissions embodied in regional final demand are then estimated as: 

 𝐄𝐄 = 𝐞𝐞�𝐋𝐋𝐋𝐋 (3) 

where 𝐞𝐞� is the diagonal matrix of direct CO₂ emission intensities, 𝐋𝐋 is the regional 
final demand matrix, and 𝐄𝐄 is the embodied CO₂ emissions matrix. Each element 𝐸𝐸 𝑖𝑖𝑖𝑖 
represents the CO₂ emissions generated in region–sector 𝑖𝑖 to satisfy the final demand 
of region 𝑠𝑠, including emissions associated with both direct and indirect production 
activities throughout the supply chain. This framework links the location where emis-
sions are generated to the region whose final demand ultimately drives those emissions.  

2.4 Embodied Carbon Flow Measurement 

The sector-level embodied emissions obtained from the EE-MRIO model were aggre-
gated to the country level to construct an interregional embodied carbon flow matrix. 
The carbon flow from producing region 𝑟𝑟 to final-demand region 𝑠𝑠 is calculated as: 

 𝐺𝐺 𝑟𝑟𝑖𝑖 = ∑ 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖∈𝑟𝑟  (4) 

where 𝐸𝐸 𝑖𝑖𝑖𝑖  denotes the emissions generated in region–sector 𝑖𝑖 to satisfy the final de-
mand of region 𝑠𝑠. Thus, 𝐺𝐺 𝑟𝑟𝑖𝑖  represents the CO₂ emissions generated in region 𝑟𝑟 but 
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driven by the final demand of region 𝑠𝑠. The rows of the matrix indicate the locations 
where emissions are generated, while the columns indicate the destinations of final de-
mand. Diagonal elements represent emissions associated with domestic final demand, 
whereas off-diagonal elements represent embodied carbon flows between regions. 

The first 60 rows and columns of the resulting 61 × 61 matrix were retained to ex-
amine embodied carbon flows among BRI countries. The ROW region remained in the 
full model to account for supply-chain linkages between BRI countries and non-BRI 
economies. 

3 Results and Discussion 

3.1 Consumption- and Production-Based Emissions among BRI Countries 

Figure 1 presents the ten BRI countries with the highest CBE and PBE in 2015 and 
2023. CBE is calculated by summing each column of the embodied carbon flow matrix 
and represents the emissions generated within the BRI system to satisfy a country’s 
final demand. PBE is obtained by summing each row and represents the emissions gen-
erated within a country to satisfy final demand across the BRI countries. Because these 
estimates are derived from the 60 × 60 BRI carbon flow matrix, they exclude embod-
ied carbon flows between BRI countries and the Rest of the World. 

 
Fig. 1. Top ten BRI countries by CBE and PBE in 2015 and 2023. Note: CBE and PBE cover 
embodied carbon flows among the 60 BRI countries and exclude flows involving the Rest of 

the World. Unit: Mt CO₂eq. 
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The results show that intra-BRI embodied carbon was highly concentrated in a few 
large economies. The results reveal that intra-BRI embodied carbon was highly con-
centrated. China had by far the highest CBE and PBE in both years. In 2015, China’s 
CBE was approximately 6,800 Mt CO₂eq, while its PBE was about 7,000 Mt CO₂eq. 
India and Russia ranked second and third, but their emission levels were substantially 
lower than those of China. Saudi Arabia, Indonesia, Iran, Türkiye, Poland, and Egypt 
also appeared among the ten largest emitters under both accounting approaches. This 
pattern highlights the dominant roles of large economies and major industrial and en-
ergy producers in BRI production and consumption networks. The concentration be-
came more pronounced by 2023. China’s CBE increased to approximately 8,500 Mt 
CO₂eq, while its PBE reached nearly 9,000 Mt CO₂eq. India’s CBE and PBE both ex-
ceeded 2,000 Mt CO₂eq, and Russia remained the third-largest country under both 
measures. Iran and Indonesia also recorded notable increases and moved ahead of Saudi 
Arabia in the rankings. These changes suggest that the expansion of final demand and 
production activities in major BRI economies was accompanied by a substantial in-
crease in supply-chain-related emissions. 

The composition of the top ten countries was generally stable, although some differ-
ences emerged between CBE and PBE. In 2023, Viet Nam and Poland entered among 
the leading countries in CBE, reflecting the importance of their final demand in driving 
emissions within BRI supply chains. By contrast, Malaysia and Kazakhstan entered the 
top ten for PBE, indicating their relatively stronger roles as production locations serving 
final demand in other BRI countries. Similarly, Thailand appeared in the 2015 PBE 
ranking but not in the corresponding CBE ranking. These differences demonstrate that 
the geographical distribution of consumption-driven emissions does not fully coincide 
with that of production-related emission burdens. 

3.2 Net Embodied Carbon Balance among BRI Countries 

Figure 2 compares the proportions of net embodied carbon-importing and exporting 
countries within the BRI system in 2015 and 2023. Countries with CBE exceeding PBE 
are classified as net carbon importers, while those with PBE exceeding CBE are clas-
sified as net carbon exporters. In 2015, net carbon importers accounted for 78.3% of 
the 60 BRI countries, compared with 21.7% for net exporters. In 2023, the respective 
shares were 76.7% and 23.3%. 

The results indicate that most BRI countries relied on emissions generated in other 
BRI economies to satisfy their final demand, while production-related emissions were 
concentrated in a relatively small group of net-exporting countries. The slight increase 
in the share of net exporters suggests a limited shift in the distribution of production-
related carbon burdens between 2015 and 2023. However, these percentages represent 
the number of countries in each category rather than their shares of total embodied 
carbon flows, and they exclude flows involving the Rest of the World. 
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Fig. 2. Shares of BRI countries classified as net embodied carbon importers and exporters in 

2015 and 2023. A positive CBE–PBE balance indicates a net embodied carbon importer, 
whereas a negative balance indicates a net embodied carbon exporter. 

3.3 China’s Embodied Carbon Linkages with BRI Countries 

Figure 3 presents China’s ten largest embodied carbon import sources and export des-
tinations among BRI countries in 2015 and 2023. Embodied carbon imports refer to 
emissions generated in other BRI countries to satisfy China’s final demand, whereas 
embodied carbon exports refer to emissions generated in China to satisfy the final de-
mand of other BRI countries. The results therefore describe China’s bilateral embodied 
carbon linkages within the BRI system and exclude flows involving the Rest of the 
World. 

 
Fig. 3. China’s ten largest embodied carbon import sources and export destinations among BRI 

countries in 2015 and 2023. 
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In 2015, Russia was China’s largest source of embodied carbon imports, followed 
by India, Iran, and Singapore. By 2023, India had become the largest source, with Rus-
sia ranking second, while Singapore, Indonesia, and Vietnam also contributed substan-
tially. Embodied carbon imports from India and Russia increased noticeably over the 
study period. These patterns may be associated with China’s demand for energy, raw 
materials, intermediate inputs, and carbon-intensive products supplied by major BRI 
economies. 

India was the largest destination for China’s embodied carbon exports in both years. 
In 2015, it was followed by Indonesia, Vietnam, and Russia, while in 2023 Russia rose 
to second place, followed by Indonesia and Vietnam. China’s embodied carbon exports 
to India and Russia increased particularly strongly between 2015 and 2023. This growth 
indicates that final demand in these economies played an increasingly important role in 
driving production and associated emissions in China. Overall, the bilateral results 
highlight China’s dual position as both a major consumer of carbon-intensive products 
from other BRI countries and an important production center serving their final de-
mand. 

Table 1. Domestic contribution to China's intra-BRI emissions 

Indicator 2015 2023 Change 
Domestic emissions as a share of China’s CBE 96.03% 95.79% -0.24 

Domestic-demand-driven emissions as a share of 
China’s PBE 

93.13% 91.14% -1.99 

Despite these cross-border linkages, China's intra-BRI carbon emissions remained 
predominantly domestic (Table 1). Emissions generated in China for its own final de-
mand accounted for 96.03% of China’s CBE in 2015 and 95.79% in 2023. Meanwhile, 
China’s own final demand accounted for 93.13% of its PBE in 2015, decreasing to 
91.14% in 2023. The relatively small decline in the domestic share of CBE indicates a 
modest increase in China’s reliance on emissions generated in other BRI countries. The 
larger decline in the domestic-demand share of PBE suggests that final demand from 
other BRI countries became increasingly important in driving emissions generated in 
China. 

4 Conclusion 

This study applied an environmentally extended multi-regional input–output model to 
examine embodied carbon flows among 60 BRI countries in 2015 and 2023. Based on 
the EMERGING V2 database and its sector-level CO₂ inventory, CBE, PBE, net em-
bodied carbon balances, and China’s bilateral carbon linkages were evaluated. The re-
sults reveal that intra-BRI embodied carbon flows were highly concentrated. China rec-
orded the highest CBE and PBE in both years, followed by other major economies such 
as India and Russia. The substantial growth in emissions among several leading econ-
omies indicates the increasing importance of final demand, industrial production, and 
regional supply-chain connections in shaping the BRI carbon footprint. 
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Most BRI countries were net embodied carbon importers. On a country-count basis, 
net importers fell marginally from 78.3% to 76.7% between 2015 and 2023, while net 
exporters rose from 21.7% to 23.3%. The distribution thus remained broadly stable, 
indicating that production-side burdens stayed concentrated in a few manufacturing-, 
resource-, and energy-intensive economies, with only a limited shift in the geography 
of emission-intensive production. 

China played a dual role as both a major final-demand market and a central produc-
tion hub. Russia, India, Iran, and Singapore were important sources of China’s embod-
ied carbon imports, while India remained its largest embodied carbon export destina-
tion. China’s emissions were nevertheless predominantly driven by domestic produc-
tion and demand. Domestic emissions accounted for approximately 96% of China's in-
tra-BRI CBE in both years, whereas the domestic-demand share of its PBE declined 
from 93.13% to 91.14%. This decline indicates the growing influence of other BRI 
countries’ final demand on emissions generated in China. 

These findings highlight the need for coordinated carbon mitigation across BRI sup-
ply chains. Major producing economies should accelerate energy transition and im-
prove industrial efficiency, while major consuming economies should address the up-
stream emissions associated with their final demand. Technology transfer, cleaner en-
ergy investment, and shared supply-chain carbon-accounting standards could support a 
more equitable distribution of mitigation responsibilities. However, the analysis covers 
embodied carbon flows among BRI countries only and excludes direct flows involving 
the Rest of the World. Future research could incorporate global linkages, sector-specific 
pathways, economic and population normalization, and structural decomposition to 
identify the drivers of observed changes more precisely. 
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