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ABSTRACT: The Belt and Road Initiative (BRI), the world’s largest ongoing
infrastructure endeavor, tackles urgent development needs in underserved
regions. However, its construction phase, especially material extraction and
processing, may have far-reaching climate implications that remain poorly
known. Here, we present the first global, project-level assessment of
greenhouse gas (GHG) emissions embodied in the construction of over 700
individual BRI projects (2008−2024) across 105 countries. By integrating a
detailed project data set with a physically grounded global supply chain model
that captures material-specific sourcing patterns, we estimate 134 Mt of CO2
equiv emissions, around half of which occur outside the project host countries.
This reveals the previously unquantified global supply chain reach of the BRI.
Depending on operational performance, BRI renewable energy projects may
achieve emission reductions comparable in scale to the construction-phase
emissions within 2 years. Our results underscore the need and opportunity to embed cleaner material sourcing and sustainability
assessment into BRI and other transnational infrastructure efforts.
KEYWORDS: infrastructure, embodied environmental impacts, climate change mitigation, global supply chain

1. INTRODUCTION
Infrastructure is foundational to economic growth and societal
quality of life, enabling access to essential services, like energy,
transport, and water.1 In low- and middle-income countries,
infrastructure deficits have long been recognized as a key
bottleneck to achieving development goals.2,3 However,
infrastructure construction is inherently material-intensive
and contributes substantially to global greenhouse gas
(GHG) emissions through the extraction, processing, and
transport of construction materials.4−6 As climate commit-
ments intensify globally, reconciling the urgent need to close
infrastructure gaps in underserved regions with the imperative
of environmental sustainability emerges as a defining challenge.

The Belt and Road Initiative (BRI), launched by China in
2013, is the largest transnational infrastructure endeavor in
history.7,8 With projects spanning over 150 countries, mainly in
low- and middle-income countries, the BRI channels large-
scale investments into roads, railways, energy systems, and
industrial facilities.9 While early discussions focused on
geopolitical,10 economic,11 and policy12 dimensions, recent
studies have highlighted the BRI’s environmental implica-
tions,13−17 such as deforestation, biodiversity loss, and climate
impacts.8,18

However, much of the existing literature evaluates the
initiative at an aggregated, economy-wide level. These studies
typically examine carbon implications through macroeconomic
channels such as foreign direct investment (FDI), trade-
embodied emissions, structural decomposition analysis, or
demand-driven carbon footprints.19−23 While such approaches
provide valuable insights into emission flows associated with
trade, investment, and economic growth, they primarily assess
annual territorial or consumption-based emissions at the
national or regional scale. This framing, although important,
can obscure how the initiative is implemented in practice, i.e.,
through physical infrastructure projects on the ground, and
makes it difficult to distinguish BRI’s specific contributions
from those of broader development efforts.24 These macro-
level analyses may also mask the diversity of physical
infrastructure types and scales, limiting the assessments of
both environmental footprints and mitigation priorities. In
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addition, renewable energy projects developed under the BRI
hold mitigation potential that could support global climate
goals.25,26 However, project-level assessments of the BRI’s
climate effects remain scarce, largely due to the lack of
consistent project data24 and an analytical framework capable
of linking physical infrastructure characteristics to supply chain
emissions across countries.27

Furthermore, while the emission impacts of global supply
chains have been highlighted in many sectors, understanding of
the magnitude, spatial distribution, and key drivers, such as
infrastructure types and material sourcing patterns, of the
transboundary emissions associated with infrastructure projects
remains limited. Many BRI projects rely on carbon-intensive
construction materials, such as steel and copper,22 which are
often produced outside the project host countries where the
infrastructure is physically constructed. This creates a spatial
disconnect between where infrastructure services are delivered
and where the associated carbon emissions, particularly from
construction material extraction and processing, are incurred,
often spanning multiple international jurisdictions. Without
this understanding, public and private infrastructure decision-
makers lack the evidence needed to identify emissions
hotspots, target material-related mitigation opportunities, and
design climate-compatible infrastructure systems that reflect
transboundary supply chain impacts.24,28−30

In this study, we address these critical gaps by providing the
first global, project-level estimates of GHG emissions
embodied in the construction of BRI infrastructure projects.
The embodied emissions include both on-site emissions and
upstream emissions from material extraction, processing, and
transport. To achieve this, we compile a data set detailing the
physical characteristics of over 700 BRI projects built from
2008 to 2024, spanning 28 infrastructure types and 4 main
infrastructure service sectors (transport, electricity, building,
and water) across 105 countries. We integrate this data set
with a newly developed multiregional input−output (MRIO)
framework that traces global commodity flows in hybrid
physical−monetary units and links them to production-based
emissions, enabling consistent attribution of embodied
emissions to specific materials and producing countries. This
methodological approach, combining detailed project-level
data with comprehensive global supply chain tracing, allows
us to capture both the heterogeneity of infrastructure
development and the transboundary nature of embodied
emissions, connecting emissions from project host countries to
the geographic origins of those materials. Finally, we assess the
emission reduction potential of BRI renewable energy projects
by estimating the magnitude of operational-phase emission
reduction under four performance scenarios reflecting a wide
range of technology and capacity factor assumptions. Together,
these analyses offer a comprehensive and spatially explicit
assessment of BRI’s climate impacts, providing new evidence
and an integrated methodological approach to inform more
sustainable infrastructure planning and equitable global climate
governance.

2. METHODOLOGY
We estimate GHG emissions embodied in the construction of
over 700 BRI infrastructure projects from 2008 to 2024,
covering the life cycle from raw material extraction to the end
of construction (i.e., upfront embodied emissions). The
accounting framework consists of four main steps: (1) project
compilation and material quantification, (2) estimation of

embodied emissions from material provisioning and on-site
construction, (3) transboundary supply chain attribution, and
(4) estimation of operational emission-reduction potential
from renewable projects.
2.1. Compiling the BRI Project Data Set and Estimating
Material Use

We build on and extend our existing method24 to compile a
data set of BRI infrastructure projects constructed from 2008
to 2024. All project-level information was sourced from BRI’s
official Web site31 supplemented through data from related
construction companies. We initially identified 800 BRI
projects across 108 countries. Of these, 706 projects contained
sufficiently detailed information on physical quantities and
infrastructure characteristics to allow material and emissions
accounting; the remaining 94 projects lacked essential
information (e.g., missing dimensions and unclear construction
scope) and were therefore documented but excluded from
quantitative analysis. Several of the 706 projects comprise
multiple infrastructure components (e.g., airport terminals and
runways), which we treat as separate project units for material
and emissions estimation. After this disaggregation, the final
analysis includes 735 project components in 105 countries. We
categorized these components into 28 infrastructure types and
four main infrastructure service sectors: transport, electricity,
buildings, and water.

Following established material stock accounting meth-
ods,32,33 we estimate the material use associate with each
project based on its physical dimensions and infrastructure
type. Specifically, we quantify 12 types of construction
materials and group them into five categories for presentation:
steel, cement, Cu and Al (copper and aluminum), aggregates
(sand and stone), and other construction materials (bitumen,
ceramics, bricks, plastics, wood, and glass). To calculate the
material stock (MS) of material i of a project in infrastructure
type p constructed in country j, we apply the corresponding
accounting unit (AU), e.g., km for railway and m2 for buildings,
and material intensity coefficients (MICs) as in eq 1. All
subsequent scalar multiplication is denoted by “×”, while
matrix multiplication is denoted by “·”.

= ×MS AU MICi p j p j i p, , , , (1)

We largely adopt the same archetype classifications and MICs
as our previous work, with minor adjustments based on
updated data sources (detailed in Table S1 of the Supporting
Information). For aggregates, we assume a simplified allocation
by splitting the total quantity evenly between stone and sand to
enable material-specific emission tracing. A sensitivity analysis
varying the stone and sand split changes total supply chain
embodied emissions by negligible share (Table S2), confirming
its limited influence on aggregate results.
2.2. Estimating Embodied Emissions from Material
Provisioning and On-Site Construction

We estimate the GHG emissions embodied in the construction
of BRI infrastructure projects by quantifying two components:
(1) emissions from material provisioning, and (2) emissions
from on-site construction activities. Material provisioning
emissions represent cradle-to-gate impacts associated with
upstream extraction, processing, and supply chain inputs of
construction materials, while on-site emissions arise from
project-level construction activities occurring after material
delivery. These two components therefore correspond to
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sequential and non-overlapping stages of the construction life
cycle.

2.2.1. Emissions from Material Provisioning. We
quantify the global supply chain-wide emissions embodied in
construction materials by applying country-specific, market-
weighted emission factors to the material stock quantities
obtained above

_ = × _GHG material MS EF marketi p j i p j i j, , , , , (2)

The market-weighted emission factors, expressed in kilograms
of CO2 equivalent per kilogram of material and denoted as
EF_marketi,j, represent the average cradle-to-market emission
intensity of material i used in project host country j based on
year 2016.

To construct these factors, we follow a two-step procedure
using production and trade matrices obtained from the
BONSAI,34 a newly developed global hybrid Supply−Use
Table-based Multi-Regional Input−Output (SUT−MRIO)
database which covers footprint for over 1200 products in 50
regions/countries based on European Classification of
Products by Activity. First, we match the material types in
our project database to BONSAI’s material definitions and
match the countries according to BONSAI classification
(Tables S3 and S4). For each material i, we derive a
production matrix (Pi), which captures 50 regions’ contribu-
tions to the upstream GHG emissions embodied in 1 kg of
material produced in each producing country. This includes
both direct and indirect emissions along global supply chains
(e.g., steel produced in China may include coke from Brazil,
chemical inputs from Russia, and machinery from South
Korea). Second, we obtain a market matrix (Mi), which
represents the sourcing composition of material i used in 50
BONSAI region, i.e., the share of imports from each producing
country. Multiplying the production and market matrices
yields a supply chain emission matrix (Si) (eq 3), indicating the
contribution of each of the 50 regions of GHG emissions
associated with 1 kg of material i used in each BONSAI region.

= ·S P Mi i i (3)

As we have 105 BRI economies in our scope of projects, we
assign the according column from Si based on how BONSAI
categorizes these countries. For instance, Nigeria and Angola
are not in the BONSAI country/region list, so we assign the
column for “Rest of Africa” to them; Brazil has its own column
in Si, then we can directly use this column. By doing so, we get
the consumption contribution matrix for all BRI economies,
S_BRIi (50 × 105), which details the contribution of 50
world’s regions/countries to 1 kg of material consumed in each
project country. The sum of jth column in S_BRIi results in the
market emission factor of material i in project host country j
(EF_marketi,j). These cradle-to-gate emission factors obtained
from the BONSAI SUT−MRIO framework cover emissions
from material extraction, production, upstream supply chain
inputs, and trade-related transport embodied in the material
supply chains, but do not explicitly model project-specific
domestic delivery to construction sites. Emissions associated
with the final usage of the materials and other on-site
production activities are modeled separately as explained
below.

While BONSAI is a relatively new MRIO framework, its
construction follows established principles of supply use
balancing and physically defined product systems rather than
monetary sector averages. It offers globally consistent,

regionally differentiated emission factors in physical units,
which is particularly relevant for infrastructure-related assess-
ments where physical material flows dominate environmental
impacts. Detailed BONSAI methodological documentation is
fully transparent and available in its official platform35 and
developers’ page.36

2.2.2. Emissions from On-Site Construction. We
estimate the emissions from on-site construction activities
(e.g., earthworks, machinery use, and energy use) based on
infrastructure-specific accounting units (e.g., buildings and
roads measured in m2 of area, railway measured in km of
length). The on-site emission factors (EF_onsitep) are drawn
from Ecoinvent database37 and supplemented by estimates
from the literature (see Table S5). On-site construction
emissions represent A5-stage38 project-level activities during
infrastructure assembly, including machinery operation, on-site
energy use, and construction fuel combustion occurring after
material delivery.. The on-site construction emissions for
infrastructure type p located in project host country j are
calculated as

_ = × _GHG onsite AU EF onsitep j p j p, , (4)

2.2.3. Total Embodied Emissions. We sum the GHG
emissions from material provisioning and on-site construction
to obtain the total embodied emissions for infrastructure type p
located in each project host country j.

_ = _ + _GHG total GHG material GHG onsitep j
i

i p j p j, , , ,

(5)

The GHG emissions can be further aggregated by infra-
structure type (GHG_totalp), project host country (GHG_to-
talj), and main infrastructure service sector (GHG_totals), to
enable analysis by geography, infrastructure type, and service
provision.
2.3. Tracing the Geographic Origins of Embodied
Emissions

2.3.1. Emission Sources of Each Material. First, we
organize the material stocks we calculated into material bills
listing the total weight of each material in the 105 project
countries. For material i, we have the material bill as a vector
(Vi), dimension of which is 105 × 1. We calculate the
contribution (V_mi) of all 50 world regions/countries for
material i used in project countries as follows:

_ = _ ·V S Vm BRIi i i (6)

V_mi is a 50 × 1 vector specifying the contribution of 50
countries/regions for material i consumed in all project
countries. The sum of this vector means the total emission
from providing material i in all BRI projects. We can further
get the matrix of source country’s contribution to material
(C_m) to by stacking V_mi horizontally as follows:

_ = [ _ _ _ ]C V V Vm m m m1 2 12 (7)

C_m is a 50 × 12 matrix, and each row column stands for a
source country/region’s contribution for 12 materials.

2.3.2. Emission Source of Each Project Country. To
trace the country-to-country emission source, we need to
distinguish each source region/country’s contribution in each
material in 105 project countries. We calculate the
contribution for material i (Ci) as follows:

= _ ·C S VBRI diag( )i i i (8)
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Ci is a 50 × 105 matrix, each column in Ci stands for
contribution of 50 countries/regions for providing material i in
one project country. The diag(Vi) is converting Vi into a 105 ×
105 diagonal matrix. Then aggregating the detailed contribu-
tion bill results in the total contribution of one source country
to one project country as in eq 9.

_ =C Cc
i

i
(9)

C_c is a 50 × 105 matrix, and the element of C_c in rth row,
jth column specifies the total contribution of source country/
region r to project country j. The tracing framework is
presented in the Figure S1.
2.4. Estimating Operational Emission Reduction Potential
To assess the emission reduction potential of BRI, we estimate
the annual emissions that could be avoided by renewable
energy projects within the BRI. We compile 143 renewable
energy projects in 58 project host countries, detailing each
project’s location, technology type (e.g., solar PV, off-shore
wind, and hydro), and installed capacity.

First, for renewable energy project type p in project host
country j, we calculate its possible electricity generation per
year (Electricity_genp,j) as

_ = × × × _Electricity gen Capacity 365 24 Cap factorp j p j p, ,

(10)

where Capacityp,j is installed capacity (kW) and Cap_factorp is
the type-specific capacity factor, capturing a range of real-world

operational efficiency39,40 (Table S6). The use of average grid
emission intensity reflects an attributional displacement
assumption and does not attempt to model marginal
generation responses or future demand growth. Capacity
factors are specified as technology-level ranges derived from
internationally reported operating data (e.g., IRENA39). While
not location-specific to individual projects, the selected low−
high bounds span commonly reported performance ranges for
renewable technologies41 and capture geographic variability
across diverse operating contexts, including many BRI host
countries.

Next, following an existing method,26 we estimate the annual
GHG emissions reduction from these renewable energy
projects by comparing the average emission intensity of
operating existing power mix in country j (EFj; see Table S7)
with that of operating renewable type p (EFp,j).

_ = _ ×GHG reduction Electricity gen (EF EF )p j p j j p j, , ,

(11)

Both emission factors are in kg of CO2 equiv per kWh. For
each renewable project type p, we consider a range of potential
estimates for EFp,j (Table S6). Given the multicountry scope of
the BRI portfolio and the absence of consistent marginal
generation data sets across host countries, an attributional
approach based on average grid intensity provides a
harmonized and transparent reference framework for com-
parative assessment.

Figure 1. Cumulative GHG emissions embodied in the construction of 706 BRI infrastructure projects between 2008 and 2024. Emissions include
those from on-site construction activities and those from material extraction, processing, and transport. The numbers in the legend indicate the
number of BRI projects per infrastructure type by 2024. The pie chart shows the sectoral breakdown of cumulative emissions across the four
infrastructure service sectors.
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We then sum the annual emission reduction across all
renewable projects to estimate the total emission potential
reduction (eq 12).

_ = _GHG reduction GHG reduction
p j

p j
,

,
(12)

To assess uncertainty and variability, we define scenario
frameworks for material sourcing pathways and four opera-
tional performance settings.
2.5. Scenario Assumptions

To assess uncertainty and structural variability, we construct
alternative scenarios for material sourcing and renewable
operation. Each scenario modifies specific model parameters
while holding other components constant, allowing us to
isolate the influence of individual assumptions on total
embodied emissions and transboundary attribution.

2.5.1. Material Sourcing Scenarios. Material sourcing
scenarios explore how alternative sourcing patterns affect
embodied emissions while keeping total material demand
constant. These scenarios modify the emission intensities
associated with material production to represent sourcing from
lower or higher intensity producers, or exclusively from
domestic production.

In the min-sourcing scenario, materials are hypothetically
sourced from the lowest emission producers among the 50
BONSAI regions. In the max-sourcing scenario, materials are
sourced from the highest-emission producers. In the locally
produced scenario, materials are assumed to be produced
domestically in the project host country; if no domestic
production exists for a given material, the global average
production intensity is applied as a proxy.

2.5.2. Operational Performance Scenarios. Operational
performance scenarios modify two parameters in eqs 10 and
11: the capacity factor (Cap_factorp) and the emission
intensity of renewable generation (EFp,j), while keeping
installed capacity constant.

LowTech−LowCapacity: Upper-bound emission intensity
with lower-bound capacity factor.

LowTech−HighCapacity: Upper-bound emission intensity
with upper-bound capacity factor.

HighTech−LowCapacity: Lower-bound emission intensity
with lower-bound capacity factor.

HighTech−HighCapacity: Lower-bound emission intensity
with upper-bound capacity factor.

The capacity factor and emission intensity bounds are
derived from literature ranges (Table S6). These scenarios
provide a structured range of plausible operational outcomes

Figure 2. Sankey diagram of transboundary GHG emissions (Mt of CO2 equiv) embodied in the construction of 706 BRI projects, linking emitting
countries/regions (left) to infrastructure systems, characterized by their in-use material stocks, service sectors, and host countries (right). “Project
regions” (in varying shades of purple) refer to countries that host BRI projects, while “non-project regions” (in gray; China in dark gray) are those
without any such projects, typically excluded from conventional BRI analyses. Due to the resolution of the underlying supply chain data set, when
tracing to emission sources, some non-project countries (e.g., Bhutan and Togo) are aggregated with project countries (e.g., Pakistan) into regional
clusters (e.g., Rest of Asia and Pacific; see Table S4) and treated as project regions (e.g., Project region and Asia-Pacific). This treatment renders
our estimates of BRI’s global supply chain outreach conservative, as some emissions from non-project countries are attributed to project regions.
Flows in the diagram are color-coded to reflect the emission drivers on the left-hand side. For example, emissions embodied in Pakistan’s BRI
projects primarily stem from renewable energy development, and emissions embodied in renewable energy projects largely originate from steel and
cement. For presentation purposes, the Sankey diagram aggregates regions, infrastructure types, and materials (“Other materials” include bitumen,
ceramics, bricks, plastics, wood, and glass).
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without altering installed capacity or project portfolio
composition.

3. RESULTS

3.1. Total and Pattern of Embodied GHG Emissions of BRI
Constructing the 706 BRI projects included in the accounting
data set from 2008 to 2024 has led to 134 million tonnes (Mt)
of CO2 equiv GHG emissions (Figure 1). This includes both
emissions from producing construction materials along the
supply chain and those from on-site construction for 165 km2

of roads, 13 thousand kilometers of railway, and 84 GW of
energy production infrastructure along with other infra-
structure such as buildings and water systems constructed
globally. Before 2013, the official launch of the BRI, the
cumulative emissions increased slowly as only a handful of
projects were added each year. Following the official launch,
the cumulative emissions grew significantly faster over the next
decade. For example, embodied emissions reached approx-
imately 22 Mt of CO2 equiv in 2016 (78 cumulative projects),
but nearly tripled to 62 Mt of CO2 equiv by 2020 (317
cumulative projects) (Table S8). Within the subsequent three
years, the cumulative emissions further doubled to around 125
Mt of CO2 equiv by 2023, corresponding to 656 cumulative
projects. Although emissions appeared to slightly slow down
from 2022 onward, this should not be interpreted as a
slowdown of BRI. The surge in 2021−2022 partly reflects
projects that were delayed during the pandemic and
subsequently concentrated into those two years, and the
milder growth after 2022 aligns with the policy shift toward
“small yet smart” projects42 rather than a reduction in overall
activity.

The construction of transport infrastructure is the dominant
source. By 2024, it contributed approximately 54% of the total
cumulative emissions (73 Mt of CO2 equiv). Within this
sector, 74% of the emissions (54 Mt of CO2 equiv) were for
road construction, including highways and secondary roads.
Railways were the second-largest source within transport,
responsible for about 12 Mt of CO2 equiv Urban rail systems,
including metro and light rail, and other types of transport
infrastructure, such as bridges and airport runways, together
had a relatively small share, contributing around 7 Mt of CO2
equiv in total (Figure S2).

Electricity infrastructure, which accounts for 27% of BRI
projects by number, has also been a major source of the
cumulative embodied emissions (32% or 42 Mt of CO2 equiv).
Notably, 83% of these emissions are attributable to renewable
energy projects, mainly hydropower (21 Mt of CO2 equiv),
solar PV (11 Mt of CO2 equiv), and onshore wind (3 Mt of
CO2 equiv) (Figure S2). Construction of thermal power plants
was responsible for approximately 6 Mt of CO2 equiv. In
comparison, buildings and water systems contribute a smaller
share due to their relatively limited scale, totaling 19 Mt of
CO2 equiv, primarily from schools (7 Mt of CO2 equiv) and
residential buildings (5 Mt of CO2 equiv).
3.2. Transboundary Supply Chain Emissions of BRI
Infrastructure
Most of the embodied emissions (126 Mt of CO2 equiv, 94%)
are associated with the extraction, processing, and transport of
construction materials, with the remaining 6% arising from on-
site construction activities. Tracing these emissions from
project host countries through infrastructure service sectors,
their in-use material stocks, and upstream material supply

chains reveals that around half of the emissions originated
outside the project host countries, underscoring the globalized
nature of BRI infrastructure (Figure 2). That is, BRI exerts
substantial indirect economic and environmental impacts that
reach beyond the conventionally recognized host countries.
Among the non-project countries, China stands out, both as
the BRI’s principal proponent and a key material supplier due
to its geographic proximity to many major host countries,
contributing around 31% of the total embodied emissions. A
further 15% of emissions came from other non-project
countries across the world, including those without any formal
BRI engagement. This global reach is broader than generally
acknowledged, and is likely still underestimated. The supply
chain data set groups smaller countries, including both project
and non-project countries, into regional clusters, which we
treat as project regions when accounting for emission sources.
Nonetheless, this should have minimal impact on the results, as
the aggregated non-project countries are small economies.

Since these emissions are tied to material use, their
geographic distribution reflects the local availability of
construction materials and the types of infrastructures being
built. By material type, approximately 60% of the production-
related emissions from metals, specifically steel, aluminum, and
copper, occurred outside the project countries (Figure 2 and
Figure S3). For steel, China was the dominant source,
accounting for roughly half of its associated emissions.
Consequently, China is the primary emission source country
for most project countries. In the case of copper and
aluminum, Australia, formally a non-project country, contrib-
utes one-third of the emissions associated with the material
provision. For example, much of the emissions were traced
from mining activities in Australia to solar PV projects in the
United Arab Emirates as copper and aluminum are key
components of renewable energy technologies. In contrast,
only 15% of cement-related emissions are outsourced, since
cement is typically sourced within a country.

Regional patterns in GHG emissions of BRI projects also
reveal how infrastructure construction reflects local develop-
ment priorities. In Asia and the Middle East, where energy
access remains a key concern, renewable energy projects
contributed to around 40% of total emissions, reflecting a
regional emphasis on energy infrastructure. By contrast, over
two-thirds of emissions from projects in Africa and Latin
America originated from the construction of transport
infrastructure, aligning with a need to enhance physical
connectivity. These differences highlight that the BRI does
not follow a uniform investment model, but rather adapts to
regional contexts by supporting the types of infrastructure
most needed in each location. Hence, their associated
emissions and emission sources, and potential reduction
strategies, must reflect this.
3.3. Modeled Emission Reduction Potential of BRI
Renewable Energy Projects

To assess the potential contributions of BRI renewable energy
projects to the global emission reduction effort, we estimate
the annual operational-phase emission reduction by those
projects under a range of operational scenarios (Figure 3).
Depending on assumptions such as capacity factor and
technology type, the potential emission reductions range
from 75 to 148 Mt of CO2 equiv per year. When
contextualized against the total embodied emissions of all
706 projects, these potential annual reductions approach or
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exceed the construction-related emissions within two years.
These estimates assume displacement of the average grid
emission intensity in each host country, consistent with an
attributional accounting approach. They therefore represent
modeled potential reductions rather than realized or
consequential outcomes, which would depend on marginal
generation dynamics and power system evolution. Accordingly,
the results should be interpreted as illustrative portfolio-level
estimates rather than project-specific or decision-grade
projections.

The modeled annual GHG emission reduction of BRI
renewable energy projects vary substantially across the four
operational scenarios, which differ only in capacity factor and
renewable emission intensity parameters while holding
installed capacity constant. Of the two performance parameters
we examined, capacity factor, which measures the fraction of
electricity actually generated relative to a plant’s maximum
output, has the greater influence. Under high-capacity
conditions, annual emission reductions reach 148 Mt of CO2
equiv for HighTech systems, compared to 85 Mt of CO2 equiv
under low-capacity conditions (a 74% increase). In contrast,
the choice of technology type (HighTech vs LowTech), which
reflects differences in emissions intensity within each renew-
able energy technology type, has a smaller effect. Switching
from HighTech to LowTech results in a 12% reduction in such
potential reduction at both high capacity (148−130 Mt of CO2
equiv) and low capacity (85−75 Mt of CO2 equiv).

The potential annual emission reduction by BRI renewable
projects also vary considerably across regions (Table S9). In
the Asia-Pacific and Middle East region, potential reduction
reaches up to 119 Mt of CO2 equiv under the HighTech−
HighCapacity scenario, and remain above 61 Mt of CO2 equiv
even in the LowTech−LowCapacity case. Africa follows, with
potential emission reduction ranging from 11 to 22 Mt of CO2
equiv per year. In contrast, Europe and Latin America show
much lower potentials, at only 1−2 and 2−5 Mt of CO2 equiv
per year, respectively. Oceania has no such potential emission
reduction, as no BRI renewable energy projects were identified
in the data set for this region.

4. DISCUSSION

4.1. Climate Significance of Emissions Embodied in BRI
Construction

Our study provides the first global, project-level estimate of
GHG emissions embodied in the BRI infrastructure projects.
We find that the construction of the 706 BRI projects between
2008 and 2024 resulted in 134 Mt of CO2 equiv, accounting
for about 0.02% of cumulative global GHG emissions over the
same period. While modest in aggregate terms,43 these
embodied emissions represent one-time emissions associated
with infrastructure construction accumulated over multiple
years. Therefore, their relevance lies in their close link to
infrastructure capital formation in hard-to-abate sectors such as
cement and steel and in their distinct transboundary supply
chain characteristics.

These emissions embodied in BRI are estimated based on a
market-weighted emission factors that reflect prevailing global
production and trade structures. Sensitivity analysis exploring
contrasting material sourcing patterns further shows that the
embodied emissions could vary substantially, from 49 Mt of
CO2 equiv under a low-carbon sourcing scenario to 214 Mt of
CO2 equiv when materials are sourced from carbon-intensive
suppliers (Figure S4). This range highlights the critical role of
cleaner material sourcing in reducing infrastructure-related
emissions. In addition, intensity-adjustment scenarios for
major emitting regions show that although total embodied
emissions shift in magnitude, the relative transboundary
attribution patterns remain broadly consistent under these
tested bounds (see the Supporting Information and Table
S10). Together, these sensitivity analyses indicate that while
absolute emission levels are sensitive to sourcing and
production intensity assumptions, the structural distribution
of emissions across regions remains comparatively robust. The
relatively small contribution of on-site emissions (6%) is
consistent with previous LCA studies44−47 indicating that the
majority of embodied emissions in infrastructure systems arise
from material production rather than construction activities.
These results emphasize that decarbonization efforts in
infrastructure systems must primarily address upstream
material production rather than focusing solely on on-site
construction activities.

Moreover, the BRI’s long-term emission implications will
extend beyond the construction phase. Transport infra-
structure, the dominant contributor to embodied emissions
assessed in our study, is a core focus of the BRI.9 While
designed to improve connectivity of underserved locations,
expanding transport network is likely to increase freight and
passenger volumes, resulting in higher operational emis-
sions.48,49 Although the majority of infrastructure-related life
cycle emissions often occur during construction,6 additional
system-wide emissions arise from vehicle manufacturing and
ongoing energy use to operate the transport systems. A similar
dynamic applies to buildings and energy infrastructure, where
emissions continue throughout the operational phase. Many of
the assessed projects have only recently been built, and useful
information on their usage patterns is still unavailable. Once
these become clearer, future assessments could incorporate a
more comprehensive set of emission sources including those
from infrastructure operation, maintenance, and end-of-life
stages.

To situate these findings within the broader BRI carbon
literature, it is important to distinguish between emissions

Figure 3. Modeled annual GHG emission reduction (Mt of CO2
equiv) from BRI renewable energy projects under four operational
performance scenarios combining technological efficiency and
capacity utilization. The vertical dashed line offers a reference GHG
emission level, the total embodied emissions from constructing 706
BRI projects. This reference illustrates the potential climate relevance
of BRI renewables, rather than representing direct offsets.
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embodied in infrastructure capital formation and economy-
wide emission flows associated with trade and final demand.
Many existing studies focus on national territorial emissions or
economy-wide emission footprints using macroeconomic or
structural decomposition frameworks. In contrast, our estimate
captures the one-time carbon cost embedded in physical
infrastructure construction and traces its transboundary supply
chain attribution. Differences in reported magnitudes across
studies therefore reflect variations in system boundaries and
analytical scale rather than contradictory conclusions. These
embodied emissions should not be interpreted against a zero-
development baseline. In many host regions, infrastructure
expansion reflects broader development trajectories, and
alternative financing or domestic investment could plausibly
have resulted in similar construction activities under different
sourcing configurations. The relevant counterfactual is there-
fore not the absence of infrastructure, but alternative
development pathways with potentially different material
intensities and supply chain structures. By focusing on
construction-phase embodied emissions at the project level
and tracing their transboundary supply chains, our study
complements existing macro-level assessments of BRI-related
emissions.
4.2. Accounting and Attribution of Transboundary
Emissions in BRI Supply Chains

The BRI relies heavily on international production and supply
chains, extending well beyond the geographical boundaries of
formal participation. Our emission tracing analysis shows the
material foundation of BRI is enabled not only by China and
BRI host countries, but also by a broad network of global
suppliers. Countries not formally involved in the BRI, such as
Australia, Japan, and the United States, are integral to the
global supply chain, supporting key materials such as copper
used in renewable energy projects. These findings highlight the
inherently transboundary nature of BRI-related embodied
emissions.

Under the United Nations Framework Convention on
Climate Change (UNFCCC) framework, upstream supply
chain emissions are regulated as territorial emissions of
producing countries.50 As such, countries exporting con-
struction materials, like Australia, are formally accountable
for the emissions generated during production, despite the
absence of formal BRI project involvement. However, through
their industrial, environmental, and trade policies, these
countries can influence the carbon intensity of exported
materials, thereby shaping the emissions profile of BRI
infrastructure far beyond their borders.

Our project-level supply chain tracing helps clarify the
geographic distribution of emissions associated with BRI
infrastructure. By combining bottom-up project data with
global supply chain modeling, we link infrastructure demand to
upstream production emissions and identify where these
emissions occur across the international material supply
network. Without such tracing, emission estimates risk
masking the contributions of countries not formally participat-
ing in the BRI, thereby complicating efforts to design equitable
and effective mitigation strategies.

Greater transparency in supply chain attribution also creates
opportunities for mitigation through procurement decisions,
industrial policy, and international cooperation. Given China’s
central role in BRI financing and coordination, it holds
significant leverage over supply chain structures and associated

emissions practices. Existing international and BRI-related
initiatives51,52 may serve as channels for strengthening
attribution transparency and mitigation standards across
participating countries. In this context, clearer attribution of
embodied emissions is a prerequisite for aligning large-scale
infrastructure development with global climate governance
objectives.
4.3. From Modeled Potential to Real-World Mitigation

Emissions from BRI electricity infrastructure construction are
predominantly associated with renewable energy projects,
reflecting the growing emphasis on clean energy among China
and BRI participating countries.9 Our finding suggests that the
potential emission reduction from BRI renewables could be
considerable and highlights the opportunity for infrastructure
to serve both development and climate mitigation goals.
Beyond climate mitigation, these infrastructure investments are
also associated with broader economic and social objectives,
including improved connectivity, energy access, and industrial
development, which should be considered when interpreting
their overall sustainability implications.

At the same time, the potential operational emission
reductions from BRI renewable energy projects do not
diminish the importance of addressing emissions arising from
construction. As the global energy system decarbonizes, the
marginal mitigation benefits of new renewable capacity are
expected to decline. Durable climate outcomes therefore
request addressing emissions at their source, particularly in
material production. Considering the key contributions of steel
and cement in BRI emissions and in infrastructure emissions
globally, demand-side policies, such as public procurement,
quotas, or targeted subsidies, to drive adoption of low-carbon
alternatives could play an important role.53

Additionally, well-established material efficiency strategies
can be applied to BRI infrastructure to further reduce its GHG
emissions, including structural specifications and design codes
that support longer service life, reduce material intensity, and
incorporate recycled materials like scrap steel and recycled
aggregate.54−56 Another pathway toward reducing emissions at
the source is through host country−led planning, supported by
inclusive consultation. National governments identify priority
infrastructure types that reflect development strategies and
local needs, while balancing feasibility under material and
resource constraints. Aligning BRI infrastructure projects with
local urban forms can prevent overexpansion and lower
material demand.56 Our analytical framework provides a
basis to assess the emission impact of these interventions
and to support more data-driven decision-making in
sustainable infrastructure planning.
4.4. Limitations

Despite the strengths of our project-level approach, several
limitations arise from data availability and methodological
assumptions. First, although the BRI project data set compiled
from the official portal represents the most systematic and
transparent source currently accessible, omissions are still
possible,24 including projects not publicly disclosed and
uncertainties in attributes such as project start years or design
parameters (e.g., road width when unreported). All assump-
tions and data sources are documented in the Supporting
Information to support cross-checking and reproducibility.

Second, the material intensity coefficients rely on archetypal
values for each infrastructure type, which may not fully capture
regional or temporal variations in engineering practices. The
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use of archetypes is a standard approach in large-scale bottom-
up material assessments57,58 and reflects current data
constraints. Chinese standards are prioritized given the
dominant involvement of Chinese firms in BRI project design.
However, construction practices may vary across host
countries. In regions with lower material efficiency or higher
waste rates, applying archetypal coefficients based on Chinese
standards may underestimate material demand. Conversely, in
projects with simplified design specifications or lower
structural redundancy, material use may be lower than
archetypal assumptions, potentially leading to overestimation.
These directional uncertainties primarily affect absolute
magnitudes rather than the relative importance of major
material categories or the broader transboundary attribution
patterns.

Third, market-based emission factors are derived using the
BONSAI hybrid SUT-MRIO framework, whose current release
has a reference year of 2016. Applying a single reference year
to projects spanning 2008−2024 does not capture temporal
changes in trade structures or technological efficiency.
Although sensitivity tests suggest that the core attribution
patterns are relatively stable, the use of a single reference year
cannot fully capture dynamic trade reconfigurations or
technological transitions. Future updates of MRIO databases
with time-varying structures would enable more temporally
resolved assessments.

Finally, estimates of operational-phase emission reductions
from BRI renewables represent modeled potential rather than
realized outcomes. Actual reductions depend on factors such as
project completion rates, grid integration, and the counter-
factual generation mix displaced. These uncertainties may shift
the numerical values but are not expected to alter the overall
order of magnitude or the relative differences across
technologies and regions. Comprehensive consequential
assessments remain difficult due to limited and uneven
project-level data availability across BRI regions.
4.5. Broadening the Sustainability Assessment of the BRI

Infrastructure underpins development but is deeply carbon-
intensive, and the scale and reach of the Belt and Road
Initiative entail both its benefits and its environmental risks. By
quantifying construction-phase emissions at the project level
and tracing their transboundary supply chains, this study
provides a basis for evaluating the climate implications of
infrastructure expansion. While renewable energy projects
within the BRI portfolio may generate operational mitigation
benefits, addressing emissions embedded in material produc-
tion remains essential for achieving durable climate gains.

To address the overarching question of BRI’s sustainability,
future assessments must go beyond GHG emissions to account
for a broader range of environmental pressures, such as local
pollution, land use changes, and resource depletion, partic-
ularly in material-producing countries. Meanwhile, further
work is needed to assess the scalability of material efficiency
strategies and the viability of clean supply chains across diverse
regional contexts. This is especially important given the wide
range of countries involved in the BRI, each with distinct
development priorities, regulatory frameworks, and institu-
tional capacities. In this context, aligning infrastructure
planning with local development needs and environmental
constraints will be essential to advancing a more sustainable
and equitable BRI.
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Worldwide Rooftop Photovoltaic Electricity Generation May Mitigate
Global Warming. Nat. Clim. Chang. 2025, 15, 393.
(27) Hughes, A. C. Understanding and Minimizing Environmental

Impacts of the Belt and Road Initiative. Conservation Biology 2019, 33
(4), 883−894.
(28) Chen, J.-X.; Chen, J. Supply Chain Carbon Footprinting and

Responsibility Allocation under Emission Regulations. Journal of
Environmental Management 2017, 188, 255−267.
(29) Chester, M. V.; Horvath, A. Environmental Assessment of

Passenger Transportation Should Include Infrastructure and Supply
Chains. Environ. Res. Lett. 2009, 4 (2), 024008.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c17941
Environ. Sci. Technol. 2026, 60, 17181−17191

17190

D
ow

nloaded from
 pubs.​acs.​org/​esthag/​article-pdf/​60/​24/​17181/​65197770/​acs.​est.​5c17941.​pdf by N

AN
JIN

G
 U

N
IV user on 01 Septem

ber 2026

https://orcid.org/0009-0001-1145-9605
https://orcid.org/0009-0001-1145-9605
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c17941?ref=pdf
https://doi.org/10.1038/s41893-019-0256-8
https://doi.org/10.1016/S2212-5671(15)00322-6
https://doi.org/10.1016/S2212-5671(15)00322-6
https://doi.org/10.1596/1813-9450-9258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1613773114
https://doi.org/10.1073/pnas.1613773114
https://doi.org/10.1073/pnas.1613773114
https://doi.org/10.1016/j.jclepro.2023.139742
https://doi.org/10.1016/j.jclepro.2023.139742
https://doi.org/10.1016/j.rser.2017.06.001
https://doi.org/10.1016/j.rser.2017.06.001
https://doi.org/10.1016/j.tree.2020.02.005
https://doi.org/10.1038/s41893-018-0059-3
https://doi.org/10.1038/s41893-018-0059-3
https://eng.yidaiyilu.gov.cn/p/067IQJQ4.html
https://doi.org/10.1016/j.geoforum.2018.12.008
https://doi.org/10.1016/j.geoforum.2018.12.008
https://doi.org/10.1016/j.geoforum.2018.12.008
https://doi.org/10.1016/j.jdeveco.2019.102415
https://doi.org/10.1016/j.jdeveco.2019.102415
https://doi.org/10.1016/j.jdeveco.2019.102415
https://doi.org/10.1111/1468-2346.12660
https://doi.org/10.1111/1468-2346.12660
https://doi.org/10.1038/s41559-017-0452-8
https://doi.org/10.1038/s41559-017-0452-8
https://doi.org/10.1038/s41559-017-0452-8
https://doi.org/10.1038/s41893-020-0528-3
https://doi.org/10.1038/s41893-020-0528-3
https://doi.org/10.1029/2023EF003972
https://doi.org/10.1029/2023EF003972
https://doi.org/10.1029/2023EF003972
https://doi.org/10.1126/science.aao0312
https://doi.org/10.1038/d41586-019-01309-0
https://doi.org/10.1016/j.resconrec.2025.108217
https://doi.org/10.1016/j.resconrec.2025.108217
https://doi.org/10.1016/j.ecolecon.2021.107260
https://doi.org/10.1016/j.ecolecon.2021.107260
https://doi.org/10.1016/j.ecolecon.2021.107260
https://doi.org/10.1016/j.jclepro.2022.132110
https://doi.org/10.1016/j.jclepro.2022.132110
https://doi.org/10.1016/j.jenvman.2020.110250
https://doi.org/10.1016/j.jenvman.2020.110250
https://doi.org/10.1016/j.jenvman.2020.110250
https://doi.org/10.1016/j.apenergy.2020.115934
https://doi.org/10.1016/j.apenergy.2020.115934
https://doi.org/10.1016/j.jenvman.2020.111321
https://doi.org/10.1016/j.jenvman.2020.111321
https://doi.org/10.1016/j.jenvman.2020.111321
https://doi.org/10.1021/acs.est.4c04142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c04142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.erss.2023.103276
https://doi.org/10.1016/j.erss.2023.103276
https://doi.org/10.1038/s41558-025-02276-3
https://doi.org/10.1038/s41558-025-02276-3
https://doi.org/10.1111/cobi.13317
https://doi.org/10.1111/cobi.13317
https://doi.org/10.1016/j.jenvman.2016.12.006
https://doi.org/10.1016/j.jenvman.2016.12.006
https://doi.org/10.1088/1748-9326/4/2/024008
https://doi.org/10.1088/1748-9326/4/2/024008
https://doi.org/10.1088/1748-9326/4/2/024008
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c17941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Chong, C. H.; Gao, Y.; Ma, L.; Li, Z.; Ni, W.; Zhou, X.;
Cristiano, S.; Meng, F.; Zhang, W.; Yan, N.; Hao, Y.; Liu, G. A Supply
Chain Allocation Method for Environmental Responsibility Based on
Fossil Energy as the Anchor for Carbon Responsibility. Journal of
Cleaner Production 2023, 416, 137904.
(31) Belt and Road Portal. Belt and Road Initiative Project Weekly

Report; Belt and Road Portal: Beijing, China, 2024; https://www.
yidaiyilu.gov.cn/list/w/xmzb (accessed March 21, 2024).
(32) Watari, T.; McLellan, B. C.; Giurco, D.; Dominish, E.;

Yamasue, E.; Nansai, K. Total Material Requirement for the Global
Energy Transition to 2050: A Focus on Transport and Electricity.
Resources, Conservation and Recycling 2019, 148, 91−103.
(33) Tanikawa, H.; Fishman, T.; Okuoka, K.; Sugimoto, K. The

Weight of Society Over Time and Space: A Comprehensive Account
of the Construction Material Stock of Japan, 1945−2010: The
Construction Material Stock of Japan. Journal of Industrial Ecology
2015, 19 (5), 778−791.
(34) BONSAI; https://bonsai.uno/ (accessed April 23, 2025).
(35) BONSAI-IO Documentation�bonsai-io v0.25.1 Documentation;

h t t p s : / / h y b r i d - s u t - b o n s a m u r a i s - b o n s a i - b u i l d -
cc0e2d2fdb158dc91033ff98066.gitlab.io/ (accessed Nov 19, 2025).
(36) BONSAI · GitLab; https://gitlab.com/bonsamurais/bonsai

(accessed Nov 28, 2025).
(37) Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz,

E.; Weidema, B. The Ecoinvent Database Version 3 (Part I):
Overview and Methodology. Int. J. Life Cycle Assess 2016, 21 (9),
1218−1230.
(38) Van Gulck, L.; Wastiels, L.; Steeman, M. How to Evaluate

Circularity through an LCA Study Based on the Standards EN 15804
and EN 15978. Int. J. Life Cycle Assess 2022, 27 (12), 1249−1266.
(39) International Renewable Energy Agency (IRENA). Renewable

Energy Statistics 2024; IRENA: Abu Dhabi, United Arab Emirates,
2024; https://www.irena.org/Publications/2024/Jul/Renewable-
energy-statistics-2024 (accessed March 11, 2026).
(40) International Atomic Energy Agency (IAEA). International

Atomic Energy Agency (IAEA) Annual Report 2023; IAEA: Vienna,
Austria, 2023; https://www.iaea.org/publications/reports/annual-
report/2023 (accessed March 28, 2025).
(41) Bolson, N.; Prieto, P.; Patzek, T. Capacity Factors for Electrical

Power Generation from Renewable and Nonrenewable Sources. Proc.
Natl. Acad. Sci. U. S. A. 2022, 119 (52), No. e2205429119.
(42) Xi Jinping’s keynote speech at 3rd Belt and Road Forum for Int’l

Cooperation; https://english.www.gov.cn/news/202310/18/content_
WS652fc328c6d0868f4e8e064e.html (accessed Nov 28, 2025).
(43) EDGAR - The Emissions Database for Global Atmospheric

Research; https://edgar.jrc.ec.europa.eu/ (accessed March 28, 2025).
(44) Li, Y.; He, Q.; Luo, X.; Zhang, Y.; Dong, L. Calculation of Life-

Cycle Greenhouse Gas Emissions of Urban Rail Transit Systems: A
Case Study of Shanghai Metro. Resources, Conservation and Recycling
2018, 128, 451−457.
(45) Wang, X.; Duan, Z.; Wu, L.; Yang, D. Estimation of Carbon

Dioxide Emission in Highway Construction: A Case Study in
Southwest Region of China. Journal of Cleaner Production 2015,
103, 705−714.
(46) Zhang, X.; Wang, F. Life-Cycle Assessment and Control

Measures for Carbon Emissions of Typical Buildings in China.
Building and Environment 2015, 86, 89−97.
(47) Huang, Z.; Zhou, H.; Miao, Z.; Tang, H.; Lin, B.; Zhuang, W.

Life-Cycle Carbon Emissions (LCCE) of Buildings: Implications,
Calculations, and Reductions. Engineering 2024, 35, 115−139.
(48) Liu, N.; Wang, Y.; Bai, Q.; Liu, Y.; Wang, P.; Xue, S.; Yu, Q.; Li,

Q. Road Life-Cycle Carbon Dioxide Emissions and Emission
Reduction Technologies: A Review. Journal of Traffic and Trans-
portation Engineering (English Edition) 2022, 9 (4), 532−555.
(49) Creutzig, F.; Jochem, P.; Edelenbosch, O. Y.; Mattauch, L.;

Vuuren, D. P. V.; McCollum, D.; Minx, J. Transport: A Roadblock to
Climate Change Mitigation? Science 2015, 350 (6263), 911−912.

(50) United Nations Framework Convention on Climate Change
(UNFCCC). Global Climate Action; UNFCCC: Bonn, Germany,
2025; https://unfccc.int/climate-action (accessed June 13, 2025).
(51) UN Environment Programme (UNEP). Belt and Road Initiative

International Green Development Coalition (BRIGC)|Asia and the
Pacific|UNEP - UN Environment Programme; UNEP: Nairobi, Kenya,
2025; https://www.unep.org/regions/asia-and-pacific/regional-
initiatives/belt-and-road-initiative-international-green (accessed
March 28, 2025).
(52) Guomei, Z.; Yulong, M. S.; Gallagher, M. K. P. Green Belt and

Road and 2030 Agenda for Sustainable Development; China Council on
Environmental Cooperation and Development (CCICED): Beijing,
China, 2020; https://cciced.eco/research/special-policy-study/green-
bri-and-2030-agenda-for-sustainable-development/ (accessed March
25, 2025).
(53) Åhman, M.; Nykvist, B.; Morales, E. T.; Algers, J. Building a

Stronger Steel Transition: Global Cooperation and Procurement in
Construction. One Earth 2023, 6 (11), 1421−1424.
(54) Hertwich, E. G.; Ali, S.; Ciacci, L.; Fishman, T.; Heeren, N.;

Masanet, E.; Asghari, F. N.; Olivetti, E.; Pauliuk, S.; Tu, Q.; Wolfram,
P. Material Efficiency Strategies to Reducing Greenhouse Gas
Emissions Associated with Buildings, Vehicles, and Electronics�a
Review. Environ. Res. Lett. 2019, 14 (4), 043004.
(55) Watari, T.; Giurco, D.; Cullen, J. Scrap Endowment and

Inequalities in Global Steel Decarbonization. Journal of Cleaner
Production 2023, 425, 139041.
(56) Olsson, J. A.; Miller, S. A.; Alexander, M. G. Near-Term

Pathways for Decarbonizing Global Concrete Production. Nat.
Commun. 2023, 14 (1), 4574.
(57) Lanau, M.; Liu, G.; Kral, U.; Wiedenhofer, D.; Keijzer, E.; Yu,

C.; Ehlert, C. Taking Stock of Built Environment Stock Studies:
Progress and Prospects. Environ. Sci. Technol. 2019, 53 (15), 8499−
8515.
(58) Saxe, S.; Guven, G.; Pereira, L.; Arrigoni, A.; Opher, T.; Roy,

A.; Arceo, A.; Von Raesfeld, S. S.; Duhamel, M.; McCabe, B.; Panesar,
D. K.; MacLean, H. L.; Posen, I. D. Taxonomy of Uncertainty in
Environmental Life Cycle Assessment of Infrastructure Projects.
Environ. Res. Lett. 2020, 15 (8), 083003.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c17941
Environ. Sci. Technol. 2026, 60, 17181−17191

17191

D
ow

nloaded from
 pubs.​acs.​org/​esthag/​article-pdf/​60/​24/​17181/​65197770/​acs.​est.​5c17941.​pdf by N

AN
JIN

G
 U

N
IV user on 01 Septem

ber 2026

https://doi.org/10.1016/j.jclepro.2023.137904
https://doi.org/10.1016/j.jclepro.2023.137904
https://doi.org/10.1016/j.jclepro.2023.137904
https://www.yidaiyilu.gov.cn/list/w/xmzb
https://www.yidaiyilu.gov.cn/list/w/xmzb
https://doi.org/10.1016/j.resconrec.2019.05.015
https://doi.org/10.1016/j.resconrec.2019.05.015
https://doi.org/10.1111/jiec.12284
https://doi.org/10.1111/jiec.12284
https://doi.org/10.1111/jiec.12284
https://doi.org/10.1111/jiec.12284
https://bonsai.uno/
https://hybrid-sut-bonsamurais-bonsai-build-cc0e2d2fdb158dc91033ff98066.gitlab.io/
https://hybrid-sut-bonsamurais-bonsai-build-cc0e2d2fdb158dc91033ff98066.gitlab.io/
https://gitlab.com/bonsamurais/bonsai
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-022-02099-w
https://doi.org/10.1007/s11367-022-02099-w
https://doi.org/10.1007/s11367-022-02099-w
https://www.irena.org/Publications/2024/Jul/Renewable-energy-statistics-2024
https://www.irena.org/Publications/2024/Jul/Renewable-energy-statistics-2024
https://www.iaea.org/publications/reports/annual-report/2023
https://www.iaea.org/publications/reports/annual-report/2023
https://doi.org/10.1073/pnas.2205429119
https://doi.org/10.1073/pnas.2205429119
https://english.www.gov.cn/news/202310/18/content_WS652fc328c6d0868f4e8e064e.html
https://english.www.gov.cn/news/202310/18/content_WS652fc328c6d0868f4e8e064e.html
https://edgar.jrc.ec.europa.eu/
https://doi.org/10.1016/j.resconrec.2016.03.007
https://doi.org/10.1016/j.resconrec.2016.03.007
https://doi.org/10.1016/j.resconrec.2016.03.007
https://doi.org/10.1016/j.jclepro.2014.10.030
https://doi.org/10.1016/j.jclepro.2014.10.030
https://doi.org/10.1016/j.jclepro.2014.10.030
https://doi.org/10.1016/j.buildenv.2015.01.003
https://doi.org/10.1016/j.buildenv.2015.01.003
https://doi.org/10.1016/j.eng.2023.08.019
https://doi.org/10.1016/j.eng.2023.08.019
https://doi.org/10.1016/j.jtte.2022.06.001
https://doi.org/10.1016/j.jtte.2022.06.001
https://doi.org/10.1126/science.aac8033
https://doi.org/10.1126/science.aac8033
https://unfccc.int/climate-action
https://www.unep.org/regions/asia-and-pacific/regional-initiatives/belt-and-road-initiative-international-green
https://www.unep.org/regions/asia-and-pacific/regional-initiatives/belt-and-road-initiative-international-green
https://cciced.eco/research/special-policy-study/green-bri-and-2030-agenda-for-sustainable-development/
https://cciced.eco/research/special-policy-study/green-bri-and-2030-agenda-for-sustainable-development/
https://doi.org/10.1016/j.oneear.2023.10.024
https://doi.org/10.1016/j.oneear.2023.10.024
https://doi.org/10.1016/j.oneear.2023.10.024
https://doi.org/10.1088/1748-9326/ab0fe3
https://doi.org/10.1088/1748-9326/ab0fe3
https://doi.org/10.1088/1748-9326/ab0fe3
https://doi.org/10.1016/j.jclepro.2023.139041
https://doi.org/10.1016/j.jclepro.2023.139041
https://doi.org/10.1038/s41467-023-40302-0
https://doi.org/10.1038/s41467-023-40302-0
https://doi.org/10.1021/acs.est.8b06652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b06652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1748-9326/ab85f8
https://doi.org/10.1088/1748-9326/ab85f8
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c17941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

