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ABSTRACT: In the context of globalization and trade liberaliza- Embodied Flow of Elements Main Results
tion, the harmonious development of the economy, energy, and wa
ecology has become a critical global issue. The inter-regional flows "
of energy, water resources, and carbon emissions play an
increasingly influential role in economic growth. However, there ‘e
are significant differences in resource endowment and consumption o @
among different regions of China. To bridge these regional gaps ;
and enable a quantitative understanding of multidimensional
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resource interactions, this study presents a resources embodied i II] il l“ bt
flow framework based on input-output model, quantitatively I ' I
characterizing resources flows across 30 regions of China from bl
. . . . 1,695,204 data from 30 regions Machine Learning More developed regions,
six dimensions: monetary trade, fossil energy and renewable energy, less resource sustainabilty

blue water and green water, as well as carbon emissions.
Furthermore, it carries out artificial intelligence algorithms to conduct a comprehensive clustering and analysis of resource
utilization and environmental disparities across various regions in China, enabling a quantitative assessment of each region’s
resources sustainability index. The findings identify three distinct regional clusters: the average resources sustainable development
evaluation index (SDI) of the northern and western resource-intensive areas (Cluster 1) is —0.68, indicating that the resources are
mainly in the output state; The average SDI of the central and eastern production-oriented regions (Cluster 2) is about 0.10,
showing a relatively balanced utilization of resources and preferable regional sustainability; The average SDI of the developed region
driven by economy and consumption (Cluster 3) is as high as 1.31, presenting serious net import of resources and environmental
pressure. This article emphasizes the significant differences in regional resource sustainability and reveals the importance of analyzing
energy and ecological resources from a trade perspective to achieve more balanced regional development.

KEYWORDS: input-output analysis, net embodied flow, cluster analysis, k-means++ algorithm, energy, water, carbon emission

H INTRODUCTION and environmental challenges.n’12 As the largest carbon
.. . 13,14 . .

Energy and water resources are crucial elements of industries dioxide emitter globally and one of the countries with

in modern economies,'”> while carbon emissions are an scarce water resources,'>'® China faces particularly prominent

inevitable environmental impact of industrial activities and also issues in energy consumption, water resource utilization, and
a significant factor in inter-regional connections.” With the
acceleration of economic globalization and trade liberalization,
the inter-regional flows of energy, water resources, and carbon
emissions play an increasingly important role in economic has proposed the “carbon peaking and carbon neutrality goals”,
development, among which the embodied flows are significant aiming to promote low-carbon development actively through
aspects of energy and environmental issues.”® As quantitative
indicators of energy and environmental system, resources
embodied flow could affect regional supply and demand, as ' —
well as trade patterns. Moreover, it could reflect the Rec_e“'ed’ December 10, 2024 Sustaiable
interdependence of energy and environment between regions Revised:  May 28, 2025
and the quality of the ecological environment.”” AccePted: May 29, 2025
In recent years, as the world’s second-largest economy,”"’ Published: June 11, 2025
China’s economic development has attracted global attention.
Yet this growth has been achieved at the cost of serious energy

carbon emissions, which threaten both regional ecosystems
and global climate goals. To address these challenges, China

specific measures and advocate for the rational use of water
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Figure 1. This study investigates the complex patterns of resource flow across China’s regions and their implications for economic growth and
environmental sustainability by using the IO model and the machine learning k-means++ clustering algorithm.

resources strongly, achieving a win-win situation for economic
development and environmental protection.

The disparities in energy structure,'” resource and environ-
mental carrying capacity,” and economic development levels'’
across different regions of China make it urgent to formulate
carbon reduction and low-carbon development policies
scientifically to achieve sustainable regional economic and
environmental development. Therefore, studying the patterns
of energy, water resources, and carbon emission flows among
different regions in China, and exploring the embodied flows of
regional energy/resources brought by trade, is of significant
theoretical and practical importance for guiding regional
production and consumption patterns, reducing trade barriers,
promoting inter-regional economic cooperation, and achieving
sustainable ecological and environmental development.

These flows have brought opportunities for economic
growth and social development regionally, but they may also
cause environmental pressure and social imbalance problems.
Therefore, how to achieve a balance between resource flow
and sustainable development has become an important topic of
current research. Researchers have conducted a series of
studies, such as studying the flow and influencing factors of
carbon emissions between regions in China.”’~** Research has
been carried out on the spatiotemporal evolution character-
istics and influencing factors of energy flow in multiple regions
of China, and exploring the dynamic evolution process of
energy relations between regions.”’ Based on multiple regions
input-output (I0) model of China, it was found that the
energy use and flow between different regions exhibit a certain
degree of agglomeration and dispersion.”* > These studies
provide effective evidence to deeply understand the energy,
water, and carbon emissions embodied flows among different
regions in China, respectively.

Although many studies have explored the flows of
27729 water,’°™** and carbon emissions®>** between
different regions, the studies on various factors are relatively
independent, with few focusing on multidimensional embodied
flows, especially the comparative analysis of regional impacts
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brought by the flows of renewable resources and traditional
resources. There is a lack of scientific methods to identify the
regional impacts generated by the multiple embodied flows.
The roles and interaction mechanisms of different regions
remain unclear.”® To address these issues, this paper proposes
the concept of Net Embodied Flows (NEF) to describe the
differences in energy, water, and carbon emissions flows
between products, services, or industries across regions,
measured from the perspectives of production and con-
sumption. The concept of NEF encompasses various types,
such as Net Embodied Trade Flows (NETF), Net Embodied
Energy Flows (NEEF-E), and Net Embodied Environmental
Flows (NEEF-Env).

To better compare the embodied flows of resources and
carbon emissions in interprovincial trade, NEF models for
multiple regions are established and analyzed based on China’s
multiregional input-output model (MRIO), and further
subdivided according to the environmental sustainability of
energy, water resources, and carbon emissions, such as NETF,
Net Embodied Gray Energy Flow (NEGEF-gray), Net
Embodied Green Energy Flow (NEGEF-green), Net Em-
bodied Blue Water Flow (NEBWF), Net Embodied Green
Water Flow (NEGWF) and Net Embodied Carbon Emission
Flow (NECF). By analyzing the net embodied flows of energy
and the environmental elements among different regions, this
study aims to reveal the similarities and differences of NEF
among regions.

While existing studies predominantly analyze single-
dimension flow, this paper sets up a multidimensional
framework that uniquely integrates six NEF indicators
(NETF, NEGEF-gray/green, NEBWF, NEGWF, NECF) to
capture the systemic interplay between trade-driven resource
transfers and regional sustainability. This approach addresses a
critical gap in understanding how heterogeneous resource
dependencies manifest spatially, thereby enabling targeted
policy design.

This study uniquely combines a refined MRIO framework
with an advanced k-means++ clustering algorithm to derive a
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multidimensional NEF-based SDI, as shown in Figure 1. By
bridging energy, water, and carbon emission flows with a
comprehensive resource and environmental sustainability
assessment, our work offers a novel perspective that informs
targeted regional environmental and economic policies.

B MATERIALS AND MODELS

Compilation of 30 Regions' NEF MRIO Table. To illustrate the
regional networks of virtual resources, we compiled six revised NEF
MRIO tables by incorporating regional energy and environmental
flows embodied in economic flows. This approach reflects the
embodied transfer of NETF, NEGEF-gray, NEGEF-green, NEBWF,
NEGWEF, and NECF across different regions. It analyzes the energy
and environmental resource endowments related to China’s inter-
regional trade network.

Due to the lack of basic data support in Tibet, Hong Kong, Macao,
and Taiwan, this study does not include these areas. Therefore, a new
MRIO covering 30 regions across the country has been compiled,
simplified as eq 1, where each element represents the interaction
between regions.

X=(U-A)'Y=LY (1)

1

a
where A = |: is a 30 X 30 diagonal matrix of direct
0 JEU
consumption coefficient, which reflects the technical level of each
x e 0
region. X =|: represents the total output matrix and
0 30
yl e 0
Y=|: : | represents the final demand matrix for each region.
0 ¥

eq 1 describes all direct and indirect input-output relationships
between different regions. L is also well-known as the Leontief Inverse
matrix; thus, the monetary input-output model within the research
boundary is obtained.

Calculation of the Direct Consumption Coefficient Matrix
of Energy and Environmental Input-Output. The direct
consumption coefficient matrix for energy and environmental input-
output can be achieved by dividing the energy consumption ¢, water
consumption w’, and carbon emission ce’ of each region by the total
output X* of that region. This calculation results in the energy and
environmental input-output coeflicients, which are represented by eqs
2—4:

S
e
E ==
X ()
WS
W= 2
X (3)
CES
CE = =
X (4)

Each element of the coefficient matrices E’, W, and CE' represents
the quantity of energy or environmental resources that needs to be
consumed per unit output in Region S, defining the so-called energy
or environmental resource consumption density. Additionally, these
coefficients provide a measure of how much energy, water, and carbon
are relative to the total output, thereby reflecting the environmental
impact of regional production activities.

By left-multiplying the diagonal matrices of E’, W, and CE’ by
Leontief Inverse Matrix, and further multiplying this result by the final
demand matrix, the final multiregional matrices of energy and
environmental consumption footprints, EEF, EWF and ECEF are
obtained as eq S, 6, and 7:

()
(6)

EEF=E' X LY

EWF = W*X LY
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ECEF = CE* X LY

. ?1 0
where E = B

CE’

=|: are 30 X 30 diagonal matrices representing

0 ce®

the direct consumption coeflicients for energy, water, and carbon
yl e 0

emissions, respectively, and ¥ = is the diagonal matrix

0

of the final demand of 30 regions.

The underlying assumption is that the products or services
obtained by each region from others are entirely utilized within that
region, and all production inputs within the region are sourced from
local resources to serve its final use. Consequently, this leads to the
establishment of a network of energy and environmental resource
flows within domestic regions due to trade activities. By analyzing the
matrix within the network, the transfer pathways and quantities of
embodied energy and environmental resource flows in each region
can be identified, thus revealing the actual consumption and transfer
of energy and environmental resources at the consumer end in each
region.

According to the analysis of balanced trade, the net flow of
embodied energy, water, and carbon emissions is calculated as the
total inflow minus the total outflow. This calculation is succinctly
captured in eqs 8—10

NEEF = EEE,, —EEFyy

y30

(8)
(9)

(10)

where NEEF, NEWF, and NECEF represent the net flow of energy,
water, and carbon emissions embodied in trade, respectively. EEFy,
EWFgy, and ECEFgy represent the amount of energy, water, and
carbon emissions flowing to the other regions, while EEF;,;, EWF},,
and ECEFj, refer to the amount of energy, water, and carbon
emissions flowing into the region as the form of products and services.
Based on the subdomains of this study, NEEF includes two types of
embodied energy flows: NEGEF-gray and NEGEF-green, and NEWF
includes two types of embodied water flows: NEBWF and NEGWF.
The same principles are applied to calculate the net embodied trade
value flow, as demonstrated in eq 11:

NETF = ETE,, — ETE,,

NEWF = EWE,, — EWE,

NECEF = ECEE, — ECEE,,

(11)

Hence, we obtained the NETF, NEGEF-gray, NEGEF-green,
NEBWF, NEGWF, and NECF transfer networks among 30 regions
in China due to trade. This data collection sets the stage for the next
step of machine learning clustering work based on six dimensions.

Machine Learning k-Means++ Clustering Algorithm. K-
means algorithm, which originated from a vector quantization method
in signal processing,"’(”37 is now widely pogular in the field of machine
learning as a clustering analysis method.*>*® This algorithm divides n
points into k clusters, so that each point belongs to the cluster
corresponding to the nearest mean, serving as the cluster center. This
criterion forms the basis of the clustering process.

The k-means++ clustering algorithm is an improved method based
on the traditional k-means, which enhances performance by selecting
better initial centroids.*”*' In the standard k-means approach,
selecting initial centroids randomly may lead to local optima,
particularly for high-dimensional data sets. The k-means++ avoids
the problem of falling into local optima, common in traditional k-
means, by randomly selecting a data point as the first centroid,
thereby improving the clustering performance and stability. K-means+
+ has not only improved the clustering performance but also the
convergence rate compared with the traditional k-means. As a result,
it is a classic clustering algorithm widely used in data mining and
machine learning.
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Figure 2. Inter-regional linkage of the total direct and embodied flows of trade (a), gray energy (b), green energy (c), blue water (d), green water
(e), and carbon emissions (f) in 30 provincial regions of China.
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Figure 3. The spatial distribution of six NEF vectors—NETF (A), NEGEF-gray (B),
are analyzed. The color bar represents the values of different vectors of 30 regions, respectively.
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In this study, the k-means++ clustering algorithm and its
components will be utilized to comprehensively cluster regions
based on six-dimensional attributes and to form visualized results. By
studying different clusters, the typical characteristics of various

provincial clusters will be analyzed in depth. Additionally,
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programming will be implemented by Python to execute k-means++
clustering.

Calculation of SDI. In this study, an innovative regional resources
sustainable development evaluation model is proposed that
comprehensively considers six key dimensions of NEF z-score and
introduces the SDI as the core evaluation index. This model enables

https://doi.org/10.1021/acssuschemeng.4c09911
ACS Sustainable Chem. Eng. 2025, 13, 8878—8893


https://pubs.acs.org/doi/10.1021/acssuschemeng.4c09911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c09911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c09911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c09911?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c09911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

accurate calculation of the NEF value and its summarization into the
SDIJ, allowing for a quantitative evaluation of the self-consistency and
resources sustainable development level of resource utilization in the
region. The expression method is similar to eq 12

SDI= Y wz, (n=1,2,,6) (12)

It is assumed that energy, water, and carbon emissions from
different sources and uses have the same impact on regional
development; therefore, each NEF has the same w value. This
assumption is based on the belief that in regional development,
energy, water resources, or carbon emissions, each holds equal
importance in resources sustainability assessment.

When the SDI value approaches zero, it indicates that the allocation
and utilization of resources within the region have reached a high
degree of self-consistency, signifying a balance between resource
consumption and ecological carrying capacity, which aligns with the
concept of resources sustainable development. Conversely, an
increase in negative deviation of SDI values indicates that the region
exhibits characteristics of resource output, whereas an increase in
positive deviation reveals an enhanced dependence of the region on
external resources.

The absolute value of the SDI is directly related to the status of
regional resources’ sustainable development. A high absolute value
indicates that regional resources sustainable development is facing
significant challenges. In practical applications, the ideal state is that
the regional SDI value is close to zero. This study not only provides a
quantitative evaluation tool, but also offers strategic support for
sustainable resource management between regions.

Data Resources. Economic Data. This work refers to the 2017
China Multidepartmental IO Table provided by the National Bureau
of Statistics of China** and the 2017 China Multiregional and
Multidepartmental input-output Table (updated in 2021) provided by
China Emission Accounts and Datasets (CEADs)* as the founda-
tional research data, which were the most comprehensive and
authoritative data sets for China’s inter-regional flows when this study
was carried out. While the original national IO table includes Tibet,
we excluded it along with Hong Kong, Macao, and Taiwan due to
incomplete energy, water, and carbon emissions data—a boundary-
setting approach consistent with prior studies.***°

Based on these economic data sets, environmental input-output
tables, and energy input-output tables within the research boundary
are compiled to analyze energy, water, and carbon emissions
dynamics, as well as resources sustainable development issues across
different regions in China.

Energy Data. The basic energy consumption data of 30 provincial
regions in China are sourced from the China Statistical Yearbook
2018" and China Energy Statistical Yearbook 2018,"® both published
by the National Bureau of Statistics of China, as well as relevant data
released by local governments and industries.*”>* In most regions,
energy statistics directly provide the consumption ratios of gray and
green energy. For regions where the proportion of energy
consumption cannot be directly obtained, this study assumes that
energy produced within the region first meets local demand, based on
the premise that locally products produced primarily satisfy local
needs.”® By calculating energy consumption according to the
production proportion, this method determines the consumption of
gray and green energy in the region, thereby distinguishing the flows
of gray and green energy in regional trade. This approach effectively
characterizes the structural features of regional energy consumption
and enhances understanding of energy flows and environmental
impacts.

Water Data. The total water consumption in this study is defined
as the total amount of blue and green water used in China’s annual
production in 2017. To collect the required water resource data,
sources such as the China Environmental Statistical Yearbook 2018
and China Water Resources Bulletin 2017°” were used to calculate the
proportion of blue and green water resources in 30 provincial regions
in China. These ratios provide a basis for estimating the consumption
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of regional blue and green water, thereby distinguishing the flows of
blue and green water in regional production and consumption.
Carbon Emission Data. Carbon emissions data used in this study
are sourced from CEADs.*®* CEADs provides comprehensive and
regionally detailed carbon emissions data, which is crucial for
analyzing regional disparities and trends in emissions. To facilitate
calculations and ensure consistency, all carbon emissions data in this
study were converted into megatons of carbon dioxide (MtCO,)
equivalents. This standardization allows for more accurate compar-
isons and assessments of carbon footprints across different regions.

B RESULTS

Inter-regional Flow of Resources. The results of the
study show that the total direct flows and embodied flows of
different resources between provincial regions are presented in
Figure 2(a)—(f), respectively, providing a visualization of the
structure and connectivity of resource flows in multiple
regions. Figure 2 shows that most of the resources between
regions prioritize meeting the local production and con-
sumption needs.

Figure 2(a) shows the regional distribution of the inter-
regional trade effects for the year 2017. The impact of inter-
regional trade is concentrated primarily in Jiangsu, Shandong,
and Guangdong regions, with respective proportions of
11.09%, 11.06%, and 9.38%. Figure 2(b) reflects the regional
distribution of gray energy, with significant impacts in
Shandong (8.93%), Hebei (7.45%), and Jiangsu (7.24%).
Figure 2(c) portrays the regional distribution of green energy,
with larger flows in Guangdong (12.86%), Yunnan (7.96%),
and Guizhou (6.77%). Notably, the inter-regional gray/green
energy flows in Hebei, Yunnan, and Guizhou are not coupled
with the trade flow results. This phenomenon indirectly
suggests that due to inter-regional trade, these developing
regions within the country may provide more resources to
more developed areas, thereby exacerbating environmental
inequality. This situation is closely linked to the imbalance in
regional economic development.”” To address this issue,
policymakers could consider adopting administrative regula-
tory measures to narrow the economic development disparities
between regions. Figure 2(d), (e) depict the flows of blue
water and green water between regions, while Figure 2(f)
reflects the inter-regional connections of carbon emissions
flows.

The units are (a) 10* yuan, (b) & (c) 10* tce, (d) & (e) 10°
cum, (f) mt CO,.

Net Embodied Trade Flow. NETF refers to the net
import and export trade flow of a region, which can be seen as
the degree of economic connectivity between the region and
other regions. As shown in Figure 3(A), there are significant
spatial distribution differences among the 30 regions. The
NETF of 13 regions, including Beijing, Zhejiang, Guangdong,
Yunnan, and Hainan, are positive, indicating that their
economic development is relatively independent and they act
as “consumers” in economic development. The goods and
services inputted in these regions are greater than those
outputted. On the contrary, net embodied trade flows in
regions such as Tianjin, Hebei, Shanxi, Inner Mongolia,
Shandong, Guizhou, and Xinjiang are negative, indicating these
regions are relatively dependent on the external economy and
play the role of "producers” in economic development, with
inputs of goods and services being less than exports of goods
and services.

Zhejiang, Chongqing, and Beijing have the highest NETF
values of 1202.6 billion yuan, 486.5 billion yuan, and 323.6
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billion yuan, respectively. These three regions have the largest
trade surplus. The trade deficit regions represented by
Shanghai, Shandong, and Hebei have smaller NETF values
of —704.4 billion yuan, —377.1 billion yuan, and —318.8 billion
yuan, respectively.

Net Embodied Gray Energy Flow. NEGEF-gray refers to
the flow value of energy from traditional energy sources (e.g.,
fossil fuels) in trade, which reflects carbon emissions level of a
region. It can be seen that there are 14 regions with negative
NEGEF-gray values in Figure 3(B). Hebei, Shanxi, Inner
Mongolia, and Xinjiang exhibit large negative NEGEF-gray
values, which are respectively —60.2 mtce, —55.9 mtce, —50.6
mtce, and —38.5 mtce, indicating that these regions are net
exporters of traditional energy in inter-regional trade. This
implies that these regions rely heavily on fossil fuels in energy
production and consumption, thereby directly generating
substantial pollution and greenhouse gas emissions, which
significantly impact the environment.

Zhejiang (70.8 mtce), Guangdong (62.9 mtce), and Beijing
(50.8 mtce) are net importers of traditional energy, consuming
substantial gray energy provided by other regions, and emitting
less direct carbon locally. The NEGEF-gray values in some
regions are relatively low, such as Qinghai, Jilin, and Fujian,
indicating that their energy consumption and production scales
are relatively balanced.

Net Embodied Green Energy Flow. NEGEF-green refers
to the flow value implied in trade of energy from renewable
energy, such as solar, wind, hydropower, geothermal, etc. It can
be seen as the utilization degree of renewable energy in a
region. A positive value indicates the region imports renewable
energy from others, while a negative value indicates its
renewable energy is indirectly used by other regions. From
Figure 3(C), it can be seen that the NEGEF-green in regions
such as Beijing (8.1 mtce), Jiangsu (6.4 mtce), Henan (5.8
mtce), and Zhejiang (5.2 mtce) is positive, indicating that
these regions are net importers of renewable energy. On the
contrary, Guizhou (—12.6 mtce), Inner Mongolia (—6.0 mtce),
Xinjiang (—4.9 mtce), and Yunnan (—4.6 mtce) show negative
NEGEF-green values, indicating they are net renewable energy
exporters and supply green energy to NEGEF-green positive
regions via trade.

It is worth noting that the NEGEF-green data in certain
regions approximate zero, such as Hainan (0.59 mtce), Ningxia
(0.2 mtce), Hunan (—0.1 mtce), and Shanghai (—0.4S mtce).
This result indicates that these regions have a relatively
balanced import and export of green energy.

Net Embodied Blue Water Flow. The use of blue water
is typically related to the extraction, transfer, and treatment of
water resource. NEBWEF refers to the virtual net flow value of
blue water resources implied in trade, which can be seen as the
utilization degree of freshwater resources in a region from
surface and underground natural sources such as precipitation,
rivers, and groundwater. Among the 30 regions in Figure 3(D),
Zhejiang, Beijing, and Henan have relatively large positive
NEBWE, with 4.5 billion cu.m, 4.5 billion cu.m, and 3.2 billion
cu.m, respectively. This is related to the economic structure
and geographical conditions of the region, reflecting the high
demand for indirect blue water resources by the industrial
structure and production patterns of these regions, making
them overflow areas for embodied blue water. The
consumption of blue water resources in 18 positive regions is
relatively high in economic development, and it is necessary to
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introduce water resources from other negative regions to meet
production and consumption demands.

A negative NEBWF indicates that the region exports blue
water resources to other regions. Among the 12 regions with
negative values, Xinjiang, Heilongjiang, and Jiangxi have
relatively large negative NEBWEF, with —8.6 billion cu.m,
—4.6 billion cu.m, and —4.2 billion cu.m, respectively. This
indicates that these regions consume less water resources, and
the blue water resources required for the goods they produce
exceed the blue water resources they consume. Thus, these
regions can export blue water resources to other regions via
trade in exchange for economic output and commodities.

Net Embodied Green Water Flow. Green water is
associated with regional soil resource protection and the
coverage of green plants. NEGWF refers to the net flow of
green water resources embodied in trade, which can be
regarded as an indicator related to natural soil and water
resource conditions. Specifically, in Figure 3(E), among the
regions with a positive NEGWF, Zhejiang has the highest
value, reaching 7.3 billion cu.m, followed by Guangdong (5.9
billion cu.m) and Beijing (4.2 billion cu.m). This indicates that
these regions rely heavily on green water resources from other
areas via trade.

Xinjiang has the lowest NEGWF among the regions with
negative value, reaching —8.5 billion cum, followed by
Heilongjiang (—6.3 billion cu.m) and Inner Mongolia (—5.0
billion cu.m), indicating regions with negative NEGWF export
green water to those with positive values.

From the overall distribution of NEGWEF, the number of
regions with a negative NEGWEF equals that with positive
NEGWE, indicating China’s various regions maintain relatively
balanced in terms of consumption and supply of green water
resource.

Net Embodied Carbon Emissions Flow. NECF refers to
the net flow of carbon emissions embodied in inter-regional
trade, reflecting the carbon footprint associated with the
production and consumption activities in different regions. As
shown in Figure 3(F), there are significant spatial distribution
differences among the 30 regions.

Beijing (158.6 mt CO,), Zhejiang (202.4 mt CO,), and
Guangdong (160.7 mt CO,) exhibit the highest NECF values,
indicating that these regions are net importers of carbon
emissions, consuming products and services produced using
carbon-intensive processes in other regions. Conversely, Hebei
(—=149.6 mt CO,), Shanxi (—153.3 mt CO,), and Inner
Mongolia (—208.7 mt CO,) exhibit significantly negative
NECF, indicating they are net exporters of carbon emissions,
producing goods and services for other regions and bearing the
environmental costs.

Some regions have relatively balanced NECF values, such as
Jiangxi (—0.9 mt CO,), Anhui (2.9 mt CO,), and Fujian (9.6
mt CO,), reflecting a more self-sufficient economic structure
concerning carbon emissions. The analysis of NECF highlights
carbon emissions disparities from inter-regional trade in China
and underscores the need for coordinated policies to achieve a
balanced and sustainable approach to carbon emissions
management.

6-dimensional Vector Clustering.

ETF represents the net trade flow between regions. If the
value is positive, it indicates that the region has imported
products and services from other regions to meet its own
production and consumption demand. On the contrary, it

https://doi.org/10.1021/acssuschemeng.4c09911
ACS Sustainable Chem. Eng. 2025, 13, 8878—8893


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c09911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Elbow Method

Silhouette Score

0.34 4
(a) (b)
100 A 0.32 -
0.30 -
v
80 A S
© b .
s o 0.28
g g
60 - 2 0.261
@
0.24
40
0.22 -
2 3 4 5 6 71 8 9 10 > 3 4 5 6 7 8 9 10
Number of clusters Number of clusters
Calinski-Harabasz Score Davies-Bouldin Score
1.10 1
17.5 4 (c) (d)
17.0 4 1.05 4
16.5 - 1.00 -
£ 16.0 1 g 0954
a b
15.5 -
5 8 0.90 1
15.0 -
0.85
14.5 -
14.0 0.80 1
13.5 A 0.75 1

T T T T T T

5 6 7
Number of clusters

w 4

5 6 7
Number of clusters

Figure 4. K-value evaluation index: Panel a is the diagram of the elbow method, Panel b represents the Silhouette Coefficient score, Panel ¢
represents the Calinski-Harabasz index, and Panel d represents the DB index.

indicates that the region has exported economic resources to
other regions.

NEGEF-gray and NEGEF-green respectively represent non-
economic transfers between regions - ie., the net flow of
embodied gray and green energy.

NEBWEF and NEGWF represent inter-regional transfers of
natural water sources such as surface water, groundwater flows,
and rainfall stored in agricultural soils, respectively. These
indicators can reflect the allocation of inter-regional water
resources.

NECF represents the net flow of carbon emissions
embodied in inter-regional trade, reflecting the carbon
footprint associated with the production and consumption
activities in different regions. If the value is positive, it indicates
that the region is a net importer of carbon emissions,
consuming products and services produced using carbon-
intensive processes in other regions. Conversely, a negative
value indicates that the region is a net exporter of carbon
emissions, producing goods and services for other regions and
incurring the environmental costs. This indicator highlights
carbon emissions disparities from inter-regional trade.

Based on the six vectors mentioned above as variables, 30
regions were clustered by the machine learning k-means++
algorithm. As shown in Figure 4, the Elbow Method reveals a
gradual deceleration in the decline rate of the sum of squared
errors (SSE) as the number of clusters k increases. Notably, a
subtle flattening of the SSE reduction trend occurs at k = 3,
indicating a potential optimal number of clusters. This finding
is further supported by a significant increase in the Silhouette
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Coefficient (Silhouette Coefficient score 0.34) and the
Calinski-Harabasz index (Calinski-Harabasz index = 17.8).
These metrics confirm k = 3 as the optimal clustering choice,
balancing intracluster cohesion with intercluster separation.

However, it is worth noting that while k = 3 achieves higher
Silhouette Coefhicient and Calinski-Harabasz index, the
Davies-Bouldin index (Davies-Bouldin index = 1.08) remains
relatively high. This suggests that, although smaller numbers of
clusters generally result in better overall cohesion and
separation, certain clusters may exhibit less compactness and
distinct boundaries. Consequently, intracluster similarity
increases, and intercluster differentiation diminishes. After
considering the silhouette coeflicient, CH index, and DB index
in combination, k = 3 was identified as the optimal number of
clusters. This choice allows the macro-level patterns of
multidimensional resource flows in inter-regional trade to be
effectively revealed through three distinct categories.

By the k-means++ clustering algorithm, 30 regions in China
were clustered into three clusters, each characterized by similar
patterns of embodied resource flows. The clustering results are
presented in Table 1.

Cluster analysis has revealed that distinct clusters represent
various types of regions. The delineation of these clusters is
predicated upon their similarities in energy acquisition
methods, resource consumption, environmental pressures,
and sustainability aspects.

Resource-Based or Production-Oriented Regions.
Cluster 1 encompasses multiple regions in the northern and
western parts of China. These areas exhibit distinct character-
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Table 1. K-means++ Clustering Results

clusters regions

1 Hebei, Shanxi, Inner Mongolia, Heilongjiang, Guizhou, Gansu,

Xinjiang

2 Tianjin, Liaoning, Jilin, Shanghai, Jiangsu, Anhui, Fujian, Jiangxi,
Shandong, Henan, Hubei, Hunan, Guangxi, Hainan, Sichuan,
Yunnan, Shaanxi, Qinghai, Ningxia

3 Beijing, Zhejiang, Guangdong, Chongging

istics of resource output or production orientation due to their
abundant natural resources, such as minerals, forests, and water
resources, or relatively developed industrial production bases.
As shown in Figure 5, these regions demonstrate specific
outward-oriented economic patterns in embodied resources
flow.

In terms of economic development characteristics, most
regions in Cluster 1 exhibit negative NETF values, indicating
their economic growth relies on exporting resources to external
regions in exchange for economic benefits. These regions
primarily depend on the extracting and exporting of energy
resources such as coal, oil, and natural gas. Despite the net
trade outflow, their economic development remains relatively
stable due to their abundant natural resources.

From an energy structure perspective, most regions in
Cluster 1 exhibit significantly negative NEGEF-gray values,
implying heavy reliance on the output of fossil energy in their
economic activities. Notably, traditional energy-producing
regions like Shanxi, Inner Mongolia, and Heilongjiang, as key
fossil energy hubs in China, exhibit particularly significant fossil
energy outflows. Specifically, in terms of NEGEF-green, most
regions in Cluster 1 also exhibit negative values, indicating that
the net production of nonfossil energy in these regions exceeds
the net consumption. For instance, Inner Mongolia, Guizhou,
Yunnan, and Gansu show particularly significant net embodied
green energy flows, indicating outstanding performance in the
development of nonfossil energy industries and the establish-
ment of a good production scale for clean energy industries.
However, Guangxi and Heilongjiang have relatively limited

supply of nonfossil energy, resulting in weaker performance in
green energy production flows.

The average NEBWF is relatively low, indicating limited net
blue water in their economic activities. This observation aligns
with their dominant industrial structure focused on agriculture
and heavy industry, which have high demand for direct blue
water in production and consumption processes. The NEGWF
in Cluster 1 generally shows negative values, indicating net
embodied green water exports to other regions. This trend is
closely linked to the climate, land use, and ecosystem
conditions in these cluster’s areas. Rich ecosystems such as
grasslands and wetlands, along with extensive agricultural
production activities, effectively utilize green water resources
via the export of agricultural products.

In this cluster, regions such as Shanxi, Inner Mongolia,
Heilongjiang, and Xinjiang exhibit significantly negative NECF
values, indicating that these regions are net exporters of carbon
emissions. The industrial and energy production activities in
these regions are highly dependent on fossil fuels, resulting in
substantial carbon emissions being transferred to other regions.
Additionally, these regions face considerable environmental
pressure and resources sustainable development challenges,
necessitating policy interventions and technological innova-
tions to reduce direct carbon emissions.

Based on the analysis above, it is evident that regions in
Cluster 1 exhibit distinct characteristics in terms of resource
output and production orientation while also facing challenges
in economic transformation and resources sustainable develop-
ment.

Industrial and Commercial Development-Oriented
Regions. Cluster 2 primarily encompasses regions in the
central and eastern parts of China. The data reveals that this
cluster faces dual pressures from development opportunities
and challenges. Figure 6 depicts the specific fluctuations in
these data.

Regions in this cluster, such as Hebei, Liaoning, Jiangsu, and
Shandong, are predominantly industrial centers. The economic
growth in these areas relies heavily on manufacturing and
industrial production, which leads to the export of products to

Cluster 1
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external markets. The average NETF is significantly negative,
reflecting the export-oriented economic characteristics of this
cluster.

Cluster 2 exhibits superior performance in NEGEF-gray,
with values significantly lower than the traditional energy
consumption of Cluster 1, indicating that nonfossil energy has
gradually gained traction in Cluster 2, effectively replacing
traditional energy sources. This aligns with the higher maturity
of manufacturing and service industries in coastal regions,
where production technologies impose stricter environmental
protection and energy-saving standards. Moreover, NEGEF-
green generally shows positive values, revealing the increasing
demand for nonfossil energy in these regions as they align with
the national strategy of promoting green and low-carbon
development.

In terms of water resource consumption, NEBWF values in
Cluster 2 exhibit significant fluctuations, reflecting differences
in the demand for blue water resources in different regions.
The geographical differences in resource endowment have led
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to a distinct north—south distribution of blue water. Northern
regions and cities such as Tianjin, Hebei, Liaoning, and Jilin
face water scarcity and rely heavily on imported blue water
resources. In contrast, southern regions such as Jiangxi, Anhui,
Jiangsu, and Hunan rely on abundant precipitation and natural
runoff, making them blue water exporting regions.

In this cluster, regions such as Tianjin, Liaoning, Jilin,
Shanghai, Jiangsu, Anhui, Fujian, Jiangxi, Shandong, Henan,
Hubei, Hunan, Guangxi, Hainan, Sichuan, Yunnan, Shaanxi,
Qinghai, and Ningxia mostly exhibit positive NECF values,
indicating that these regions are net importers of carbon
emissions. These regions indirectly reduce their local carbon
emissions burden by importing carbon-intensive products and
services from other regions. Although reliant on external
resources for economic development, regions in Cluster 2
exhibit smaller NECF values within the cluster. This
characteristic endows them with greater potential and
flexibility in carbon emission management and resources
sustainable development.
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In conclusion, the regions in Cluster 2 actively adjust their
energy structure while balancing resource consumption and
environmental burdens through external trade. This strategy
not only promotes local economic development but also aligns
with the country’s overall strategy for resources sustainable
development.

Economically and Consumption-Driven Regions.
Cluster 3 comprises Beijing, Zhejiang, Guangdong, and
Chongging, four economically developed regions with highly
concentrated economic activity and significant consumption
levels, demonstrating substantial demand for resources. Their
NETF values are all positive, indicating that this cluster relies
on products and services provided by other regions for
consumption. The economic growth pattern and resource flow
characteristics of this cluster are reflected in Figure 7.

Most of the regions in this cluster are well-developed in the
service industry. In terms of NEGEF-gray performance, the net
embodied gray energy flows in Cluster 3 are all positive and
relatively large, indicating that these regions have consumed
and transferred a large amount of inter-regional embodied gray
energy through value-driven economic development. This is
related to the industrial structure and economic development
direction of the regions in Cluster 3. For example, Guangdong
and Zhejiang are among the most developed regions in China,
with a relatively diversified industrial structure and a lower
direct reliance on fossil energy.

The majority of NEGEF-green values in the cluster are
positive, indicating that these regions import embodied green
energy through trade to meet regional consumption needs,
consistent with their well-developed service industry and
higher proportion of high-tech industries.
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From the analysis of water resource flow, Cluster 3 exhibits a
relatively high NEBWEF, reflecting its extensive use of water
resources in economic activities. The well-developed service
industry and high-tech industries in this cluster have a
significant ”continuous consumption” of blue water, while
the high population density and degree of urbanization result
in strong demand for residential and industrial water use. At
the same time, the NEGWF of Cluster 3 is also relatively high,
indicating that these regions obtain embodied green water
resources from other regions through imports of agricultural
products to meet local production and consumption needs due
to relatively limited agricultural development.

Regions of Cluster 3 exhibit significantly positive NECF
values, indicating that these regions are net importers of
carbon emissions, acting as net consumers of products and
services imported from other regions. The economic activities
in these regions are primarily concentrated in high value-added
industries, resulting in their local consumption relying mainly
on production processes in other regions. However, this also
implies that these regions need to depend more on external
supply chains for carbon emission management and resources
sustainable development.

The results demonstrate that China’s regional economic
development faces the challenge of balancing economic growth
and resources sustainable development. The regions in Cluster
3, due to their high level of economic development, have
generated significant demand for resource inputs due to
consumption in both daily life and production, while regions in
Cluster 1 and Cluster 2 have, to some extent, met these
demands. It can be observed that regions with higher levels of
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economic development tend to become net consumers of
resources.

Regional SDI. The NEF serves as a framework for
characterizing the interconnected economic and environmental
flows within complex social economies. Identifying the linkages
between energy and environmental resource consumption and
economic activities is crucial for balancing resources
sustainable development of people and nature. Understanding
the NEF between different regional resources will help to
explore regional resources sustainable development potentials
and directions, and to avoid excessive transfer of resource and
environmental pressures, including regional carbon reduction,
from one region to another. As shown in Figure 8, an analysis
of the regional SDI of different clusters was conducted to
quantify the differences in resources sustainability.

The research results show that different regions obtained
through clustering algorithms exhibit different resources
sustainable development characteristics. Specifically, the
average SDI of the Cluster 1 region group is —0.68, showing
a clear trend of resource output. This indicates that these
regions face significant challenges in resource utilization and
may face the problem of excessive resource consumption.

In contrast, the average SDI of the Cluster 2 region group is
0.10, indicating that the resources within this group of regions
are more consistent and exhibit the characteristics of long-term
sustainable development. This consistency indicates that these
regions are relatively balanced in resource utilization and have
exhibited positive performance in resources sustainable
development.

On the other hand, although Cluster 3 comprises the four
most developed regions in China’s economy, it performs the
poorest in regional resources sustainable development, with an
average SDI of 1.31. This result indicates that despite
significant achievements in economic development, these
regions still face severe challenges in resource utilization and
sustainability.

Warm colors represent that the corresponding attribute
resources in the region are in a net inflow state, while cool
colors represent that the corresponding attribute resources in
the region are in a net outflow state. The darker the color, the
greater the inflow/outflow volume. If the color tends toward
neutrality, it indicates a small flow rate of the corresponding
resource flow.

B DISCUSSION

China is currently in the vigorous stage of its energy revolution,
characterized by the continuous optimization and upgrading of
its energy structure.”” However, this process is challenged by
substantial regional disparities in resource distribution, leading
to significant differences in economic growth rates and
development levels across the country. Some regions’
economies are relatively lagging and still face the challenge
of insufficient development sustainability. This study analyzes
the correlation between trade flows and resource flows by
comparing traditional/renewable energy and blue/green water.
The results indicate that with the inter-regional flow of trade,
developing regions provide more resources for the develop-
ment needs of developed regions, thereby exacerbating
environmental inequality. This study further explores the
NEF performance of different clusters.

Compared to traditional regional sustainability evaluation
methods, the k-means++ clustering algorithm exhibited
superior performance in capturing the spatial heterogeneity
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of resource flows. For instance, while the SDI results were
partly consistent with those of Wang et al,®' our approach
offers greater granularity by incorporating six-dimensional NEF
vectors. This refinement enables the clustering of regions with
similar sustainability profiles, thereby revealing nuanced inter-
regional dependencies.

Cluster 1 (resource exporters) should focus on sustainable
resource extraction and stringent emission controls, and its
policies should prioritize (i) renewable energy subsidies to
reduce gray energy dependence (e.g., Inner Mon§olia’s wind
power potential in 2023:150 million kilowatts®”) and (i)
water-efficient agriculture to curb blue water overuse (8.6
billion m* embodied blue water flows out in Xinjiang). As
industrial hubs, Cluster 2 regions like Jiangsu should leverage
their balanced SDI (0.10) to pilot circular economy hubs,
integrating industrial symbiosis networks to reduce embodied
flows. Consumption-driven regions of Cluster 3 need to reduce
dependence on external resources by bolstering local green
infrastructure.

Our analysis reveals an imbalance in the economic
environment, with Cluster 3 thriving at the expense of Cluster
1. For instance, Shanxi plays a role as one of the energy
producers for Beijing. The consumption of gray energy
provided by Shanxi to Beijing is 14.59 times greater than
Beijing’s output to Shanxi; that of green energy is 13.22 times
greater, that of blue water is 4.47 times greater, that of green
water is 12.2 times greater, and that of carbon emissions is 30.6
times greater. Economic benefits are also exported from Shanxi
to Beijing, and the trade flow from Beijing to Shanxi accounts
for 80% of the flow from Shanxi to Beijing (Figure 9). The

NECF

NEGWF
NEBWF
NEGEF-green
NEGEF-grey
NETF

1941262.92
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x
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Figure 9. Differences in the multidimensional NEF between Shanxi
and Beijing.

results show that the energy, water resources and carbon
emissions produced in a single region are unevenly
redistributed among other regions in China through the flow
of trade.”*~%

The most direct resource conservation policies implemented
by local governments mainly focus on resource production and
utilization. Based on local resource endowments and climatic
conditions, these governments implement relevant policies and
measures such as actively and continuously promoting the
large-scale construction of renewable energy industries in the
southwest and northwest regions,66 and improving the
efficiency of clean energy and green water use.

In order to establish a resources sustainable development
model, it is necessary to understand the complementary
resource advantages that consider both energy and environ-
mental ecological benefits. Water, energy, and carbon are
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significant factors in regional resources sustainable develop-
ment.”” The sustainable development of resources in a region
should be determined by comprehensive environmental
sustainability indicators. For example, although Qinghai has a
weak regional economic development, it is rich in renewable
energy such as solar and wind energy,68’69 and has obvious
advantages in the use of renewable energy and the develop-
ment of the power industry. The industrial policy in this region
should focus on improving industrial efficiency and promoting
industrial upgrading. In contrast, although Zhejiang has
abundant products, it faces limitations in energy and water
resources, and its consumption of energy and water resources
is limited by the supply regions. Consequently, Zhejiang
should emphasize the importance of effective utilization of
resources and environment to make up for its shortcomings.
Thus, Zhejiang’s policies should tend to maximize the
efficiency of energy and environmental resource utilization.

Emphasis should also be placed on inter-regional coopera-
tion policies based on regional advantages. Regions function
either as resource consumers (resource input regions) or
producers (resource output regions). Consumer regions, such
as Beijing, Zhejiang, Guangdong, and Chongqing, should bear
a significant share of the consumer responsibility. As these
consumers are predominantly located in highly developed
areas, they are well-positioned to provide more economic and
technological support for their own and other regions’
economic development. Producers in Shanxi, Inner Mongolia,
Heilongjiang, and other regions should bear more responsi-
bility for production due to their abundant resources. Efforts
here should concentrate on improving industrial production
technology and resource utilization efficiency. However, some
resource-poor and underdeveloped producers, such as Hebei,
Liaoning, Sichuan, Henan, etc., should consider relocating
some energy/water-intensive industries to resource areas to
avoid economic development at the expense of the environ-
ment. These results can serve as a reference for policy makers
to formulate more targeted and effective environmental
policies and promote resources sustainable development in
China.

This study quantifies energy, water resources use, and
carbon emissions based on China's MRIO of 30 regions. It
comprehensively considers 6-dimensional vectors of each
region, and the cluster research results are expected to
promote comprehensive energy policy decisions to meet
China’s growing energy and environmental demands. The
specific energy consumption and water resources utilization
can be seen as complementary indicators to track the main
resource pressures of regional development; they are highly
beneficial for in understanding the diversity of natural resource
pressures on production in related industries, as well as the
nature of the relationship between economic activities and
natural endowments. The k-means++ clustering based on six-
dimensional NEF vectors reveals differential regional roles
(e.g., resources exporters vs consumers) that traditional single-
dimensional analyses overlook. For instance, Cluster 3’s high
SDI (1.31) reflects not merely carbon leakage but over-reliance
on external water and energy, a finding unattainable through
sector-specific or single-dimensional studies.

Although a six-dimensional energy/environmental extended
MRIO table has been constructed, there are some limitations
in the compilation process. Due to the lack of observed
regional energy, water resources, and carbon emissions data,
the parameters used in the IO model are estimated through
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regional trade flows, assuming uniform trade patterns and
technological levels across regions. This may not be accurate as
there is regional heterogeneity at the regional level
Consequently, there are some uncertainties in the construction
process of the MRIO table. For example, RAS technology is
applied to optimize matrices, as conflicting data in construction
often leads to imbalanced MRIO tables. However, this
optimization technique may adjust data and introduce
uncertainty to some extent. The assumption of uniform
intensity across regions can be considered more or less
plausible, but it still needs to be verified when data becomes
available in the future.

These research findings have important policy implications
for promoting regional resources sustainable development in
China and other countries facing similar challenges. Future
research can further explore the causal mechanisms and
interactions between economic development, resource uti-
lization, and environmental pressures in different regions of
China by leveraging Al technology, to better understand how
these factors influence each other. Furthermore, a broader
range of resource and environmental factors could also be
incorporated, such as pollutants, to provide a more
comprehensive assessment of sustainability impacts and
enhance the applicability of resource management strategies.

B CONCLUSIONS

In summary, we present a resources embodied flow framework
based on IO modeling to quantify multidimensional resource
interactions across 30 regions of China, integrating machine
learning algorithms for regional clustering and resources
sustainable development evaluation. The findings reveal three
distinct resources sustainability clusters: resource-intensive
regions in the north and west (Cluster 1) exhibit an average
SDI of —0.68, characterized by net resource output; central
and eastern production-oriented areas (Cluster 2) show a
balanced SDI of 0.10 with preferable sustainability; and
developed economic consumption driven regions (Cluster 3)
have a high SDI of 1.31, facing severe resource import
dependency and environmental pressures. Together, all of the
above clusters highlight the need for targeted policies for
different regions to optimize inter-regional resource allocation
and foster balanced sustainable development by aligning
regional characteristics with resource flow patterns.
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B NOMENCLATURE

10 input-output

NEF net embodied flows

NEEF-E net embodied energy flows

NEEF-Env net embodied environmental flows

MRIO multi-regional input-output model

NEGEF-gray net embodied gray energy flow

NEGEF-green net embodied green energy flow

NEBWEF net embodied blue water flow

NEGWF net embodied green water flow

NECF net embodied carbon emissions flow

SDI resources sustainable development evaluation
index

SSE sum of squared errors

CEADs China emission accounts and data sets

MtCO, megatons of carbon dioxide

B REFERENCES

(1) Olsson, G. Water, energy and food interactions—Challenges and
opportunities. Front. Environ. Sci. Eng. 2013, 7, 787—793.

(2) Ly, S.; Lu, W.; Xu, M.; Taghizadeh-Hesary, F.; Tang, Y. Water-
energy-food security under green finance constraints in Southwest
China. Energy Economics 2023, 118, No. 106478.

(3) Zhang, P.; Zhang, L.; Chang, Y.; Xu, M.; Hao, Y.; Liang, S.; Liu,
G.; Yang, Z.; Wang, C. Food-energy-water (FEW) nexus for urban
sustainability: A comprehensive review. Resour., Conserv. Recycl. 2019,
142, 215—224.

(4) Tébelmann, D.; Wendler, T. The impact of environmental
innovation on carbon dioxide emissions. J. Cleaner Prod. 2020, 244,
No. 118787.

(5) Thi Anh Tuyet, N.; Ishihara, K. N. Analysis of changing hidden
energy flow in Vietnam. Energy Policy 2006, 34 (14), 1883—1888.

(6) Akizu-Gardoki, O.; Wakiyama, T.; Wiedmann, T.; Bueno, G.;
Arto, I; Lenzen, M,; Lopez-Guede, J. M. Hidden Energy Flow
indicator to reflect the outsourced energy requirements of countries. J.
Cleaner Prod. 2021, 278, No. 123827.

8891

(7) Zhang, Z.; Xi, L.; Bin, S.; Yuhuan, Z.; Song, W.; Ya, L.; Hao, L;
Yongfeng, Z.; Ashfaq, A.; Guang, S. Energy, CO2 emissions, and value
added flows embodied in the international trade of the BRICS group:
A comprehensive assessment. Renewable Sustainable Energy Rev. 2019,
116, No. 109432.

(8) Tanguy, A.; Bahers, ].-B.; Athanassiadis, A. Outsourcing of urban
metabolisms and its consequences: A multiscale energy flow analysis
of a French port-city. Resour., Conserv. Recycl. 2020, 161, No. 104951.

(9) Liu, N,; Hong, C.; Sohail, M. T. Does financial inclusion and
education limit CO2 emissions in China? A new perspective. Environ.
Sci. Pollut. Res. 2022, 29, 1-8.

(10) Zhao, X.;; Ma, X.; Chen, B; Shang, Y,; Song, M. Challenges
toward carbon neutrality in China: Strategies and countermeasures.
Resour., Conserv. Recycl. 2022, 176, No. 105959.

(11) Zhu, Q.; Chen, J; Li, F. A comprehensive analysis of China’s
regional energy and environment efficiency from supply chain
perspective. Int. J. Logistics Res. Appl. 2022, 25 (4—5), 709—724.

(12) Yang, B.; Ding, L.; Zhan, X; Tao, X.; Peng, F. Evaluation and
analysis of energy security in China based on the DPSIR model.
Energy Reports 2022, 8, 607—615.

(13) Liu, Z. China’s Carbon Emissions Report 2016: Regional
Carbon Emissions and the Implications for China’s Low Carbon
Development. https://scholar.harvard.edu/files/zhu/files/china_
carbon_emissions 2016 _final web.pdf (accessed 04/05/2022).

(14) Tian, X; Chang, M,; Lin, C.; Tanikawa, H. China’s carbon
footprint: a regional perspective on the effect of transitions in
consumption and production patterns. Applied energy 2014, 123, 19—
28.

(15) Li, W.; Zuo, Q;; Jiang, L.; Zhang, Z.; Ma, J.; Wang, J. Evaluation
of Regional Water Resources Management Performance and Analysis
of the Influencing Factors: A Case Study in China. Water 2022, 14
(4), 574.

(16) Ma, T.; Sun, S.; Fu, G.; Hall, J. W.; Ni, Y.; He, L.; Yi, J.; Zhao,
N,; Du, Y; Pei, T,; et al. Pollution exacerbates China’s water scarcity
and its regional inequality. Nat. Commun. 2020, 11 (1), No. 650.

(17) Li, Y Yang, X; Ran, Q.; Wu, H,; Irfan, M.; Ahmad, M. Energy
structure, digital economy, and carbon emissions: evidence from
China. Environ. Sci. Pollut. Res. 2021, 28, 64606—64629.

(18) Cheng, J.; Zhou, K.; Chen, D.; Fan, J. Evaluation and analysis of
provincial differences in resources and environment carrying capacity
in China. Chinese Geographical Science 2016, 26, 539—549.

(19) Chen, M.; Huang, Y,; Tang, Z.; Lu, D.; Liu, H; Ma, L. The
provincial pattern of the relationship between urbanization and
economic development in China. J. Geographical Sci. 2014, 24, 33—45.

(20) Ning, Y,; Miao, L,; Ding, T.; Zhang, B. Carbon emission
spillover and feedback effects in China based on a multiregional input-
output model. Resour,, Conserv. Recycl. 2019, 141, 211-218.

(21) Su, B,; Ang, B. Input—output analysis of CO2 emissions
embodied in trade: a multi-region model for China. Applied Energy
2014, 114, 377—384.

(22) Su, B;; Ang, B. W. Input—output analysis of CO2 emissions
embodied in trade: competitive versus non-competitive imports.
Energy Policy 2013, 56, 83—87.

(23) Zhang, B.; Qiao, H.; Chen, Z.; Chen, B. Growth in embodied
energy transfers via China’s domestic trade: Evidence from multi-
regional input—output analysis. Applied energy 2016, 184, 1093—110S.

(24) Zhang, K; Lu, H; Tian, P.; Guan, Y.; Kang, Y.; He, L.; Fan, X.
Analysis of the relationship between water and energy in China based
on a multi-regional input-output method. J. Environ. Manage. 2022,
309, No. 114680.

(25) Zhang, B.; Chen, Z. M,; Xia, X. H; Xu, X;; Chen, Y. The
impact of domestic trade on China’s regional energy uses: a multi-
regional input—output modeling. Energy Policy 2013, 63, 1169—1181.

(26) Zhang, Y.; Zheng, H,; Yang, Z.; Su, M,; Liu, G.; Li, Y. Multi-
regional input—output model and ecological network analysis for
regional embodied energy accounting in China. Energy Policy 2015,
86, 651—663.

https://doi.org/10.1021/acssuschemeng.4c09911
ACS Sustainable Chem. Eng. 2025, 13, 8878—8893


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jibin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongmin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c09911?ref=pdf
https://doi.org/10.1007/s11783-013-0526-z
https://doi.org/10.1007/s11783-013-0526-z
https://doi.org/10.1016/j.eneco.2022.106478
https://doi.org/10.1016/j.eneco.2022.106478
https://doi.org/10.1016/j.eneco.2022.106478
https://doi.org/10.1016/j.resconrec.2018.11.018
https://doi.org/10.1016/j.resconrec.2018.11.018
https://doi.org/10.1016/j.jclepro.2019.118787
https://doi.org/10.1016/j.jclepro.2019.118787
https://doi.org/10.1016/j.enpol.2005.01.011
https://doi.org/10.1016/j.enpol.2005.01.011
https://doi.org/10.1016/j.jclepro.2020.123827
https://doi.org/10.1016/j.jclepro.2020.123827
https://doi.org/10.1016/j.rser.2019.109432
https://doi.org/10.1016/j.rser.2019.109432
https://doi.org/10.1016/j.rser.2019.109432
https://doi.org/10.1016/j.resconrec.2020.104951
https://doi.org/10.1016/j.resconrec.2020.104951
https://doi.org/10.1016/j.resconrec.2020.104951
https://doi.org/10.1007/s11356-021-17032-1
https://doi.org/10.1007/s11356-021-17032-1
https://doi.org/10.1016/j.resconrec.2021.105959
https://doi.org/10.1016/j.resconrec.2021.105959
https://doi.org/10.1080/13675567.2021.1915262
https://doi.org/10.1080/13675567.2021.1915262
https://doi.org/10.1080/13675567.2021.1915262
https://doi.org/10.1016/j.egyr.2022.01.229
https://doi.org/10.1016/j.egyr.2022.01.229
https://scholar.harvard.edu/files/zhu/files/china_carbon_emissions_2016_final_web.pdf
https://scholar.harvard.edu/files/zhu/files/china_carbon_emissions_2016_final_web.pdf
https://doi.org/10.1016/j.apenergy.2014.02.016
https://doi.org/10.1016/j.apenergy.2014.02.016
https://doi.org/10.1016/j.apenergy.2014.02.016
https://doi.org/10.3390/w14040574
https://doi.org/10.3390/w14040574
https://doi.org/10.3390/w14040574
https://doi.org/10.1038/s41467-020-14532-5
https://doi.org/10.1038/s41467-020-14532-5
https://doi.org/10.1007/s11356-021-15304-4
https://doi.org/10.1007/s11356-021-15304-4
https://doi.org/10.1007/s11356-021-15304-4
https://doi.org/10.1007/s11769-015-0794-6
https://doi.org/10.1007/s11769-015-0794-6
https://doi.org/10.1007/s11769-015-0794-6
https://doi.org/10.1007/s11442-014-1071-9
https://doi.org/10.1007/s11442-014-1071-9
https://doi.org/10.1007/s11442-014-1071-9
https://doi.org/10.1016/j.resconrec.2018.10.022
https://doi.org/10.1016/j.resconrec.2018.10.022
https://doi.org/10.1016/j.resconrec.2018.10.022
https://doi.org/10.1016/j.apenergy.2013.09.036
https://doi.org/10.1016/j.apenergy.2013.09.036
https://doi.org/10.1016/j.enpol.2013.01.041
https://doi.org/10.1016/j.enpol.2013.01.041
https://doi.org/10.1016/j.apenergy.2015.09.076
https://doi.org/10.1016/j.apenergy.2015.09.076
https://doi.org/10.1016/j.apenergy.2015.09.076
https://doi.org/10.1016/j.jenvman.2022.114680
https://doi.org/10.1016/j.jenvman.2022.114680
https://doi.org/10.1016/j.enpol.2013.08.062
https://doi.org/10.1016/j.enpol.2013.08.062
https://doi.org/10.1016/j.enpol.2013.08.062
https://doi.org/10.1016/j.enpol.2015.08.014
https://doi.org/10.1016/j.enpol.2015.08.014
https://doi.org/10.1016/j.enpol.2015.08.014
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c09911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(27) Shi, J; Li, H;; Guan, J,; Sun, X.; Guan, Q.; Liu, X. Evolutionary
features of global embodied energy flow between sectors: A complex
network approach. Energy 2017, 140, 395—40S.

(28) Lam, K. L.; Kenway, S. J.; Lane, J. L.; Islam, K. N.; de Berc, R.
B. Energy intensity and embodied energy flow in Australia: An input-
output analysis. J. Cleaner Prod. 2019, 226, 357—368.

(29) Hong, J; Tang, M;; Wu, Z; Miao, Z; Shen, G. Q. The
evolution of patterns within embodied energy flows in the Chinese
economy: A multi-regional-based complex network approach.
Sustainable Cities Society 2019, 47, No. 101500.

(30) Chen, Z.; Chen, G.; Xia, X.; Xu, S. Global network of embodied
water flow by systems input-output simulation. Frontiers of Earth
Science 2012, 6, 331—344.

(31) Han, M; Guo, S.; Chen, H.; Ji, X; Li, J. Local-scale systems
input-output analysis of embodied water for the Beijing economy in
2007. Front. Earth Science 2014, 8, 414—426.

(32) Wang, S; Liu, Y,; Chen, B. Multiregional input—output and
ecological network analyses for regional energy—water nexus within
China. Applied Energy 2018, 227, 353—364.

(33) Xia, Q; Tian, G.; Wu, Z. Examining embodied carbon emission
flow relationships among different industrial sectors in China.
Sustainable Production Consumption 2022, 29, 100—114.

(34) Tian, J; Liao, H.; Wang, C. Spatial—temporal variations of
embodied carbon emission in global trade flows: 41 economies and 35
sectors. Natural hazards 2018, 78, 1125—1144.

(35) Chen, B; Li, J.; Wu, X;; Han, M.; Zeng, L.; Li, Z.; Chen, G.
Global energy flows embodied in international trade: A combination
of environmentally extended input—output analysis and complex
network analysis. Applied Energy 2018, 210, 98—107.

(36) Hartigan, J. A; Wong, M. A. Algorithm AS 136: A k-means
clustering algorithm. J. Royal Statistical Society. Series ¢ (Applied
Statistics) 1979, 28 (1), 100—108.

(37) Im, S. K; Chan, K. H. Vector quantization using k-means
clustering neural network. Electron. Lett. 2023, S9 (7), No. e12758.

(38) Yuan, C.; Yang, H. Research on K-value selection method of K-
means clustering algorithm. J. 2019, 2 (2), 226—235.

(39) Zubair, M.; Igbal, M. A.; Shil, A.; Chowdhury, M.; Moni, M. A.;
Sarker, I. H. An improved K-means clustering algorithm towards an
efficient data-driven modeling. Annals of Data Science 2024, 11 (S),
1525—1544.

(40) Zhao, X.; Zhang, L,; Ling, Y.; Zhang, Z.; He, Y.; Wang, F.
Research on Image Classification Enhancement Method Based on K-
means++ Clustering and CNN. In 2024 IEEE 6th International
Conference on Civil Aviation Safety and Information Technology
(ICCASIT); IEEE, 2024; pp 1411—1415.

(41) Huang, R; Cheng, Q.; Chen, Z. An Algorithm of Data
Classification Based on PCA and K-Means++. In 2021 IEEE
Conference on Telecommunications, Optics and Computer Science
(TOCS); IEEE, 2021; pp 412—417.

(42) NBS. 2017 Input-Output Table of China; China National Bureau
of Statistics, 2018.

(43) Zheng, H.; Zhang, Z.; Wei, W.; Song, M.; Dietzenbacher, E.;
Wang, X,; Meng, J.; Shan, Y.; Ou, J.; Guan, D. Regional determinants
of China’s consumption-based emissions in the economic transition.
Environmental Research Letters 2020, 15 (7), No. 074001.

(44) Cheng, H,; Dong, S; Li, F.; Yang, Y.; Li, S.; Li, Y. Multiregional
input-output analysis of spatial-temporal evolution driving force for
carbon emissions embodied in interprovincial trade and optimization
policies: case study of northeast industrial district in China. Environ.
Sci. Technol. 2018, 52 (1), 346—358.

(45) Jiang, M.; Behrens, P.; Wang, T.; Tang, Z,; Yu, Y.; Chen, D;
Liu, L.; Ren, Z.; Zhou, W.; Zhu, S.; et al. Provincial and sector-level
material footprints in China. Proc. Natl. Acad. Sci. U. S. A. 2019, 116
(52), 26484—26490.

(46) Hong, J.; Shen, G. Q.; Guo, S.; Xue, F.; Zheng, W. Energy use
embodied in China’ s construction industry: a multi-regional input—
output analysis. Renewable Sustainable Energy Rev. 2016, 53, 1303—
1312.

8892

(47) NBS.China Statistical Yearbook 2018; China Statistics Press:,
2018.

(48) NBS.China Energy Statistical Yearbook 2018; China Statistics
Press:, 2018.

(49) Huang, Q; Li, Q; Li, W; Li, J; Zhang, K. Promoting the
Transformation of Old Industrial Bases Through Energy Revolution.
Strategic Study of CAE 2021, 23 (1), 7.

(50) Government, S. M. P. s. 13th Five Year Plan for Energy
Development in Shanghai. Shanghai Municipal People’s Government,
2017.

(51) Government, J. P. P. s. Jiangsu Province’s 13th Five Year Plan for
Energy Development. Jiangsu Province People’s Government, 2017.

(52) Government, H. P. 13th Five Year Plan for Energy Development
in Hubei Province. Hubei Provincial Government, 2017.

(53) Region, G. O. 0. t. P. s. G. 0. G. Z. A.. Implementation Plan for
Controlling Greenhouse Gas Emissions in Guangxi during the 13th Five
Year Plan Period. General Office of the People’s Government of Guangxi
Zhuang Autonomous Region 2017.

(54) Province, T. P. s. G. 0. Y.. Yunnan Province Energy Development
Plan (2016—2020) and Yunnan Province Energy Security Network Five
Year Action Plan (2016—2020). The People’s Government of Yunnan
Province, 2016.

(55) Liu, D.; Liang, J.; Xu, S.; Ye, M. Analysis of Carbon Emissions
Embodied in the Provincial Trade of China Based on an Input—
Output Model and k-Means Algorithm. Sustainability 2023, 15 (12),
9196.

(56) NBS.China Environmental Statistics Yearbook 2018; China
Statistics Press:, 2018.

(57) MWR.China Water Resources Bulletin 2017; Ministry of Water
Resources of the People’s Republic of China, 2018.

(58) CEADS. http://www.ceads.net (accessed April 19, 2021).

(59) Zhou, A.; Li, J. Impact of income inequality and environmental
regulation on environmental quality: evidence from China. J. Cleaner
Prod. 2020, 274, No. 123008.

(60) National Development and Reform Commission, N. E.
A.Modern Energy System Planning for the 14th Five Year Plan; National
Development and Reform Commission, National Energy Admin-
istration, 2022.

(61) Wang, Q; Liu, C.; Hou, Y.; Xin, F.; Mao, Z.; Xue, X. Study of
the spatio-temporal variation of environmental sustainability at
national and provincial levels in China. Sci. Total Environ. 2022,
807, No. 150830.

(62) Duan, W.; Zhao, W.; Xu, D. Study on the pathway of energy
transition in Inner Mongolia under the “dual carbon” goal Heliyon
2024; Vol. 10 (23), DOI: 10.1016/j.heliyon.2024.e39764.

(63) Zhang, B.; Wang, Q.; Liu, Y.; Zhang, Y.; Wu, X.; Sun, X; Qiao,
H. Uneven development within China: Implications for interprovin-
cial energy, water and arable land requirements. J. Environ. Manage.
2020, 261, No. 110231.

(64) Wang, H.,; Zhang, Y.; Lu, X; Nielsen, C. P.; Bi, J.
Understanding China’ s carbon dioxide emissions from both
production and consumption perspectives. Renewable Sustainable
Energy Rev. 2015, 52, 189—200.

(65) Chen, G.; Wu, X. Energy overview for globalized world
economy: Source, supply chain and sink. Renewable Sustainable Energy
Rev. 2017, 69, 735—749.

(66) Wang, Q.; Kwan, M.-P.; Fan, J.; Zhou, K.; Wang, Y.-F. A study
on the spatial distribution of the renewable energy industries in China
and their driving factors. Renewable Energy 2019, 139, 161—175.

(67) Wang, X.-C.; Klemes, J. J.; Wang, Y.; Dong, X.; Wei, H; Xu, Z.;
Varbanov, P. S. Water-Energy-Carbon Emissions nexus analysis of
China: An environmental input-output model-based approach.
Applied Energy 2020, 261, No. 114431.

(68) Wang, Y.; Zhang, D.; Ji, Q.; Shi, X. Regional renewable energy
development in China: A multidimensional assessment. Renewable
Sustainable Energy Rev. 2020, 124, No. 109797.

(69) Dong, L; Liang, H; Gao, Z; Luo, X; Ren, J. Spatial
distribution of China’ s renewable energy industry: Regional features

https://doi.org/10.1021/acssuschemeng.4c09911
ACS Sustainable Chem. Eng. 2025, 13, 8878—8893


https://doi.org/10.1016/j.energy.2017.08.124
https://doi.org/10.1016/j.energy.2017.08.124
https://doi.org/10.1016/j.energy.2017.08.124
https://doi.org/10.1016/j.jclepro.2019.03.322
https://doi.org/10.1016/j.jclepro.2019.03.322
https://doi.org/10.1016/j.scs.2019.101500
https://doi.org/10.1016/j.scs.2019.101500
https://doi.org/10.1016/j.scs.2019.101500
https://doi.org/10.1007/s11707-012-0305-3
https://doi.org/10.1007/s11707-012-0305-3
https://doi.org/10.1007/s11707-014-0430-2
https://doi.org/10.1007/s11707-014-0430-2
https://doi.org/10.1007/s11707-014-0430-2
https://doi.org/10.1016/j.apenergy.2017.11.093
https://doi.org/10.1016/j.apenergy.2017.11.093
https://doi.org/10.1016/j.apenergy.2017.11.093
https://doi.org/10.1016/j.spc.2021.09.021
https://doi.org/10.1016/j.spc.2021.09.021
https://doi.org/10.1007/s11069-015-1761-3
https://doi.org/10.1007/s11069-015-1761-3
https://doi.org/10.1007/s11069-015-1761-3
https://doi.org/10.1016/j.apenergy.2017.10.113
https://doi.org/10.1016/j.apenergy.2017.10.113
https://doi.org/10.1016/j.apenergy.2017.10.113
https://doi.org/10.2307/2346830
https://doi.org/10.2307/2346830
https://doi.org/10.1049/ell2.12758
https://doi.org/10.1049/ell2.12758
https://doi.org/10.3390/j2020016
https://doi.org/10.3390/j2020016
https://doi.org/10.1007/s40745-022-00428-2
https://doi.org/10.1007/s40745-022-00428-2
https://doi.org/10.1088/1748-9326/ab794f
https://doi.org/10.1088/1748-9326/ab794f
https://doi.org/10.1021/acs.est.7b04608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1903028116
https://doi.org/10.1073/pnas.1903028116
https://doi.org/10.1016/j.rser.2015.09.068
https://doi.org/10.1016/j.rser.2015.09.068
https://doi.org/10.1016/j.rser.2015.09.068
https://doi.org/10.15302/J-SSCAE-2021.01.011
https://doi.org/10.15302/J-SSCAE-2021.01.011
https://doi.org/10.3390/su15129196
https://doi.org/10.3390/su15129196
https://doi.org/10.3390/su15129196
http://www.ceads.net
https://doi.org/10.1016/j.jclepro.2020.123008
https://doi.org/10.1016/j.jclepro.2020.123008
https://doi.org/10.1016/j.scitotenv.2021.150830
https://doi.org/10.1016/j.scitotenv.2021.150830
https://doi.org/10.1016/j.scitotenv.2021.150830
https://doi.org/10.1016/j.heliyon.2024.e39764
https://doi.org/10.1016/j.heliyon.2024.e39764
https://doi.org/10.1016/j.heliyon.2024.e39764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jenvman.2020.110231
https://doi.org/10.1016/j.jenvman.2020.110231
https://doi.org/10.1016/j.rser.2015.07.089
https://doi.org/10.1016/j.rser.2015.07.089
https://doi.org/10.1016/j.rser.2016.11.151
https://doi.org/10.1016/j.rser.2016.11.151
https://doi.org/10.1016/j.renene.2019.02.063
https://doi.org/10.1016/j.renene.2019.02.063
https://doi.org/10.1016/j.renene.2019.02.063
https://doi.org/10.1016/j.apenergy.2019.114431
https://doi.org/10.1016/j.apenergy.2019.114431
https://doi.org/10.1016/j.rser.2020.109797
https://doi.org/10.1016/j.rser.2020.109797
https://doi.org/10.1016/j.rser.2015.12.307
https://doi.org/10.1016/j.rser.2015.12.307
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c09911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

and implications for a harmonious development future. Renewable
Sustainable Energy Rev. 2016, 58, 1521—1531.

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

CAS

8893 https://doi.org/10.1021/acssuschemeng.4c09911
ACS Sustainable Chem. Eng. 2025, 13, 8878—8893


https://doi.org/10.1016/j.rser.2015.12.307
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c09911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

