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Abstract: Agricultural carbon emissions are one of the major causes of global climate change. As
some of the world’s largest agricultural producers and consumers, countries along the route of the
Belt and Road initiative produce significant agricultural carbon emissions. An in-depth study on the
efficiency of agricultural carbon emissions in countries along the route can help countries reduce
environmental load while improving agricultural production, optimizing resource use, improving
agricultural production efficiency, and achieving sustainable development goals, which is significant
for global climate change mitigation. Based on the relational data and network perspective, this
paper takes the agricultural carbon emission efficiency of 34 countries along the route of the Belt
and Road Initiative from 1995 to 2020 as the research object. It integrates the social network analysis
method and other methods to realize the expansion of agricultural carbon emission efficiency in
the research method. The study shows that (1) agricultural carbon emission efficiency has more
room for improvement and presents complex spatially linked network characteristics; (2) the spatial
correlation network of agricultural carbon emission efficiency is relatively well connected, and
there is a general spatial correlation and spatial spillover effect among countries; and (3) similar
differences in the proportion of primary industries and differences in informatization levels help
establish spatial correlations between regions and produce spatial spillover effects. It is imperative
to change global economic growth, social development, and lifestyles through green development.
This study is conducive to the international community’s formulation of differentiated agricultural
carbon emission reduction support mechanisms for different countries to help the countries realize
the transformation of agriculture and even overall economic development as soon as possible. At
the same time, accelerating the pace of emission reduction and reducing the negative impact of
agricultural carbon emissions are conducive to better responding to the challenges posed by global
climate change.

Keywords: Belt and Road Initiative; agricultural carbon efficiency; climate change; sustainable
development; social network analysis method

1. Introduction

In recent years, the increase in greenhouse gas concentrations has led to the intensifi-
cation of global warming, and addressing climate change has become an essential issue
for all humankind to address [1–3]. Since climate change has regional interaction effects,
countries must coordinate and cooperate to address climate change jointly. In this process,
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the principles of “common but differentiated responsibilities”, equity, and respective capa-
bilities should be followed, and countries should do their best to contribute to the global
response to climate change [4,5].

The Belt and Road Initiative region connects two major economic spheres, the Asia Pa-
cific and Europe, which include Central Asia, Southeast Asia, West Asia, and other regions,
with more than 60 countries. Together, they account for 62.3% of the world’s population [6]
and 31.2% of its economy [7], which is significant for global development. Therefore, the
region deserves focused attention from the international academic community. Although
many countries have strong economies, many developing countries and regions need more
resources and adequate infrastructure and have undiversified economic structures, energy
and electricity shortages, and fragile ecological environments [8]. Studying the efficiency
of agricultural carbon emissions can help countries along the route to optimize the use
of resources, improve the efficiency of agricultural production, and reduce the waste of
resources. International Energy Agency (IEA) statistics show that the energy consumption
and carbon emissions of countries along the route of the Belt and Road initiative account
for more than 50% and 60% of the world’s energy consumption and carbon emissions,
respectively. The energy intensity and carbon emissions are high, and will be primary
sources of energy consumption and greenhouse gas emission growth in the future [9]. Since
2021, the growth rate of carbon emissions in countries along the route of the route of the Belt
and Road Initiative has been about twice the world average, while the emission intensity
has been nearly twice the world average, with a weak foundation for a low-carbon econ-
omy. In this context, these countries urgently need to reduce ecological and environmental
costs in the process of economic development [10,11], avoid high-carbon path lock and
accompanying development traps, improve quality low-carbon investment and industry,
and share the green benefits brought by low-carbon transformation to promote low-carbon
development along the route of the Belt and Road Initiative [12,13]. These correspond to
climate [14], energy [15,16], and environmental [17] challenges of great significance.

Agriculture is one of the essential sources of global greenhouse gas emissions [18].
Studying the efficiency of agricultural carbon emissions in the Belt and Road Initiative
region can help us understand the contribution of agriculture in this region to global climate
change and suggest measures to reduce greenhouse gas emissions. Promoting advanced
agricultural production technologies, encouraging farmers to adopt emission reduction
measures, and accelerating the pace of carbon reduction to reduce the negative impacts
of agricultural carbon emissions will help better address the challenges posed by global
climate change [19,20]. The level of agricultural development, energy structure, and policy
systems of countries along the route of the Belt and Road Initiative vary greatly. This study
will be beneficial for the international community to develop differentiated mechanisms to
help reduce carbon emissions in agriculture for different countries. It will help the countries
along the route of the Belt and Road Initiative realize the transformation of agriculture and
the overall economy as soon as possible.

Research on issues related to agricultural carbon emissions in countries along the route
of the Belt and Road Initiative has yet to be fully developed in national academia. However,
this research is essential for achieving sustainable development, reducing greenhouse gas
emissions, and addressing climate change. Exploring the spatial network structure of agri-
cultural carbon emission efficiency in countries along the route can help us understand the
interactions and linkages among these countries. Revealing the drivers can also identify the
key factors affecting the efficiency of agricultural carbon emissions and provide a scientific
basis for the formulation of targeted policies and measures. It helps address global climate
change issues and promotes sustainable agricultural development in countries along the
route, and strengthens international cooperation, contributing to the goal of aligning eco-
nomic prosperity and environmental protection. Accordingly, this paper will propose the
following research objectives: first, to describe the countries’ agricultural development
along the route of the Belt and Road Initiative and to sort out the relevant literature on agri-
cultural carbon emissions in the international community; second, based on the previous
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research, we will construct an agricultural carbon emission efficiency input–output index
system, calculate the agricultural carbon emission efficiency of the countries along the
route of the Belt and Road Initiative, and analyze the causes of fluctuations in agricultural
carbon emission efficiency in each country; third, based on the previous paper, we will
apply the social network analysis method, construct a spatial correlation binary matrix, and
conduct a spatial network structure analysis to explore the overall, individual and cluster
structure from three perspectives; fourth, the correlation analysis of the driving factors is
conducted to identify the key factors affecting agricultural carbon emission efficiency and
explore the relationship between these factors and the spatial correlation network matrix of
agricultural carbon emission efficiency in each country, in order to provide a scientific basis
and decision support for policymakers to promote low-carbon agriculture and reduce the
negative impact of agriculture on climate change.

Compared with the existing studies on agricultural carbon emission efficiency, this
paper achieves the following innovations. First, it empirically studies the seriousness of
agricultural carbon emission problems in countries along the route of the Belt and Road
Initiative from the regional development perspective. This paper presents the problematic
aspects of agricultural carbon emissions in each country and among regions to provide
theoretical references for promoting the Green Belt and Road Initiative. Secondly, the
analysis is based on a relational data and network perspective, which opens up a new
research perspective for the study of agricultural carbon emission efficiency. Thirdly, the
SBM model (SBM-Undesirable model) with non-desired output is used to measure the
agricultural carbon emission efficiency, the modified gravity model is used to construct
the gravitational matrix of the spatially linked network of agricultural carbon emission
efficiency, and social network analysis (SNA) is applied to analyze the structural charac-
teristics of the spatially linked network, using the assignment procedure model to explore
its driving factors. Finally, the QAP model (Quadratic Assignment Procedure model) is
used to explore the drivers. Using these methods together, a multi-level analysis can be
conducted to comprehensively understand the nature and characteristics of the spatial
association networks of the countries along the route of the Belt and Road Initiative, from
overall to local and from macro to micro.

2. Review of the Literature

The international community has conducted more research on the issue of agricultural
carbon emissions and has developed relatively rich research results, mainly focusing on
three aspects.

On the one hand, the World Bank (WBG), the International Energy Agency (IEA), the
United Nations Panel on Climate Change (IPCC), the Food and Agriculture Organization of
the United Nations (FAO), and other agencies have produced a large number of analytical
reports on global carbon emissions.

First, the World Bank (WBG) is committed to promoting sustainable development,
including reducing greenhouse gas emissions and adapting to climate change. Its major
reports include Low Carbon Development: Priorities and Policy Tools and Greenhouse
Gas Emission Trends 2021. The World Bank report on global agricultural carbon emissions
states that agricultural production is one of the leading causes of global GHG emissions,
accounting for about 25% of total global emissions, and that GHG emissions from agricul-
tural production mainly come from land use change, animal husbandry, fertilizer use, and
agricultural machinery use [21].

Second, the International Energy Agency (IEA) is committed to providing sustainable
energy solutions for member countries and the world. Its major reports include Global
Energy and CO2 Emissions: 2021 and World Energy Outlook. In the World Energy Outlook
report, the IEA emphasizes the urgency and importance of reducing carbon emissions,
especially in addressing climate change, and also stresses the importance of enhancing the
use of renewable energy, improving energy efficiency, promoting clean energy technology
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innovation, and taking global cooperative action, and proposes countermeasures for carbon
pricing, energy transition pathways, and policy frameworks [22].

Additionally, the United Nations Panel on Climate Change (IPCC) works to assess
climate change’s scientific basis and impacts and make policy recommendations for climate
change mitigation and adaptation. Its major reports include Climate Change 2021: The
Physical Science Basis, Climate Change 2022: Impacts, Adaptation, Vulnerability, etc. In
the IPCC Sixth Estimates Report (AR6), global agriculture and land use are essential
sources contributing to greenhouse gas emissions. Agricultural carbon emissions mainly
come from land use change, animal feeding, and agricultural practices. The report states
that agricultural carbon emissions have increased over the past decades and are likely
to continue to increase, especially in developing countries and regions with emerging
economies, and suggests improvements in the potential for reducing emissions from the
agricultural sector, including improving agricultural management practices and reducing
emissions from livestock [23].

Finally, the Food and Agriculture Organization of the United Nations (FAO) is com-
mitted to achieving the zero hunger goal and promoting sustainable agriculture. Its major
reports include the Global Action Plan on Climate in Agriculture and the Guide to Assess-
ing the Carbon Footprint of Food Systems. According to the reports and data provided
by the FAO, it can be seen that global agricultural carbon emissions account for a signif-
icant proportion of global greenhouse gas emissions. The FAO states that agricultural
carbon emissions mainly come from land use change, fertilizer use, animal husbandry,
and agricultural machinery and that agricultural carbon emissions significantly impact
climate change [24].

In summary, the reports of these institutions provide essential information and rec-
ommendations on global carbon emission trends, impacts, and mitigation measures and
are essential references for formulating global climate policies and promoting sustainable
development. These reports provide corresponding analyses and presentations of global
agricultural carbon emissions and their changes and provide references for developing
agricultural carbon emissions in countries along the route of the Belt and Road Initiative.

On the other hand, scholars in the environmental field in various countries have
conducted many studies on agricultural carbon emissions in different countries, and these
studies cover many aspects, such as the accounting system for agricultural carbon emis-
sions, emission indicators, the relationship between carbon emissions and the agricultural
economy, and the simulation of the water-land-energy economic cycle system.

First, scholars have worked to establish a comprehensive agricultural carbon emission
accounting system to accurately measure and assess carbon emissions from agricultural ac-
tivities. Some scholars have conducted systematic studies on agricultural carbon emission
accounting systems [25–29] to establish accurate and comprehensive agricultural emission
accounting methods and models to assess and compare the carbon emission levels in differ-
ent agricultural systems. They explored in depth the contribution of different agricultural
production processes to carbon emissions, including factors in tillage, fertilization, produc-
tion of agricultural and livestock products, and farm management, to reveal the impact of
specific agricultural activities on carbon emissions. Improving the environmental impacts
of agricultural production processes and reducing greenhouse gas emissions will also
provide essential guidance for achieving low-carbon agricultural development and global
climate goals and provide accurate data and scientific recommendations for policymakers
and agricultural practitioners.

Second, scholars have focused on the relationship between agricultural carbon emis-
sions and the agricultural economy and explored ways to achieve economic growth while
reducing carbon emissions. Some scholars have found that carbon emission intensification
reduces agricultural economic growth, increasing renewable energy consumption and
greenhouse area enhances agricultural economic growth, and rising energy consumption
increases agricultural exports [30–33]. Combining green investments in sustainable agricul-
tural production, renewable energy consumption, low-carbon emission technologies, and
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sustainable agricultural exports can increase technological efficiency, reduce carbon emis-
sions, and improve environmental quality to achieve global sustainable development goals.

In addition, scholars have conducted simulation studies of water-land-energy eco-
nomic cycle systems to gain a deeper understanding of the interactions between agricultural
carbon emissions and other elements. Some scholars have constructed complex system
models while considering the interrelationships among agricultural production, energy
use, water resources management, and land use [34–36]. The carbon cycle processes in
different agricultural systems are simulated to assess the impact of different policies and
technological measures on carbon emissions. These research models are able to explore
how changes in energy demand in one region affect energy, water, and land use in other
regions. The results of these simulation studies provide an essential scientific basis for
policymakers to develop emission reduction strategies and optimize resource allocation.
By applying models, policymakers can better understand the consequences of different
policy choices and thus take appropriate measures to reduce agricultural carbon emissions
and promote sustainable development.

In summary, scholars in the environmental field in various countries have conducted
extensive and in-depth explorations in studying agricultural carbon emissions. Their
research has provided crucial theoretical support and practical guidance for formulating
relevant policies, promoting sustainable agricultural development, and reducing carbon
emissions. It provides strong support for global sustainable agricultural development.

Thirdly, in terms of the regional agricultural carbon emission efficiency spatial correla-
tion network, many scholars have now not only analyzed the differences in agricultural
carbon emission efficiency between different regions but also studied in depth the spatial
aggregation and convergence of agricultural carbon emission efficiency and other issues
involving the spatial correlation network of regional agricultural carbon emission efficiency.
In this regard, scholars have conducted extensive studies [37–40] exploring spatial spillover
effects, spatial correlation relationships, etc. Studies have shown that agricultural carbon
emission efficiency exhibits significant spatial autocorrelation, and there is a mutual in-
fluence relationship between agricultural carbon emission efficiency in different regions.
This implies that the neighboring regions may influence the agricultural carbon emission
efficiency level in one region. In addition, study also reveals specific spatial heterogeneity
characteristics, i.e., there may be significant differences in agricultural carbon emission
efficiency in different regions. Therefore, the analysis of agricultural carbon emission
efficiency cannot be limited to the situation within the sample but also needs to consider the
spatial factors between samples. Scholars have recognized the importance of inter-regional
interactions for forming and improving agricultural carbon emission efficiency. By studying
spatial spillover and spatial correlation relationships, they can better understand the spatial
distribution pattern of agricultural carbon emission efficiency and provide a scientific basis
for formulating policies and measures for different regions.

In summary, current scholars have conducted in-depth studies on the spatial corre-
lation network of regional agricultural carbon emission efficiency. Their studies reveal
the spatial characteristics of agricultural carbon emission efficiency, providing essential
reference and decision support for regional management and the formulation of agricul-
tural carbon emission reduction policies. Further studies will help promote inter-regional
experience exchange and cooperation and promote the overall improvement of agricultural
carbon emission efficiency and the achievement of global sustainable development goals.

The findings will accelerate the improvement of agricultural carbon emission reduction
policies in the Belt and Road Initiative and provide theoretical references for achieving
the dual carbon goals. However, there are still some limitations in the existing studies:
firstly, there are certain shortcomings in the measurement methods and input–output
indicators regarding the efficiency of agricultural carbon emissions; secondly, with the
further development of the Belt and Road Initiative, the exchanges among countries will
be further deepened. As a product of socio-economic activities, the spatial effects of
carbon emissions also transcend geographical proximity (defined as proximity between
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countries) and form a spatially linked network globally. However, most existing studies are
mainly domestic studies, and there need to be more studies on the efficiency of agricultural
carbon emissions among Belt and Road Initiative countries. Moreover, the existing studies
only consider the spatial effects of geographic “proximity” or “adjacency”, lacking a
holistic approach, and do not consider the possible effects of “non-neighboring” areas on
agricultural carbon emission efficiency. Finally, most existing studies focus on reflecting the
samples’ attributes, and only some studies explore the interrelationship among multiple
samples, making it difficult to accurately characterize the overall network structure of the
spatial correlation network of agricultural carbon emission efficiency.

3. Material and Methods
3.1. Agricultural Carbon Emission Efficiency Measurement Methods
3.1.1. Non-Desired Output SBM Model (SBM-Undesirable)

In this paper, we measure the efficiency of agricultural carbon emissions using the non-
expected output SBM model, proposed by Tone in 2001 [41] and widely used in measuring
the efficiency of agricultural carbon emissions. Since the model is already well known by
the academic community, the formula is not presented in detail.

3.1.2. Agricultural Carbon Emission Efficiency Input–Output Index System

This paper uses previous studies to construct an input–output indicator system for
agricultural carbon emission efficiency. Due to the availability and completeness of data,
only the data of 34 countries along the route of the Belt and Road Initiative from 1995 to 2020
are selected for the study. Agricultural carbon emission efficiency has the characteristic of
“all factors”; that is, agricultural carbon emission efficiency is the result of the joint action of
various factors, such as agricultural energy, capital, land input, and agricultural economic
development level. The index system takes labor, land, fertilizer, and other factors involved
in agricultural production activities as input indicators, total agricultural output value
as expected output indicators, and carbon emissions caused by agricultural activities as
non-expected output indicators. The specific indicators are detailed in Table 1.

Table 1. Agricultural carbon emission efficiency input–output indicator system.

Primary Indicators Secondary Indicators Variables and Descriptions Data Sources

Input Indicators

Agricultural labor Number of agricultural laborers FAO
Land Crop sown area FAO

Fertilizer Consumption of fertilizer World Bank
Agricultural machinery Units of agricultural machinery World Bank

Irrigation Actual irrigated area World Bank
Desired Output Indicators Total agricultural output Total agricultural output FAO

Non-desired Output Indicators Agricultural carbon emissions Agricultural carbon emissions FAO

3.2. Spatial Association Network Structure Analysis Method
3.2.1. Modified Gravity Model

Understanding whether the agricultural carbon emission efficiency of 34 countries
along the route of the Belt and Road Initiative is characterized by a spatial network requires
the construction of a gravitational matrix first. The reference study [42] introduced a
modified gravitational model to measure agricultural carbon emission efficiency’s spatially
linked gravitational strength in 34 countries along the route of the Belt and Road Initiative.
The calculation was performed using a programming language with Equation (1).
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Qij =
AGi

AGi + AGj
×

AGEi × AGEj
D2

ij

(agi−agj)
2

(1)

where Qij denotes the gravitational force of agricultural carbon emission efficiency between
countries i and j along the route of the Belt and Road Initiative; ACEi, ACEj, AGi, AGj, agi,
agj denote the agricultural carbon emission efficiency, agricultural GDP, and agricultural
labor force per capita GDP between countries i and j along the route of the Belt and Road
Initiative, respectively; D2

ij the geographical distance between countries along the route of
the Belt and Road Initiative (replaced by the distance to the capital), based on data from the
CEPII website.

3.2.2. Social Network Analysis (SNA)

Social network analysis is a scientific method for analyzing relational networks based
on “relational data” and has been widely used in several fields [43–45]. The overall purpose
of this method is to understand and explain the relationships, structures, and behaviors in
social networks. The social network analysis method allows for exploring the connections
between individuals in social networks, the paths of information dissemination, and the
way influence is spread. It also reveals the key nodes, community structure, centrality
indicators, and other essential factors in the network to gain insight into the characteristics
and functions of the whole network. Referring to the existing research on the structure of
spatially linked networks, this paper analyzes the characteristics of the spatially linked
network structure of agricultural carbon emission efficiency in 34 countries along the route
of the Belt and Road Initiative using the social network analysis method, whose exact
formula and connotation are shown in the study in [45].

(1) The overall structural characteristics of the spatial association network. This feature is
mainly analyzed using four indicators: the number of network relationships, density,
rank degree, and efficiency. Among them, the number of network relationships
and density reflect the association strength of each node within the spatially linked
network, i.e., the strength of the interaction of each node in the spatially linked
network. The higher the number of network relationships and the higher the network
density, the stronger the correlation between the levels of agricultural carbon emission
efficiency of 34 countries along the route of the Belt and Road Initiative, and the
stronger the influence of the agricultural carbon emission efficiency of each country
on the others; the network correlation degree reflects the robustness of the spatial
correlation network, and when it is 1, it indicates that the agricultural carbon emission
efficiency of 34 countries along the route of the Belt and Road Initiative has a spatial
network effect. The network rank degree reflects the difference in the status of
agricultural carbon emission efficiency of 34 countries along the route of the Belt and
Road Initiative, and the higher the rank degree, the greater the difference in the status
of the spatial correlation network; the network efficiency reflects the stability of the
spatial correlation network, and the lower the network efficiency, the more stable the
spatial correlation network of agricultural carbon emission efficiency of 34 countries
along the route of the Belt and Road Initiative.

(2) Individual structure characteristics of spatial association network. This feature is
mainly analyzed by three indicators: point centrality, proximity centrality, and in-
termediary centrality. In the study, when the point degree centrality of a country is
higher, it indicates that the closer the country is to the center of the spatially linked
network of agricultural carbon emission efficiency in 34 countries along the route of
the Belt and Road Initiative, the stronger its role on the rest of the network nodes.
The point-out number is the number of directly connected edges between a country
and other countries; a higher point count indicates that the country has more direct
connections in the network. The point-in number is the number of direct connections
from other countries to that country. A high point-in count reflects how often other
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countries choose to point information or connections to that country; when the prox-
imity centrality of a country is higher, it indicates that it is closer to other countries in
the spatially linked network of agricultural carbon emission efficiency in 34 countries
along the route of the Belt and Road Initiative; when the intermediary centrality of
a country is higher, the more vital the control and regulation role of that country in
the agricultural carbon emission efficiency of other countries in the spatially linked
network of agricultural carbon emission efficiency in 34 countries along the route of
the Belt and Road Initiative.

(3) Spatially linked network clustering structure characteristics analysis. The role
and function of each cluster of the spatially correlated network of agricultural
carbon emission efficiency in each country in the network structure were evaluated
mainly using the block model analysis method. This paper is divided into four
clusters (Table 2), and the attributes of the clusters are judged based on the number
of incoming and outgoing relationships within and outside their clusters and
the number of members within the clusters, where gk denotes the number of
members within a cluster, and g represents the number of members in the overall
network relationship.

Table 2. Classification of agricultural carbon emission efficiency cluster attributes in the block model.

Location Internal Relationships
Proportion of Relationships Received by Location

≈0 >0

≥(gk − 1)/(g − 1) Two-way spillover cluster Net income cluster
<(gk − 1)/(g − 1) Net spillover cluster Brokerage cluster

3.3. The Quadratic Assignment Procedure (QAP Model)

Since the variables involved in the study are all relational data, there may be multi-
collinearity among the variables. It is also challenging to determine whether the disturbance
terms obey normal distribution. At the same time, the QAP model does not require in-
dependence and average distribution assumptions, and the results obtained by using the
QAP model to analyze the relational data will be more robust. Also, the overall purpose of
the QAP model is to compare and measure the structural similarity between two networks
or systems. The QAP model compares the arrangement or layout of different networks
to determine their similarities or differences. To further reveal the intrinsic drivers of
the evolution of spatially linked networks of agricultural carbon emission efficiency in
34 countries along the route of the Belt and Road Initiative, the QAP model is constructed
as in Equation (2):

GL = f(S, R, T, O, B, I, P, C) (2)

The dependent variable GL is the spatial correlation network matrix of agricultural
carbon emission efficiency in 34 countries along the route of the Belt and Road Initiative.
The independent variables are the difference matrix of science and technology level (S),
the difference matrix of residents’ income (R), the difference matrix of transportation level
(T), the difference matrix of primary industry output value (O), the difference matrix of
primary industry share (B), the difference matrix of information level (I), the difference
matrix of the national population (P), and the spatial proximity matrix (C), The specific
indicators and data sources are shown in Table 3.
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Table 3. QAP model index system.

Matrix Variables and Description Data Sources

Technology level R&D expenditure UNESCO
Difference in population income Value of per capita income of residents IMF

Transportation level Freight volume World Bank
Output value of primary industry Output value of primary industry FAO

The proportion of primary industry Ratio of output value of primary industry to
regional GDP FAO/IMF

Informatization level Number of fixed broadband internet users World Bank
Country population Total population World Bank

Spatial proximity Using the 0–1 rule, with 1 if two countries are in
close proximity and 0 otherwise /

4. Analysis of Agricultural Carbon Emission Efficiency

In this paper, we use Matlab 2021 software, combine the input–output index system
(Table 1), and apply the non-expected output SBM model to calculate and obtain the
agricultural carbon emission efficiency of 34 countries along the route of the Belt and Road
Initiative from 1995 to 2020, and use ArcGIS 10.2 software to draw Figure 1. From the
figure, we can see the regional differences of agricultural carbon emission efficiency of
each country: from 1995 to 2020. The figure shows that regions with higher efficiency of
agricultural carbon emissions are less and less every year from 1995 to 2020. It can be seen
that the development of low-carbon agriculture in each country lags relatively during the
25 years, and the agricultural carbon emissions increase relatively with the same level of
inputs and agricultural economic output, which reflects the incongruous development of
agricultural production and environmental protection in each country. The reason may be
that the countries along the route of the Belt and Road Initiative have experienced rapid
economic development and agricultural production growth in the past decades. With the
expansion of agriculture and increased production activities, agricultural carbon emissions
may have increased accordingly. Especially in some emerging economies and developing
countries, the growth in agricultural production may decrease carbon emission efficiency.

Figure 1. Cont.
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Figure 1. Cont.
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Figure 1. Overview of agricultural carbon emission efficiency of 34 countries along the route of the
Belt and Road Initiative in major years from 1995 to 2020.

The calculation revealed that each country’s mean value of agricultural carbon emis-
sion efficiency decreased from 0.592 to 0.566, with a peak in 2010 (0.660). Table 4 shows
the trends in agricultural carbon emission efficiency in each country in 1995 (mean value
of 0.592), 2005 (mean value of 0.566), 2015 (mean value of 0.531), and 2020 (mean value of
0.566). As far as different countries are concerned, in 2020, Macedonia, Latvia, and Cyprus
reached the frontier regarding agricultural carbon emission efficiency. The agricultural
carbon emission efficiency of 12 countries, including Malaysia, Egypt, Uzbekistan, China,
and Indonesia, will still be below 0.500 in 2020, among which Egypt, Belarus, Armenia,
and Thailand are mainly affected by climate change and natural environmental constraints,
resulting in low agricultural economic output; Pakistan and Croatia may be constrained by
the relatively backward agricultural production technology and productivity; countries
such as Malaysia, Uzbekistan, and Poland have environmental problems such as water
and soil pollution, soil erosion and fertility decline due to the excessive use of chemical
fertilizers; India and Indonesia have high agricultural carbon emissions due to farmers
burning crop waste and other ways to clean up their farmlands. On the other hand, China’s
problems are due to excessive use of agricultural inputs such as chemical fertilizers and
pesticides and irrational disposal of agricultural waste such as livestock manure and crop
residues, which aggravate soil and water pollution. Overall, within the study interval, the
efficiency of agricultural carbon emissions fluctuated widely among countries, with high
room for improvement and significant gaps between different countries.
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Table 4. The efficiency of agricultural carbon emissions in 34 countries along the route of the Belt and
Road Initiative, 1995–2020.

Country 1995 2000 2005 2010 2015 2016 2017 2018 2019 2020

Azerbaijan 0.480 1.000 0.680 1.000 0.643 0.591 0.593 0.588 0.572 0.556
Egypt 0.362 0.268 0.339 0.442 0.268 0.276 0.245 0.267 0.296 0.317

Pakistan 0.418 0.352 0.390 0.444 0.440 0.436 0.432 0.423 0.438 0.438
Belarus 0.544 0.393 0.470 0.588 0.374 0.536 0.579 0.521 0.502 0.486
Bulgaria 0.605 0.554 0.602 0.669 0.599 0.605 0.613 0.619 0.635 0.650

Macedonia 0.720 0.599 0.659 1.000 0.768 0.867 1.000 1.000 1.000 1.000
Poland 0.554 0.445 0.465 0.549 0.426 0.393 0.437 0.438 0.464 0.473
Russia 1.000 0.586 0.662 0.695 0.644 0.662 0.622 0.640 0.624 0.606

Kazakhstan 1.000 1.000 1.000 1.000 0.759 0.778 0.703 0.672 0.654 0.595
Kyrgyzstan 0.728 0.540 0.541 0.685 0.815 0.793 0.827 0.705 0.601 0.534

Czech Republic 0.712 0.576 0.720 0.736 0.382 0.395 0.426 0.449 0.527 0.590
Croatia 0.731 0.427 0.523 0.603 0.406 0.702 0.410 0.398 0.436 0.465
Latvia 1.000 1.000 0.936 0.795 1.000 1.000 1.000 1.000 1.000 1.000

Lithuania 1.000 1.000 1.000 0.713 0.706 0.690 0.662 0.691 0.715 0.728
Romania 0.499 0.522 0.625 0.756 0.801 0.825 0.780 0.755 0.729 0.703
Malaysia 0.220 0.193 0.247 0.259 0.225 0.217 0.202 0.235 0.268 0.289
Cyprus 0.655 0.582 1.000 1.000 0.488 0.476 0.523 0.539 0.744 1.000

Saudi Arabia 0.607 0.402 0.537 0.740 0.621 0.625 0.641 0.665 0.643 0.623
Sri Lanka 0.471 0.311 0.400 0.490 0.308 0.519 0.540 0.489 0.597 0.619
Slovakia 0.585 0.462 0.696 0.831 0.600 0.647 0.626 0.601 0.616 0.630
Slovenia 0.665 0.554 0.470 0.594 0.376 0.408 0.420 0.414 0.470 0.520

Tajikistan 0.577 0.614 0.605 0.917 0.694 0.753 0.680 0.765 0.744 0.710
Thailand 0.431 0.345 0.403 0.452 0.441 0.439 0.416 0.425 0.459 0.459
Turkey 0.456 0.387 0.450 0.546 0.529 0.481 0.486 0.505 0.512 0.519

Ukraine 0.550 0.537 0.501 0.673 0.684 0.675 0.669 0.679 0.678 0.645
Uzbekistan 0.240 0.330 0.427 0.386 0.284 0.293 0.289 0.276 0.306 0.329

Greece 0.525 0.363 0.503 0.582 0.564 0.549 0.545 0.519 0.538 0.539
Hungary 0.564 0.429 0.600 0.733 0.642 0.640 0.595 0.541 0.523 0.507
Armenia 1.000 1.000 0.666 0.724 0.479 0.315 0.382 0.381 0.420 0.453

Iran 0.449 0.358 0.416 0.538 0.594 0.578 0.558 0.573 0.564 0.554
Israel 0.551 0.393 0.572 1.000 0.425 0.431 0.460 0.444 0.491 0.509
India 0.380 0.332 0.362 0.418 0.404 0.416 0.417 0.409 0.427 0.426

Indonesia 0.454 0.369 0.432 0.497 0.393 0.420 0.414 0.395 0.409 0.413
China 0.380 0.282 0.339 0.393 0.262 0.273 0.280 0.284 0.326 0.361

Average 0.592 0.515 0.566 0.660 0.531 0.550 0.543 0.538 0.557 0.566

5. Analysis of Spatially Linked Network Structure of Agricultural Carbon Emission
Efficiency in Countries along the Route of the Belt and Road Initiative

Using the above measured agricultural carbon emission efficiency as the base data
for constructing the spatial correlation matrix, the spatial correlation binarization matrix
(GL) of agricultural carbon emission efficiency of 34 countries along the route of the Belt
and Road Initiative is constructed by combining the results obtained from Equation (1).
Then the social network analysis tool UCINET 6 software is applied to produce the spatial
network topology map of agricultural carbon emission efficiency of 34 countries along the
route of the Belt and Road Initiative. Four years, 1995, 2005, 2015, and 2020, were selected
as representatives of the study for image presentation, as shown in Figure 2. It can be seen
that the efficiency of agricultural carbon emissions in 34 countries along the route of the
Belt and Road Initiative has broken through the traditional spatial geographic proximity
spillover property. There are no isolated points in the network; the whole presents complex
spatially linked network characteristics.
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Figure 2. Spatial network topology of agricultural carbon emission efficiency in 34 countries along
the route of the Belt and Road Initiative from 1995 to 2020. (A: Azerbaijan, B: Egypt, C: Pakistan,
D: Belarus, E: Bulgaria, F: Macedonia, G: Poland, H: Russia, I: Kazakhstan, G: Kyrgyzstan, K: Czech
Republic, L: Croatia, M: Latvia, N: Lithuania, O: Romania, P: Malaysia, Q: Cyprus, R: Saudi Arabia,
S: Sri Lanka, T: Slovakia, U: Slovenia, V: Tajikistan, W: Thailand, X: Turkey, Y: Ukraine, Z: Uzbekistan,
a: Greece, b: Hungary, c: Armenia, d: Iran, e: Israel, f: India, g: Indonesia, h: China).

Specifically, the countries along the route of the Belt and Road Initiative have formed
an interconnected and mutually influencing network. Each country in it has potential
connections and links with other countries. The nodes in the network represent different
countries, while the edges represent the relationships and interactions among them. The
complexity of this network is reflected in the propagation and impact of agricultural carbon
efficiency. When a country’s agricultural carbon emission efficiency changes, its impact is
not limited to its neighboring countries but spreads through the network to other countries
in the whole network. Thus, in this network, the agricultural carbon emission efficiency
among countries is interconnected, forming an interdependent network feature.

This complex spatially linked network feature suggests that the influence and inter-
action of the whole network need to be considered when assessing and improving the
agricultural carbon emission efficiency of countries along the route of the Belt and Road
Initiative. Rather than relying only on geographical proximity, a comprehensive under-
standing of the dynamics of nodes and edges in the network is needed to develop more
effective policies and measures to improve agricultural carbon emission efficiency and
promote sustainable agricultural development.

5.1. Analysis of the Overall Characteristics of the Spatial Correlation Network of Agricultural
Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative

Using UCINET 6 software, the overall characteristics of the spatially linked network
of agricultural carbon emission efficiency of 34 countries along the route of the Belt and
Road Initiative from 1995 to 2020 were calculated.

(1) Network density. As seen in Figure 3, the number of network relationships of the
spatially linked network of agricultural carbon emission efficiency in 34 countries
along the route of the Belt and Road Initiative shows a fluctuating upward trend, from
388 in 1995 to 473 in 2000, for an overall long-term increase of 21.91%, of which the
highest value was 526 in 2010. Network density also shows a fluctuating upward
trend, increasing from 0.346 to 0.422, for an overall long-term increase of 21.97%, of
which the highest value was 0.469. Moreover, adding the OSL trend line in the figure,
it can be seen that the smooth OSL trend line rises from 2001 to 2013, after which the
marginal gain strongly decreases, and the rate of increase in the trend line slows down,
which indicates that the agricultural carbon emission efficiency is gradually stabilizing.



Sustainability 2023, 15, 10720 14 of 27

The spatial correlation network of agricultural carbon emission efficiency is gradually
converging to a balanced state, and the variability is gradually decreasing. It can be
seen that the spatial correlation network of agricultural carbon emission efficiency
among countries has increased in intensity and strengthened the interaction among
countries in the past 25 years. On the other hand, the opening of China-European
trains and the promotion of the Belt and Road Initiative have provided support and
impetus for the diffusion of agricultural technologies and the flow of agricultural
factors among countries and provided a guarantee for the formation of the spatial
correlation of agricultural carbon emission efficiency.

Figure 3. Spatial association relationship and network density.

Although the number of network relationships in the spatial association network of
agricultural carbon emission efficiency among countries in the study interval has been
dramatically improved, there is still a significant gap compared with the total number of
1122 maximum possible relationships (34 × 33). Therefore, there is still room for improving
the spatial correlation relationships of agricultural carbon emission efficiency in countries
along the route.

(2) Network correlation. Figure 4, including the OSL trend line during the sample exami-
nation period, shows that the overall fluctuation in the spatially correlated network
rank degree of agricultural carbon emission efficiency in each country is high. The
network rank degree of carbon emission efficiency in each country shows a slight
negative decline with increasing regional differences. This is consistent with the
fact that the regions with high carbon efficiency are less and less carbon efficient
from year to year, as shown in Figure 1. Rapid economic development and growth
in agricultural production lead to increased agricultural carbon emissions in some
countries, thus reducing agricultural carbon efficiency. The network hierarchy rose
from 0.198 in 1995 to 0.360 in 2000, for an increase of 82.38% over the past 25 years,
with the lowest values being 0.194 in 2000, 2001, and 2003, indicating that the rigid
hierarchical structure within the spatially linked network of countries’ agricultural car-
bon emission efficiency still exists, which may be influenced by the level of economic
development of each country. Countries with high levels of economic development
are likely to invest more resources in technological innovation and environmental
protection, thus improving the efficiency of agricultural carbon emissions. Conversely,
countries with low levels of economic development may face resource constraints
and technological backwardness, resulting in relatively low efficiency of agricultural
carbon emissions. At the same time, some countries may have abundant natural
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resources and agricultural infrastructure, enabling them to use resources more ef-
ficiently and increase carbon emission efficiency, while other countries may not be
able to achieve the same level of efficiency due to scarce resources or lack of proper
investment, thus leading to a specific gap in agricultural carbon emission efficiency
across countries. This is also consistent with the results of the agricultural carbon
emission efficiency measurement above.

Figure 4. Network hierarchy and network efficiency.

Network efficiency shows a fluctuating downward trend, decreasing from 0.886 to
0.812 over 25 years, for a year-on-year decrease of 8.43%. It indicates that the stability of the
spatial correlation network of agricultural carbon emission efficiency among countries is
enhanced, probably because, after the Belt and Road Initiative is promoted, the coordination
of socio-economic development among various countries is enhanced, which makes the
correlation between levels of agricultural carbon emission efficiency of countries increase.
The increase in correlation lines among nodes makes the whole network more and more
compact, thus realizing stability improvement.

5.2. Individual Structural Characteristics of the Spatial Correlation Network of Agricultural
Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative

The individual structural indicators of the spatial correlation network of agricultural
carbon emission efficiency in 34 countries along the route of the Belt and Road Initiative
in 2020 are calculated by UCINET 6 software, and the structural centrality of the spatial
correlation network is shown in Figure 5.

5.2.1. Point Center Degree

The mean value of the point degree centrality of each country’s spatially linked network
of agricultural carbon emission efficiency is 64.706. As shown in Figure 5a, the point degree
centrality of 15 countries, including Pakistan, Kazakhstan, Kyrgyzstan, Croatia, and Malaysia,
is higher than the mean value, indicating that these countries are closer to the center of the
network and have more connections and relationships with other nodal countries that play a
crucial role in the formation and stable development of the overall network of agricultural
carbon emission efficiency. They play an essential role in the construction and steady growth
of the comprehensive network of agricultural carbon efficiency. As key players in information
dissemination, resource exchange, or decision-making, these countries play a crucial role as
bridges, connecting different sub-networks or groups. At the same time, as important hubs for
information exchange and resource flow, they facilitate connections and cooperation among



Sustainability 2023, 15, 10720 16 of 27

other parts of the network. Moreover, most countries above the mean are concentrated in South
and Southeast Asia. These countries can enhance economic cooperation, connectivity, cross-
border investment, and political cooperation in the region through the Belt and Road Initiative
to achieve mutual benefits in economic development, reduce dependence on Western markets,
and promote stability and prosperity in each country, thus improving their agricultural carbon
emission efficiency. The histogram in Figure 5a also clearly demonstrates the trend of network
connectivity among nations, and by observing the change in the histogram, it can be verified
that the connectivity of the agricultural carbon emission efficiency linkage network among
countries shows an increasing trend from 1995 to 2020. It shows that the results have certain
robustness and further prove that communication, information transfer, and resource sharing
among countries in the network are more frequent and intensive.

In this paper, the above 15 countries are classified into the first group, such as China, India,
and Thailand, which benefit from faster domestic economic development, more advanced
agricultural technologies, and convenient transportation networks; the countries of the second
group, such as Kazakhstan, Kyrgyzstan, and Tajikistan, have higher agricultural carbon
emission efficiency (Figure 1), and their green and low-carbon behaviors will, to a certain
extent, drive other countries to reduce the application of chemical fertilizers and pesticides; the
third group of countries, such as Pakistan, Croatia, and Armenia, are better located, and their
convenient transportation and information networks can help them better communicate with
neighboring countries. In addition, five countries, such as Kyrgyzstan, Croatia, and Tajikistan,
have more point-in than point-out. This means that other countries are more inclined to point
their connections to these five countries, while these are relatively less likely to form links to
other countries, thus gaining more elements in the network.

Figure 5. Cont.
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Figure 5. (a) Point center degree—Overview of the centrality analysis of the spatially linked network
structure of agricultural carbon emission efficiency. (b) Closeness center degree—Overview of the
centrality analysis of the spatially linked network structure of agricultural carbon emission efficiency.
(c) Intermediation center degree—Overview of the centrality analysis of the spatially linked network
structure of agricultural carbon emission efficiency.
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5.2.2. Closeness Center Degree

The mean value of the proximity centrality of each country’s spatially linked network
of agricultural emission efficiency is 75.482. Figure 5b shows that 15 countries, such as
Sri Lanka, Tajikistan, Thailand, Turkey, and Uzbekistan, exceed the mean value. Most
countries above the mean are concentrated in South and Southeast Asia, consistent with
the results above. It indicates that these countries are more likely to be spatially connected
with other countries, and the elements of agricultural carbon emission efficiency move
quickly, which significantly contributes to the improvement of agricultural carbon emission
efficiency in other countries. Six countries, such as Israel, Cyprus, and the Czech Republic,
which are more challenging to link with spatial networks due to their low proximity to the
center, do not have access to resources comparable to countries with high proximity to the
center and need to find other opportunities to promote domestic agricultural economy and
development and thus improve their agricultural carbon emission efficiency.

5.2.3. Intermediation Center Degree

The mean value of intermediation centrality of the spatially linked network of agri-
cultural carbon emission efficiency in each country is 1.103. Figure 5c shows that the
intermediation centrality of India, Malaysia, Indonesia, Thailand, Pakistan, Sri Lanka, Iran,
the Russian Federation, and China is higher than the mean value. It indicates that these
countries can better influence and control the flow of resources and technologies, such as
labor and capital, in the spatial network, further regulating and constraining the efficiency
of agricultural carbon emissions in other countries. The total intermediation centrality
is 37.768, and the sum of intermediation centrality of the top nine countries accounts for
71.51% of the total, while the intermediation centrality of the bottom five countries is less
than 0.2, accounting for only 1.38% of the total. Due to their small economic size and
remote location, these countries need help controlling and dominating other countries in
the network. Figure 5c shows that the intermediation centrality of each country is uneven
and has unbalanced characteristics, and a considerable number of agricultural carbon
emission efficiency linkages are accomplished through economically developed countries
such as China, India, and Indonesia.

5.3. Spatial Correlation Network Clustering Structure Characteristics of Agricultural Carbon
Emission Efficiency in Countries along the Route of the Belt and Road Initiative

This paper uses a cluster model to analyze the intricate network system of agricultural
carbon emission efficiency in 34 countries along the route of the Belt and Road Initiative
(Figure 2), which is divided into four clusters according to the block model cluster attributes
using the CONCOR algorithm. Among them, the first cluster has seven members, the
second cluster has six members, the third cluster has nine, and the fourth cluster has
12 members. Among the 225 correlations, the number of relationships within the four
clusters is 104, and the number of relationships among the four clusters is 145, indicating
that the spillover effect among the clusters is noticeable. The specific division is detailed
in Figure 6.

Bulgaria, Croatia, Greece, Macedonia, Poland, Romania, and Slovenia are in the first
cluster. As shown in Table 5, the first cluster issued 51 relationships, of which 13 were
within the cluster, and 30 received connections from other clusters, which are “net spillover”
clusters. These countries are located in the European region and have high efficiency and
technological advantages in agricultural production, so most have relatively high efficiency
in agricultural carbon emissions. As “net spillover” clusters, they play an essential role
in agricultural trade and cooperation, reducing their agricultural carbon emissions by
providing agricultural products and technologies to other countries. Geopolitically, they
can lead in agricultural carbon reduction cooperation and technology transfer and promote
sustainable agricultural development through agricultural cooperation in the Belt and
Road Initiative.
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Figure 6. Distribution of cluster members.

Table 5. Analysis of spillover effects among clusters.

Economic
Segment

Receiving Relationships Number of
Cluster

Members

Desired Internal
Relationship

Ratio

Actual Internal
Relationship

Ratio

Number of
Relationships
Outside The

Receiving Cluster

Cluster
FeaturesCluster

1
Cluster

2
Cluster

3
Cluster

4

Cluster 1 13 4 9 25 7 18% 25% 30 “Net spillover”
cluster

Cluster 2 0 12 1 2 6 15% 80% 36 “Net benefit”
cluster

Cluster 3 17 23 23 14 9 24% 30% 38
“Two-way
spillover”

cluster
Cluster 4 13 9 28 32 12 33% 39% 41 “Broker” cluster

China, India, Indonesia, Malaysia, Sri Lanka, and Thailand are in the second cluster.
The second cluster has a significantly higher number of incoming relationships than outgo-
ing relationships, and the proportion of desired internal relationships is much smaller than
the actual value, making it a “net benefit” cluster. These countries are located in the Asian
region, where the demand for agricultural production factors is high, and the efficiency of
agricultural carbon emissions is relatively low. As “net beneficiary” clusters, they have a
high market consumption of agricultural products and receive more linkages and benefits
from the countries in the Belt and Road Initiative, enjoying factor inputs from other coun-
tries. Geopolitically, by strengthening cooperation with the “net spillover” clusters, they
can introduce efficient agricultural technologies and management experiences, improve the
efficiency of agricultural carbon emissions, achieve sustainable agricultural development,
and promote cooperation on agricultural carbon reduction in countries along the route of
the Belt and Road Initiative.

Cyprus, the Czech Republic, Hungary, Israel, Latvia, Lithuania, Russia, Saudi Arabia,
and Slovakia are in the third cluster. These countries are located in the Eurasian region
and have a high variability in agricultural carbon efficiency, both sending and receiving
linkages from other areas of the Belt and Road Initiative. As “two-way spillover” clusters,
these countries play an important role in agricultural carbon emissions and agricultural
trade. Geopolitically, they promote inter-regional economic linkages and cooperation by
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strengthening cooperation with other clusters and facilitating the transfer of agricultural
carbon reduction technologies and sustainable agricultural development.

Armenia, Azerbaijan, Belarus, Egypt, Iran, Kazakhstan, Kyrgyzstan, Pakistan, Tajik-
istan, Turkey, Ukraine, and Uzbekistan are in the firth cluster. The firth cluster sends
out 82 relations, of which 32 are intra-cluster relations, and 41 are received from other
clusters, which are “broker” clusters. They play a vital role in the efficiency of agricultural
carbon emissions and trade in agricultural products. By acting as a bridge, they facilitate
agricultural trade and technology transfer between different countries while also playing a
role in achieving agricultural carbon reduction and sustainable agricultural development at
home. Geopolitically, they promote the diffusion of agricultural carbon emission reduction
technologies and sustainable agricultural growth by strengthening cooperation with other
clusters to advance the achievement of agricultural carbon emission reduction targets in
the region.

To examine the spatial correlation of agricultural carbon emission efficiency among
clusters, this paper calculates each cluster’s network density matrix based on cluster
correlation distribution (Table 5). At the same time, the network density of the spatial
association of agricultural carbon emission efficiency in 2020 is 0.422, so when the network
density of any cluster is higher than 0.422, agricultural carbon emission efficiency will be
more concentrated in that cluster. This paper assigns a value of 1 to the case where the
cluster network density is greater than the overall network density and 0 to the opposite
point to obtain a matrix like this.

According to Table 6, there is a two-way spillover relationship between the “net
spillover” cluster and the “two-way spillover” cluster regarding agricultural carbon effi-
ciency; the clusters interact closely and are strongly related. The “net spillover” cluster
exports agricultural products to the “two-way spillover” cluster and strengthens the link be-
tween the two through agricultural trade and cooperation. At the same time, the “two-way
spillover” clusters also export agricultural technology and resources to the “net spillover”
clusters, contributing to the agricultural development of both sides. This two-way spillover
relationship strengthens economic ties and geopolitical influence between clusters.

Table 6. Density matrix and like matrix of spatially correlated clusters of agricultural carbon emis-
sion efficiency.

Cluster
Density Matrix Like Matrix

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 1 0.690 0.100 0.860 0.300 1.000 0.000 0.000 0.000
Cluster 2 0.000 0.400 0.020 0.030 0.000 0.000 0.000 0.000
Cluster 3 0.730 0.430 0.680 0.870 1.000 1.000 1.000 1.000
Cluster 4 0.150 0.130 0.740 0.240 0.000 0.000 1.000 0.000

The linkages between the “two-way spillover” and “broker” clusters are weaker. From
the perspective of agricultural carbon efficiency, the spillover effects between these clusters
are relatively weak. Their agricultural carbon efficiency is likely influenced mainly by
factors within the country, with less interaction and influence with neighboring clusters.
This results in relatively weak geopolitical relations between clusters and a low level of
cooperation and exchange.

The “net spillover” and “two-way spillover” clusters are not only correlated within
themselves regarding agricultural carbon efficiency, but they also receive extensive income
from the “net beneficiary” and “broker” clusters. This means that these countries work
closely with their internal members in the agricultural sector and further improve their
agricultural carbon efficiency through trade and technology exchange with other clusters.
This linkage strengthens the links between the “net spillover” and other clusters, with
implications for the geopolitical landscape.

The “net beneficiary” clusters play an essential role in the Belt and Road Initiative
as the engines of the countries along the route of the Initiative, with larger markets for
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agricultural products and abundant labor resources. They attract investment and trade
in agricultural products from the “net spillover” clusters and other clusters, contributing
to the carbon efficiency of agriculture. The agricultural development of these clusters is
essential for advancing the Belt and Road Initiative as a whole.

The “broker” cluster acts as a “bridge” and “hub” in the spatially linked network
of agricultural carbon efficiency under the Belt and Road Initiative. It has close spatial
linkages with the “net spillover” cluster and other clusters, facilitating the communication
and exchange of agricultural factors between different clusters. This role gives the “broker”
clusters a certain geopolitical status and influence and plays an essential role in promoting
regional cooperation and improving the efficiency of agricultural carbon emissions.

6. Analysis of Spatial Correlation Network Drivers of Agricultural Carbon Emission
Efficiency in Countries along the Belt and Road
6.1. QAP Correlation Analysis

Before the regression analysis, QAP correlation analysis was performed using UCINET
6 software. Thus, the relationship between each explanatory variable and the spatial
correlation network matrix of agricultural carbon emission efficiency of each country was
obtained, and the results are shown in Table 7.

Table 7. Correlation analysis of spatially linked network matrix of agricultural carbon emis-
sion efficiency.

GL S R T O B I P C

GL 1.000 ***
S 0.055 1.000 ***
R 0.169 *** 0.082 * 1.000 ***
T 0.169 *** 0.082 * 1.000 *** 1.000 ***
O −0.067 0.530 *** −0.203 *** −0.203 *** 1.000 ***
B −0.167 *** −0.066 −0.569 *** −0.569 *** 0.252 *** 1.000 ***
I −0.071 0.517 *** −0.076* −0.076 * 0.698 *** 0.049 1.000 ***
P −0.116 ** 0.327 *** −0.310 *** −0.310 *** 0.521 *** 0.301 *** 0.501 *** 1.000 ***
C 0.164 *** −0.005 0.070 * 0.070* 0.042 −0.017 0.034 0.067 * 1.000 ***

Note: *, **, *** denote significance levels of 10%, 5% and 1%, respectively.

The significance test reveals that there are significant positive coefficients between
the matrix of differences in population income level (R), the matrix of differences in trans-
portation level (T) and the matrix of differences in spatial proximity (C), and the matrix
of spatial association network of agricultural carbon emission efficiency among countries,
indicating that the differences in population income level and transportation level among
countries play a positive role in promoting the formation of the spatial association network
of agricultural carbon emission efficiency. At the same time, the proximity of geographic
location among countries has a significant positive effect on spatial association and spatial
spillover. It means that the proximity of geographic location further promotes the mutual
influence and spillover effect of agricultural carbon emission efficiency among countries.
However, the coefficients of the primary industry share difference matrix (B) and the coun-
try population difference matrix (P) are significantly and negatively correlated with the
spatial association network of agricultural carbon emission efficiency among countries
along the route. It indicates that the similarity of primary industry share and the country
population is essential in generating spatial association and spillover. The difference in the
percentage of primary industry and the people will have a suppressive effect on the spatial
association of agricultural carbon emission efficiency.

6.2. QAP Regression Analysis

The regression coefficients and test criteria of each variable matrix were obtained
through QAP regression analysis, as detailed in Table 8. The results show that:
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(1) The regression coefficients of the science and technology level difference matrix (S)
and the transportation level difference matrix (T) are significantly positive at the 5%
level, indicating that the increase in science and technology level and transportation
level difference is related to the ease of factor flow. The more significant the difference
in the level of science and technology and transportation, the more convenient the
factor flow is, and the more likely the spatial spillover of agricultural carbon emission
efficiency between countries. It shows that technology and transportation are essential
in promoting the spatial correlation of agricultural carbon emission efficiency.

(2) The regression coefficients of the primary industry share difference matrix (B) and
the information technology level difference matrix (I) are significantly negative. It
indicates that similar agro-industrial structures help establish spatial correlations
between regions and generate spatial spillover effects. The regression results suggest
that countries with similar agro-industrial structures are more likely to form spatially
correlated relationships. When the agricultural industry structure is similar among
nations, including the proportion and characteristics of planting, animal husbandry,
and fishery, they will face similar challenges and opportunities in improving the
efficiency of agricultural carbon emissions. In addition, the higher the similarity of
the informatization level among countries, the more conducive to forming a spatially
linked network of agricultural carbon emission efficiency in countries along the route.
It is because a similar level of informatization facilitates the transfer of information,
technology, and capital and represents a similar industrial base and personnel quality.
Therefore, with agricultural knowledge and technology transfer, the exchange of
agriculturally related factors will also be enhanced, thus strengthening the spatial
association of agricultural carbon emission efficiency.

(3) The spatial proximity matrix passed the 1% significance test, and the regression
coefficient was positive. It indicates that geographic proximity has an important
influence on the spatial association of agricultural carbon emission efficiency, i.e.,
neighboring countries are more likely to have a spatial association. Specifically, when
two countries are geographically proximate, they are more likely to be spatially related
and interact with each other regarding agricultural carbon emission efficiency. Such
proximity may promote cooperation and interaction in trade, technology transfer, and
personnel exchange, thus improving agricultural carbon emission efficiency. At the
same time, the difficulty of achieving spatial spillover increases with the increase in
spatial distance. It indicates that geographical proximity has an important influence
on the spatial association of agricultural carbon emission efficiency, and the closer the
distance, the stronger the spatial association between countries.

Table 8. Spatial correlation network matrix regression analysis of agricultural carbon emission efficiency.

Unstandardized
Coefficient

Standardized
Coefficient Significance Large

Scale
Small

Proportion

Intercept 0.091 0.000 - - -
S 0.064 0.113 0.048 0.048 0.952
R 0.018 0.033 0.239 0.239 0.761
T 0.061 0.133 0.029 0.029 0.702
O 0.004 0.006 0.466 0.466 0.534
B −0.053 −0.095 0.079 0.922 0.079
I −0.054 −0.095 0.075 0.926 0.075
P −0.040 −0.071 0.129 0.871 0.129
C 0.144 0.166 0.001 0.001 0.999

7. Conclusions

Based on the data of 34 countries along the route of the Belt and Road Initiative from
1995 to 2020, this paper examines the spatial association of agricultural carbon emission
efficiency from the perspective of network structure based on the measurement of agricul-
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tural carbon emission efficiency of each country using the non-expected output SBM model,
constructs the gravitational matrix of the spatial association network of agricultural carbon
emission efficiency using the modified gravitational model, applies the social network
analysis method to analyze the structural characteristics of the spatial association network,
and finally explores the driving factors through the QAP model. Using these methods,
the scope of influence and mechanism of agricultural carbon emission efficiency in the
countries along the route of the Belt and Road Initiative are studied intensely, revealing the
interrelationships, geographical links, and possible spatial spillover effects among different
countries. A multi-level analysis is also conducted to provide a more comprehensive
understanding of the impact of the implementation of the Belt and Road Initiative on the
spatial correlation network of agricultural carbon emission efficiency in countries along
the route by combining macro-level data and indicators with micro-level details, which
provides valuable references for further promoting regional cooperation and sustainable
development. The main research findings are as follows:

(1) From the analysis of agricultural carbon emission efficiency, the agricultural carbon
emission efficiency of 34 countries along the route of the Belt and Road Initiative
declined during the study period, indicating that agricultural production and envi-
ronmental protection in each country did not achieve coordinated development, and
there was more room for improvement. However, each country’s spatial effect of agri-
cultural carbon emission efficiency breaks through the traditional spatial-geographic
proximity restriction. It overall shows the characteristics of a complex spatially
linked network.

(2) From the overall network structure characteristics, the network density of spatial
association of agricultural carbon emission efficiency in each country shows a fluctu-
ating upward trend over 25 years, and the connection of agricultural carbon emission
efficiency among countries is becoming closer and closer. The network association
number measurement results show that the spatially linked network of agricultural
carbon emission efficiency in each country is relatively well connected with the gen-
eral spatial association and spatial spillover effects. However, there is still some room
for improvement. The network hierarchy of spatial correlations shows a rising trend,
indicating that the strict hierarchical structure within the spatial correlation network
of agricultural carbon emission efficiency still exists in each country. In contrast, the
network efficiency fluctuates downward, and the network stability is enhanced.

(3) From the characteristics of individual network structure, countries with higher-than-
average point degree centrality play a crucial role in the agricultural carbon emission
efficiency network. They are near the center of the overall network and have more
connections and relationships with other countries. These countries are seen as
essential players in information dissemination, resource exchange, and decision-
making, playing a critical bridging role and connecting different sub-networks or
groups. At the same time, they also act as important hubs for information exchange
and resource flow, facilitating connections and cooperation between other parts of
the network. These countries are mainly concentrated in the South and Southeast
Asia regions. Participating in the Belt and Road Initiative can enhance economic
cooperation, connectivity, cross-border investment, and political cooperation. It will
help achieve mutual benefits and win-win economic development in the Belt and
Road Initiative region, reduce dependence on Western markets, and promote the
stability and prosperity of each country. Through such cooperation, these countries
will improve the efficiency of their agricultural carbon emissions and jointly address
the challenges of climate change and sustainable development.

(4) From the structural characteristics of the clustering network, the relationships among
the four clusters have essential impacts on geopolitics and agricultural carbon emis-
sion efficiency. First, the “net spillover” cluster plays a crucial role in agricultural
trade and cooperation by providing agricultural products and technologies to other
countries to reduce their agricultural carbon emissions and leading agricultural car-
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bon reduction cooperation and technology transfer. Second, the “net beneficiary”
clusters with high agricultural market consumption gain more linkages and benefits
in the Belt and Road Initiative and enjoy factor inputs from other countries. Then, the
“two-way spillover” clusters play an important role in agricultural carbon emissions
and agricultural trade, promoting the transfer of agricultural carbon reduction tech-
nologies and sustainable agricultural development through cooperation with other
clusters and facilitating inter-regional economic linkages and collaboration. Finally,
the “broker” cluster acts as a bridge to promote agricultural trade and technology
transfer between different countries while achieving agricultural carbon emission re-
duction and sustainable agricultural development within the country and promoting
the achievement of agricultural carbon emission reduction targets within the region.

(5) From the perspective of the factors influencing the structure of spatially linked net-
works, first, the differences in the level of science and technology and transportation
play a role in promoting the spatial linkage of agricultural carbon emission efficiency.
The significant differences encourage the circulation of factors and facilitate the for-
mation of spatial spillover effects. Secondly, the similarity of agricultural industry
structure helps to establish the spatial correlation between regions and generate spatial
spillover effects. And the consistent level of informatization promotes the formation of
a spatial association network of agricultural carbon emission efficiency and facilitates
the transfer of information, technology, and resources. Finally, geographical prox-
imity is essential in the spatial association of agricultural carbon emission efficiency.
Neighboring countries are more likely to establish spatially linked relationships to
improve agricultural carbon emission efficiency through trade, technology transfer,
and personnel exchange. However, the difficulty of spatial spillover increases with in-
creasing spatial distance, showing the importance of geographic proximity for spatial
correlation of agricultural carbon emission efficiency.

8. Discussion

Warming trends pose significant challenges to both humans and ecosystems. Climate
change has a wide range of impacts on agriculture, water resources, biodiversity, and
health. Although the problem of global warming still exists, humans are realizing its
severity and taking active measures to cope with it. Therefore, it is crucial to study the
structure of spatially linked networks and drivers of agricultural carbon emission efficiency
to accelerate the improvement of agricultural carbon reduction policies in the Belt and
Road Initiative. The findings of the study are discussed as follows.

(1) Strengthen international cooperation and promote joint development. It is found
that there are internal gaps in the efficiency of agricultural carbon emissions among
countries, and it shows the characteristics of a complex spatially linked network.
Therefore, in the process of promoting the construction of a green “One Belt and One
Road”, it is necessary to strengthen international cooperation and achieve an excellent
green layout with advanced countries in agricultural carbon emission efficiency as the
center to narrow the gap of agricultural carbon emission efficiency among countries;
it is also necessary to make full use of the spatially related network characteristics of
agricultural carbon emission efficiency and foster the leading role of the network cen-
ter countries by strengthening the transportation network, etc. In addition, we should
promote the synergistic development of countries in improving agricultural carbon
emission efficiency and environmental protection by assuming a leadership role.

(2) Comprehensively understand the spatial correlation of agricultural carbon emission
efficiency, the characteristics of the network structure, and the differences in the sta-
tus of each country, and formulate relevant strategies in a targeted manner. First,
as the leading destination of spatial spillover, countries should use their influence
channels on other countries to force the improvement of agricultural production
through low-carbon agriculture publicity and other means. Second, countries on the
network’s edge should promote low-carbon agriculture by implementing strict envi-
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ronmental regulation measures or increasing ecological compensation and learning
from economically developed and technologically advanced countries to improve
agricultural production efficiency. Third, optimize the international trade pattern
and promote environment-friendly trade. To a certain extent, international trade
will affect the efficiency of agricultural carbon emissions in countries along the Belt
and Road, so it is necessary to optimize the international trade pattern and promote
environment-friendly trade to reduce the impact of agricultural carbon emissions.

(3) Strengthen technological innovation [46] and transfer to promote sustainable agri-
cultural development while using various driving factors to enhance the spatial
correlation of agricultural carbon emission efficiency. First, technological innovation
and transfer are the keys to improving agricultural carbon emission efficiency, so
it is necessary to strengthen technological innovation and transfer, pay attention to
transportation network optimization, improve information technology, ensure effi-
cient circulation of labor, technology, agricultural products, and other factors among
countries, and strengthen spatial linkages, to improve the green and intelligent level
of agricultural production methods in each country and achieve sustainable agricul-
tural development. Second, strengthen the linkage between agricultural markets and
production areas, give full play to the advantages of countries with high agricultural
output, and enhance the production and quality of their agricultural products by
choosing superior seeds and applying organic fertilizers to strengthen the supply
of green products. Third, establish an agricultural carbon emission monitoring and
management system to promote environmental protection governance. Establishing
a sound agricultural carbon emission monitoring and management system can pro-
mote environmental protection, improve agricultural carbon emission efficiency, and
provide a scientific basis for the sustainable development of countries along the Belt
and Road.

Author Contributions: Conceptualization, Q.S., Y.S. and H.L.; methodology, F.L.; software, Y.Z. and
C.D.; validation, F.L.; formal analysis, F.L. and Y.Z.; data curation, Q.S. and Y.S.; writing—original
draft, Q.S.; writing—review and editing, Y.S. and H.L.; visualization, C.D.; supervision, H.L.; funding
acquisition, Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Young Doctoral Science and Technology Talent Training
Program [Name of sponsor: Yang Su, grant number: 2020Q074]; Jiangsu Social Science Association
Project [Name of sponsor: Aijun Liu, grant number: 22SCB-03]; National Natural Science Foundation
of China Regional Grant [Name of sponsor: Hong Li, grant number: 71562033]; the Xinjiang Social
Science Foundation funded project [Name of sponsor: Hong Li, grant number: 20BGL083]; Xinjiang
Rural Revitalization Industrial Development Science and Technology Action Project [Name of sponsor:
Jian Liu, grant number: 2022NC049] and National Social Science Foundation Projects [Name of
sponsor: Feng Li, grant number: 20CGL026].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to all of the respondents to the questionnaire and the
participation of industry experts.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ezinna, P.C.; Nwanmuoh, E.; Ozumba, B.U.I. Decarbonization and sustainable development goal 13: A reflection of the maritime

sector. Environ. Aff. Shipp. 2021, 5, 98–105. [CrossRef]
2. Rehman, A.; Ma, H.; Ahmad, M.; Ozturk, I.; Isik, C. An asymmetrical analysis to explore the dynamic impacts of CO2 emission

to renewable energy, expenditures, foreign direct investment, and trade in Pakistan. Environ. Sci. Pollut. Res. Int. 2021,
28, 53520–53532. [CrossRef] [PubMed]

https://doi.org/10.1080/25725084.2021.1949136
https://doi.org/10.1007/s11356-021-14537-7
https://www.ncbi.nlm.nih.gov/pubmed/34031838


Sustainability 2023, 15, 10720 26 of 27

3. Easterbrook, D.J. (Ed.) Chapter 9—Greenhouse Gases. In Evidence-Based Climate Science, 2nd ed.; Elsevier: Amsterdam, The
Netherlands, 2016; pp. 163–173. [CrossRef]

4. Shi, Q.; Zhao, Y.; Qian, Z.; Zheng, L.; Wang, S. Global value chains participation and carbon emissions: Evidence from Belt and
Road countries. Appl. Energy 2022, 310, 118505. [CrossRef]

5. Robert, S. Pindyck What We Know and Don’t Know about Climate Change, and Implications for Policy. Environ. Energy Policy
Econ. 2021, 2, 4–43. [CrossRef]

6. Chen, M.; Sui, Y.; Liu, W.; Liu, H.; Huang, Y. Urbanization patterns and poverty reduction: A new perspective to explore the
countries along the Belt and Road. Habitat Int. 2019, 84, 1–14. [CrossRef]

7. Cui, L.; Song, M. Economic evaluation of the Belt and Road Initiative from an unimpeded trade perspective. Int. J. Logist. Res.
Appl. 2019, 22, 25–46. [CrossRef]

8. Saud, S.; Chen, S.; Danish; Haseeb, A. Impact of financial development and economic growth on environmental quality:
An empirical analysis from Belt and Road Initiative (BRI) countries. Environ. Sci. Pollut. Res. 2019, 26, 2253–2269. [CrossRef]
[PubMed]

9. Lu, Q.; Fang, K.; Heijungs, R.; Feng, K.; Li, J.; Wen, Q.; Li, Y.; Huang, X. Imbalance and drivers of carbon emissions embodied in
trade along the Belt and Road Initiative. Appl. Energy 2020, 280, 115934. [CrossRef]

10. Cuiyun, C.; Chazhong, G. Green development assessment for countries along the belt and road. J. Environ. Manag. 2020,
263, 110344. [CrossRef] [PubMed]

11. Wang, C.A.; Liu, X.; Li, H.; Yang, C. Analyzing the impact of low-carbon city pilot policy on enterprises’ labor demand: Evidence
from China. Energy Econ. 2023, 124, 106676. [CrossRef]

12. Chen, Y.; Liu, S.; Wu, H.; Zhang, X.; Zhou, Q. How can Belt and Road countries contribute to glocal low-carbon development?
J. Clean. Prod. 2020, 256, 120717. [CrossRef]

13. Mao, X.; Wang, Y. Cooperative carbon emission reduction through the Belt and Road Initiative. Environ. Sci. Pollut. Res. 2022,
29, 10005–10026. [CrossRef]

14. Hu, M.; Li, R.; You, W.; Liu, Y.; Lee, C.C. Spatiotemporal evolution of decoupling and driving forces of CO2 emissions on
economic growth along the Belt and Road. J. Clean. Prod. 2020, 277, 123272. [CrossRef]

15. Li, W.; Qiao, Y.; Li, X.; Wang, Y. Energy consumption, pollution haven hypothesis, and Environmental Kuznets Curve: Examining
the environment–economy link in belt and road initiative countries. Energy 2022, 239, 122559. [CrossRef]

16. Han, L.; Han, B.; Shi, X.; Su, B.; Lv, X.; Lei, X. Energy efficiency convergence across countries in the context of China’s Belt and
Road initiative. Appl. Energy 2018, 213, 112–122. [CrossRef]

17. Wang, X.; Yang, J.; Zhou, Q.; Liu, M.; Bi, J. Mapping the exchange between embodied economic benefits and CO2 emissions
among Belt and Road Initiative countries. Appl. Energy 2022, 307, 118206. [CrossRef]

18. Tian, Y.; Zhang, J.; Li, B. A study on the spatial and temporal characteristics and factor decomposition of agricultural carbon
emissions based on the input perspective-taking Hubei Province as an example. Agric. Mod. Res. 2011, 32, 752–755. (In Chinese)

19. Rogelj, J.; Huppmann, D.; Krey, V.; Riahi, K.; Clarke, L.; Gidden, M.; Nicholls, Z.; Meinshausen, M. A new scenario logic for the
Paris Agreement long-term temperature goal. Nature 2019, 573, s41586. [CrossRef]

20. Liu, S.; Tian, X.; Xiong, Y.; Zhang, Y.; Tanikawa, H. Challenges towards carbon dioxide emissions peak under in-depth socioeco-
nomic transition in China: Insights from Shanghai. J. Clean. Prod. 2020, 247, 119083. [CrossRef]

21. World Bank. World Development Report 2010: Development and Climate Change; The World Bank: Washington, DC, USA, 2009.
[CrossRef]

22. Cozzi, L.; Gould, T.; Bouckart, S.; Crow, D.; Kim, T.Y.; Mcglade, C.; Wetzel, D.J.I.E.A.P. World Energy Outlook 2020; IEA: Paris,
France, 2020; Volume 2050, pp. 1–461.

23. Chow, W.; Dawson, R.; Glavovic, B.; Haasnoot, M.; Pelling, M.; Solecki, W. IPCC Sixth Assessment Report (AR6): Climate
Change 2022-Impacts, Adaptation and Vulnerability: Factsheet Human Settlements. Switzerland. 2022. Available online:
https://policycommons.net/artifacts/2264360/ipcc_ar6_wgii_factsheet_humansettlements/3023414/ (accessed on 10 May 2023).

24. OECD; FAO. OECD-FAO Agricultural Outlook 2022–2031; FAO: Rome, Italy; OECD: Paris, France, 2022; Available online:
https://policycommons.net/artifacts/2652558/oecd-fao-agricultural-outlook-2022-2031/3675435/ (accessed on 10 May 2023).

25. Dong, G.; Mao, X.; Zhou, J.; Zeng, A. Carbon footprint accounting and dynamics and the driving forces of agricultural production
in Zhejiang Province, China. Ecol. Econ. 2013, 91, 38–47. [CrossRef]

26. Wu, H.; Huang, H.; He, Y.; Chen, W. Measurement, spatial spillover and influencing factors of agricultural carbon emissions
efficiency in China. Chin. J. Ecol. Agric. Engl. Chin. 2021, 29, 1762–1773. [CrossRef]

27. West, T.O.; Marland, G. Net carbon flux from agricultural ecosystems: Methodology for full carbon cycle analyses. Environ. Pollut.
2002, 116, S0269–S7491. [CrossRef]

28. Yun, T.; Zhang, J.B.; He, Y.Y. Research on spatial-temporal characteristics and driving factor of agricultural carbon emissions in
China. J. Integr. Agric. 2014, 13, 1393–1403. [CrossRef]

29. Whittaker, C.; McManus, M.C.; Smith, P. A comparison of carbon accounting tools for arable crops in the United Kingdom.
Environ. Model. Softw. 2013, 46, 228–239. [CrossRef]

30. Wise, M.; Dooley, J.; Luckow, P.; Calvin, K.; Kyle, P. Agriculture, land use, energy and carbon emission impacts of global biofuel
mandates to mid-century. Appl. Energy 2014, 114, 763–773. [CrossRef]

https://doi.org/10.1016/B978-0-12-804588-6.00009-4
https://doi.org/10.1016/j.apenergy.2021.118505
https://doi.org/10.1086/711305
https://doi.org/10.1016/j.habitatint.2018.12.001
https://doi.org/10.1080/13675567.2018.1492532
https://doi.org/10.1007/s11356-018-3688-1
https://www.ncbi.nlm.nih.gov/pubmed/30456608
https://doi.org/10.1016/j.apenergy.2020.115934
https://doi.org/10.1016/j.jenvman.2020.110344
https://www.ncbi.nlm.nih.gov/pubmed/32174542
https://doi.org/10.1016/j.eneco.2023.106676
https://doi.org/10.1016/j.jclepro.2020.120717
https://doi.org/10.1007/s11356-021-16130-4
https://doi.org/10.1016/j.jclepro.2020.123272
https://doi.org/10.1016/j.energy.2021.122559
https://doi.org/10.1016/j.apenergy.2018.01.030
https://doi.org/10.1016/j.apenergy.2021.118206
https://doi.org/10.1038/s41586-019-1541-4
https://doi.org/10.1016/j.jclepro.2019.119083
https://doi.org/10.1596/978-0-8213-7987-5
https://policycommons.net/artifacts/2264360/ipcc_ar6_wgii_factsheet_humansettlements/3023414/
https://policycommons.net/artifacts/2652558/oecd-fao-agricultural-outlook-2022-2031/3675435/
https://doi.org/10.1016/j.ecolecon.2013.04.003
https://doi.org/10.13930/j.cnki.cjea.210204
https://doi.org/10.1016/S0269-7491(01)00221-4
https://doi.org/10.1016/S2095-3119(13)60624-3
https://doi.org/10.1016/j.envsoft.2013.03.015
https://doi.org/10.1016/j.apenergy.2013.08.042


Sustainability 2023, 15, 10720 27 of 27

31. Ali, R.; Ishaq, R.; Bakhsh, K.; Yasin, M.A. Do Agriculture Technologies Influence Carbon Emissions in Pakistan? Evidence based
on ARDL technique. Environ. Sci. Pollut. Res. 2022, 29, 43361–43370. [CrossRef] [PubMed]

32. Raihan, A.; Tuspekova, A. The nexus between economic growth, renewable energy use, agricultural land expansion, and carbon
emissions: New insights from Peru. Energy Nexus 2022, 6, 100067. [CrossRef]

33. Liu, W.; Xu, R.; Deng, Y.; Lu, W.; Zhou, B.; Zhao, M. Dynamic Relationships, Regional Differences, and Driving Mechanisms
between Economic Development and Carbon Emissions from the Farming Industry: Empirical Evidence from Rural China. Int. J.
Environ. Res. Public Health 2021, 18, 2257. [CrossRef]

34. Calvin, K.; Patel, P.; Clarke, L.; Asrar, G.; Bond-Lamberty, B.; Cui, R.Y.; Di Vittorio, A.; Dorheim, K.; Edmonds, J.; Hartin, C.; et al.
GCAM v5. 1: Representing the linkages between energy, water, land, climate, and economic systems. Geosci. Model Dev. 2019,
12, 677–698. [CrossRef]

35. Wang, C.A.; Wu, J.; Liu, X. High-speed rail and urban innovation: Based on the perspective of labor mobility. J. Asia Pac. Econ.
2022, 1–26. [CrossRef]

36. Da Silva, S.R.S.; Miralles-Wilhelm, F.; Muñoz-Castillo, R.; Clarke, L.E.; Braun, C.J.; Delgado, A.; Edmonds, J.A.; Hejazi, M.;
Horing, J.; Horowitz, R.; et al. The Paris pledges and the energy-water-land nexus in Latin America: Exploring implications of
greenhouse gas emission reductions. PLoS ONE 2019, 14, e0215013. [CrossRef]

37. Liu, X.; Li, H.; Sun, Y.; Wang, C.A. High-speed railway and urban productivity disparities. Growth Chang. 2022, 53, 680–701.
[CrossRef]

38. Gao, H.; Li, T.; Yu, J.; Sun, Y.; Xie, S. Spatial Correlation Network Structure of Carbon Emission Efficiency in China’s Construction
Industry and Its Formation Mechanism. Sustainability 2023, 15, 5108. [CrossRef]

39. Zhang, X.; He, P.; Liu, X.; Lu, T. The effect of low-carbon transportation pilot policy on carbon performance: Evidence from China.
Environ. Sci. Pollut. Res. 2023, 30, 54694–54722. [CrossRef] [PubMed]

40. Sun, Z.; Cheng, X.; Zhuang, Y.; Sun, Y. Spatial correlation network structure characteristics of carbon emission efficiency and its
influencing factors at city level in China. Environ. Dev. Sustain. 2023, 1–32. [CrossRef]

41. Tone, K. A slacks-based measure of efficiency in data envelopment analysis. Eur. J. Oper. Res. 2001, 130, 498–509. [CrossRef]
42. Shang, J.; Ji, X.Q.; Shi, R.; Zhu, M.R. Structure and driving factors of spatial correlation network of agricultural carbon emission

efficiency in China. Chin. J. Eco-Agric. 2022, 30, 543–557. [CrossRef]
43. Liang, J.; Wen, S.; Fang, J. Spatial economic correlation of urban agglomeration in China-Asean Free Trade Area: From the

perspective of Social network Analysis. Sci. Geogr. Sin. 2015, 35, 521–528. (In Chinese)
44. Liu, H.J.; Liu, C.M.; Sun, Y.N. Spatial correlation network structure and its effects on energy consumption in China. Chin. Ind.

Econ. 2015, 5, 83–95. (In Chinese)
45. Liu, J. Global Network Analysis Handout: A Practical Guide to UCINET Software; Gezhi Publishing House Shanghai People’s

Publishing House: Shanghai, China, 2009. (In Chinese)
46. Wang, C.A.; Wu, J.; Ruan, J.; Liu, X. Language differences, cultural identity, and innovation. Growth Chang. 2022, 53, 1716–1736.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11356-021-18264-x
https://www.ncbi.nlm.nih.gov/pubmed/35094271
https://doi.org/10.1016/j.nexus.2022.100067
https://doi.org/10.3390/ijerph18052257
https://doi.org/10.5194/gmd-12-677-2019
https://doi.org/10.1080/13547860.2022.2058257
https://doi.org/10.1371/journal.pone.0215013
https://doi.org/10.1111/grow.12602
https://doi.org/10.3390/su15065108
https://doi.org/10.1007/s11356-023-25940-7
https://www.ncbi.nlm.nih.gov/pubmed/36879091
https://doi.org/10.1007/s10668-023-02936-4
https://doi.org/10.1016/S0377-2217(99)00407-5
https://doi.org/10.12357/cjea.20210607
https://doi.org/10.1111/grow.12631

	Introduction 
	Review of the Literature 
	Material and Methods 
	Agricultural Carbon Emission Efficiency Measurement Methods 
	Non-Desired Output SBM Model (SBM-Undesirable) 
	Agricultural Carbon Emission Efficiency Input–Output Index System 

	Spatial Association Network Structure Analysis Method 
	Modified Gravity Model 
	Social Network Analysis (SNA) 

	The Quadratic Assignment Procedure (QAP Model) 

	Analysis of Agricultural Carbon Emission Efficiency 
	Analysis of Spatially Linked Network Structure of Agricultural Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative 
	Analysis of the Overall Characteristics of the Spatial Correlation Network of Agricultural Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative 
	Individual Structural Characteristics of the Spatial Correlation Network of Agricultural Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative 
	Point Center Degree 
	Closeness Center Degree 
	Intermediation Center Degree 

	Spatial Correlation Network Clustering Structure Characteristics of Agricultural Carbon Emission Efficiency in Countries along the Route of the Belt and Road Initiative 

	Analysis of Spatial Correlation Network Drivers of Agricultural Carbon Emission Efficiency in Countries along the Belt and Road 
	QAP Correlation Analysis 
	QAP Regression Analysis 

	Conclusions 
	Discussion 
	References

