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Southwest China, an ecologically fragile region, faces acute dual challenges of
sustaining economic growthwhile achieving carbonmitigation targets. This study
employs the Generalized Divisia Index Method (GDIM) to quantify interactions
among eight drivers of CO2 emissions in Yunnan, Guizhou, and Sichuan
(2012–2023). Results reveal that GRP growth remains the dominant driver
(32%–39% contribution) but with declining influence, signaling partial
decoupling. Crucially, output carbon intensity (CO2/GDP) emerges as the
strongest inhibitor (−26 to −30%), primarily due to industrial upgrading and
clean energy transitions. Notable regional divergence is observed: per capita
emissions rise in coal-dependent Guizhou but decline in hydropower-rich
Yunnan and Sichuan. We propose province-specific pathways: (1) optimizing
the energy structure and increasing the proportion of clean electricity; (2)
Strengthen energy efficiency improvement in key industries; (3) Innovative
regional collaborative emission reduction mechanism; (4) Promote low-
carbon transformation of daily consumption; (5) Strengthen data foundation
and capacity building. These findings provide actionable insights for low-
carbon governance in developing regions with high ecological vulnerability.
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1 Introduction

1.1 Research background

As global climate change problems become increasingly serious, countries have
regarded climate change response as an important part of their national strategies and
actively taken measures to reduce greenhouse gas emissions. China is the country with the
largest carbon dioxide emissions in the world, and China’s research on carbon emissions
plays a crucial role in the global climate governance process. China actively responds to the
call of the international community and promises to achieve carbon peak by 2030 and
achieve carbon neutrality by 2060. To achieve this goal, the National Development and
Reform Commission officially launched the national low-carbon city pilot work in 2010,
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and further expanded the pilot scope in 2012 and 2017. The
construction of low-carbon cities can be achieved by improving
energy efficiency, optimizing energy structure, promoting the
transformation of high carbon industries to low-carbon
industries, and achieving more environmentally friendly resource
allocation, thereby promoting the transformation of cities towards a
green economy (Tang and Li, 2022). The policy measures for the
pilot projects of low-carbon cities provide rich practical background
and policy basis for studying the decomposition of carbon emission
factors. There are differences in carbon emission characteristics in
different regions. By decomposing carbon emission factors, we can
deeply understand the degree of impact and mechanism of action of
various factors on carbon emissions, so as to provide a scientific
basis for formulating more targeted and effective emission reduction
strategies to better adapt to national emission reduction goals and
international response to climate change.

Yunnan, Guizhou and Sichuan are important regions in
southwestern China with unique geographic locations and
climatic conditions. The region is characterized by a plateau
monsoon climate, complex and varied topography and fragile
ecosystems, and is also one of the regions in China with a large
number of impoverished people. Due to its special natural
conditions and economic structure, a balance needs to be found
between the development needs of Yunnan, Guizhou and Sichuan
and environmental protection, while the study of carbon emissions
and its factor decomposition helps to understand the main sources
and drivers of carbon emissions in the region, so as to provide a basis
for the formulation of scientifically sound regional development
planning, industrial policies. By implementing energy conservation
and consumption reduction measures, we can ensure stable
economic growth while promoting ecological protection, and
ultimately achieve the coordinated progress of development and
sustainability.

1.2 Research significance

The study of factor decomposition of carbon emissions is a key
topic in the field of environmental economics. In recent years, many
scholars have used the index decomposition method to explore the
driving factors of carbon emission changes. Among them, the
Logarithmic Mean Divisi Index (LMDI) method is the most
widely used due to its zero residuals and complete
decomposability. A large amount of research has focused on the
national level or developed provinces in the east, revealing the
dominant role of technological factors such as economic scale
and energy intensity. However, existing research has paid
insufficient attention to the key region of Southwest China,
where ecological vulnerability and development needs coexist,
and is mostly limited to analyzing a single province, lacking a
cross regional comparative perspective. More importantly, the
LMDI method itself relies on the assumption of factor
independence, which may result in bias when dealing with the
interaction of multiple factors in complex systems.

Based on this, the marginal contribution of this article is mainly
reflected in three aspects: Firstly, in terms of methodology, the
GDIM system is applied for the first time to the study of carbon
emissions in the Southwest region. This model can better handle the

non independent effects between factors and improve the robustness
of the decomposition results. Secondly, from a perspective, a
comparative analysis will be conducted on Yunnan, Guizhou, and
Sichuan provinces to delve into how the heterogeneity of resource
endowment, industrial structure, and policy processes leads to the
differential performance of driving factors. Thirdly, in terms of
policy implications, the research findings can provide more targeted
scientific support for the differentiated development of carbon peak
pathways, optimization of energy policies, and strengthening
regional collaborative emission reduction in the Southwest region.

Therefore, this article uses the GDIM method to decompose the
carbon emissions of Yunnan, Guizhou, and Sichuan from 2012 to
2023. This not only helps to understand the dynamic driving
mechanism of carbon emissions in the region, but also aims to
fill the regional and methodological gaps in existing research,
providing theoretical references and practical guidelines for
promoting regional green and low-carbon development.

2 Analysis of carbon emissions in
Yunnan, Guizhou and Sichuan

China has a vast territory, and there are significant differences in
resource endowment, energy structure and economic conditions
among provinces (Guan et al., 2024). The energy consumption and
carbon emissions of urbanization and economic development show
obvious regional characteristics according to different regions.
Therefore, in the planning and implementation process of the
“dual carbon” policy, it is not advisable to adopt a unified
standard and generalized approach. It is extremely necessary to
conduct in-depth analysis of carbon emissions in specific regions
(Liu et al., 2025). The carbon emissions in Yunnan, Guizhou and
Sichuan from 2012 to 2023 are shown in Figure 1.

2.1 Analysis of carbon emissions in
Yunnan Province

Examining the carbon emission data of Yunnan Province from
2012 to 2023, its trajectory profoundly reflects the complex
interactions and balance between the province’s economic
development, energy structure transformation, and the national
“dual carbon” goals. Overall, the province’s carbon emissions did
not show a unilateral increase, but fluctuated within a range of
141–151 million tons, exhibiting a distinct characteristic of “overall
stability with periodic fluctuations”.

The high fluctuation in 2012–2014 was consistent with the
economic stage when the province relied on resource advantages
to develop heavy chemical industry and fixed assets investment grew
rapidly. The consecutive 3-year decline in carbon emissions since
2014 is attributed to two key factors: firstly, China’s economic
development has entered a “new normal”, with a shift in growth
rate; Secondly, Yunnan Province steadfastly promotes the green
energy strategy. As the largest province in terms of hydropower in
China, with the successive commissioning of giant hydropower
stations such as Xiluodu and Wudongde, clean electricity has not
only replaced thermal power in the province, but also supported
emission reduction in the eastern region through the “West East
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Power Transmission”, greatly optimizing the local energy
consumption structure. After 2017, carbon emissions entered a 5-
year stable period, marking the initial decoupling of Yunnan’s
economic growth from carbon emissions. While advanced
manufacturing clusters such as green aluminum and green silicon
are rapidly rising, carbon emissions have not increased significantly
in sync, thanks to the fact that these industries consume “green
electricity”. The fact that the 2020 data did not significantly decline
due to the pandemic also indirectly proves that the economic
structure supported by green energy has strong resilience (Chen
et al., 2021). However, the strong rebound in 2023 is undoubtedly an
important warning signal. This indicates that in the context of
comprehensive economic recovery after the epidemic, the model
of driving economic growth through major project investment will
still bring about rigid growth in total energy consumption in the
short term. When renewable energy sources such as hydropower
encounter dry periods or insufficient water supply, thermal power
still needs to be used for peak shaving and replenishment, leading to
a rebound in carbon emissions.

In summary, Yunnan’s carbon emission history over the past
12 years has proven that its green energy advantage is the core ballast
to curb the rapid growth of carbon emissions. However, the future
path of emission reduction still faces enormous challenges. While
consolidating the advantages of clean energy, it is necessary to
further develop energy storage technology, optimize industrial
structure, and deepen the electrification and low-carbon
development of end use energy fields such as industry,
construction, and transportation. Only then can we overcome the
impact of economic fluctuations and ultimately move towards a
high-quality low-carbon development path (Tang and Luo, 2022).

2.2 Analysis of carbon emissions in
Guizhou Province

From the carbon emission data of Guizhou Province from
2012 to 2023, the overall trend shows a fluctuating upward trend,
with carbon emissions increasing from 127 million tons in 2012 to
174 million tons in 2023, a cumulative increase of 37.4%. This

change is closely related to the particularity of the economic
development stage in Guizhou Province. As an important
province in the national western development strategy and
ecological civilization pilot zone, Guizhou is facing dual
challenges of economic development and ecological protection
against the backdrop of accelerated industrialization and
urbanization. At the same time, as an energy and resource
intensive province, Guizhou has a large proportion of high
carbon industries, high total carbon emissions, and high carbon
intensity, facing severe pressure to reduce carbon emissions (Cui
et al., 2024).

The carbon emission trajectory shows significant stage
characteristics: from 2012 to 2014, it was a period of rapid
growth with an annual growth rate of 10.7%, which is closely
related to the industrial structure and energy consumption
structure of Guizhou. The main energy sources in Guizhou are
coal and hydropower, and the coal processing loss for thermal power
generation and heating is the largest in the energy consumption of
processing and conversion. Therefore, during the processing, the
highest carbon emissions are used for thermal power generation and
heating, as shown in Figure 2 (He et al., 2017). In 2015–2016, there
was a short-term correction with a 5.6% decrease in carbon
emissions, which may be due to the implementation of the
national “overcapacity reduction” policy and the initial effects of
industrial restructuring. From 2017 to 2023, it entered a period of
stable fluctuations, with an average annual growth rate slowing
down to 1.2%. Especially after 2021, the growth rate has significantly
slowed down, reflecting the beginning of green transformation
measures such as the construction of ecological civilization pilot
zones and the development of big data industries.

2.3 Analysis of carbon emissions in
Sichuan Province

The carbon emissions in Sichuan Province from 2012 to
2023 exhibit a phased characteristic of “first increasing, then
decreasing, and then fluctuating and rebounding”, which deeply
reflects the dynamic game between regional economic development,

FIGURE 1
Carbon emissions in Yunnan, Guizhou and Sichuan in 2012–2023 (Data source: EDGAR database, GHG dataset released in October 2024) (Data
description: The extracted carbon emission data covers the years 2012–2023).
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industrial structure adjustment, and the “dual carbon” strategy.
From the perspective of industrial structure, although the carbon
emissions of the agricultural sector are not the dominant factor, its
unique productionmethods also have a certain impact on the carbon
emissions of the entire province. Sichuan’s hilly and mountainous
areas are widely distributed, and the level of agricultural
mechanization is relatively low. With the outflow of rural labor
in the process of urbanization, in order to maintain agricultural
output, operators often supplement the shortage of labor by
increasing inputs of production materials such as fertilizers,
pesticides, and diesel, and improving the land replanting index.
This mode of relying on chemical inputs and high-intensity land use
not only ensures yield but also increases the carbon emissions level
of the agricultural sector (Lang et al., 2019). However, overall, the
main drivers of carbon emissions in Sichuan Province are still
concentrated in the areas of industrial expansion and energy
consumption, with relatively limited impact from agriculture.

From 2012 to 2013, carbon emissions increased from
235.1 million tons to 240.69 million tons, an increase of about
2.38%. During this period, Sichuan was transitioning from the
middle to the late stage of industrialization, and the expansion of
traditional fields such as energy and chemical engineering and
infrastructure construction drove the growth of energy demand.
Carbon emissions naturally expanded with the scale of the economy,
showing a growth inertia of “development priority” stage. From
2014 to 2017, we entered a continuous carbon reduction cycle,
during which the policies of “energy conservation and emission
reduction” and “supply side structural reform” were deepened and
implemented. Sichuan relied on the advantage of being the “largest
hydropower base in the country” to promote clean energy structure,
synchronously phasing out outdated production capacity such as
steel and cement. The proportion of high energy consuming
industries in the industrial sector significantly decreased, and the
“dual optimization” of energy and industrial structure became the
core driving force for emission reduction, demonstrating the deep
integration of ecological responsibility and policy implementation.
From 2018 to 2023, it entered a period of fluctuation and
adjustment, with a slight rebound to 231.16 million tons in 2018,
due to the balance between the recovery of the manufacturing

industry under the background of stable growth and the
flexibility of the “development emission reduction” policy. The
continuous decline from 2019 to 2020 is driven by both the
inertia of industrial upgrading and the emission reduction effect
of economic activity contraction amplified by the impact of the
epidemic. In 2021, carbon emissions surged to 242.63 million tons,
an increase of 8.25%, due to the rebound in carbon emissions caused
by the dual drive of traditional and emerging industries. The
continuous game between policy tightening and high-quality
economic growth in 2022–2023 highlights the policy resilience of
“emission reduction in development” as carbon emissions slow
down with the expansion of economic scale.

At present, carbon emissions in Sichuan Province still face
challenges such as the lack of fundamental reversal in the traditional
heavy chemical industry background and the need to strengthen the
long-term support of emerging industries for emission reduction. In the
future, it is necessary to anchor the three major directions of industrial
green and intelligent upgrading, multi energy complementary synergy
of energy systems, and market-oriented transformation of ecological
value. Only by accurately balancing economic quality and efficiency
improvement with stable carbon emissions reduction can we achieve
long-term synergy between “stable growth” and “carbon neutrality”.

3 Research methodology

After clarifying the evolution characteristics of carbon emissions in
the three provinces, it is necessary to further reveal the driving
mechanisms behind them. Therefore, this study adopts the
Generalized Divisia Index Decomposition method (GDIM) to
construct a multi factor analysis framework, systematically identifying
the key factors that affect carbon emissions and their contribution levels.

3.1 Method selection criteria and innovation

This study chooses the Generalized Divisia Index
Decomposition (GDIM) as the core method for analyzing carbon
emission driving factors, mainly based on the following three

FIGURE 2
Consumption of thermal power generation and heating energy in Guizhou Province from 2012 to 2014 (Data source: China energy
statistical yearbook).
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aspects: firstly, GDIM overcomes the limitations of LMDI in dealing
with multiple factor interactions and non independent effects (such
as factor independence assumptions), and is particularly suitable for
regions with complex energy structures and significant regional
heterogeneity, such as Yunnan, Guizhou, and Sichuan. Secondly,
GDIM can more accurately capture nonlinear relationships and
dynamic contributions through path integration and hierarchical
decomposition frameworks, making it suitable for long-term
(2012–2023) panel data analysis. Thirdly, GDIM can handle both
absolute quantity and intensity indicators simultaneously, which is
more in line with the evaluation needs of restrictive indicators such
as energy consumption intensity and carbon intensity in the “dual
carbon” policy.

Although previous studies have initially introduced GDIM into
carbon emission analysis, its research subjects are mostly countries or
developed provinces in the east, and there is still a lack of systematic
comparative research onmultiple provinces and drivingmechanisms in
the southwest. The decomposition method in this article refers to the
literature on carbon emission factor decomposition based on GDIM by
Yan Qingyou and Yin Jieting in 20171. On this basis, this article has
deepened and innovated in terms of research object, temporal and
spatial scope, policy background, and regional characteristics. The
paper is the first to apply the GDIM system to the long-term
carbon emission driving mechanism research of typical provinces in
southwestern China (Yunnan, Guizhou, Sichuan) from 2012 to 2023,
covering the key policy periods from the 12th Five Year Plan to the 14th
Five Year Plan, which is an important spatiotemporal extension of
existing research. Moreover, the clean energy structure dominated by
hydropower, the transformation path of high carbon industries, and the
positioning of ecological functional zones in the southwest region are in
sharp contrast to other high-density urbanization areas. This study
reveals the driving mechanism of regional differentiation through
comparison among multiple provinces. Based on the framework of
8 variables and combined with the characteristics of the Southwest
region, this study focuses on examining the indirect effects of hidden
variables such as the proportion of hydropower, the proportion of high
energy consuming industries, and carbon sink resources, and analyzes
the contribution of “green electricity” to the output carbon intensity
through hierarchical decomposition. At the same time, by combining
regional specific policies such as “West East Electricity Transmission”,
“Ecological Compensation Mechanism”, and “National Ecological
Civilization Pilot Zone”, the dynamic contributions of various
factors under policy intervention are quantified, providing empirical
evidence for differentiated emission reduction policies.

3.2 Generalized Divisia index
decomposition method

Originally proposed by Divisia in 1925, the Dee’s exponential
decomposition method (Ang, 2003; Ang, 2015; Balezentis et al.,

2011; Lin and Tan, 2017; Chong et al., 2017) is mainly used to
analyze the decomposition relationship between economic variables.
Subsequently, some scholars improved it and proposed the
logarithmic mean Dirchard’s exponential decomposition (LMDI)
method (Ang and Choi, 1997), which solves the problem of the
difficulty of removing the residual term in the traditional Dirchard’s
exponential decomposition method and can completely decompose
the data, avoiding the problem of negative zero values. However,
although the LMDI method has been widely applied in the fields of
energy and environmental economics, it still has certain limitations.
To overcome these limitations, researchers have proposed the
generalized Divisia index decomposition method (GDIM) (Li
et al., 2023; Vaninsky, 2014).

The generalized Divisia index decomposition method is a
decomposition method used to analyze the impact of factors in
the economy, environment and other fields. The method extends
and improves upon the traditional Dee’s exponential decomposition
method to address some of the limitations of the traditional method.

The basic idea of GDIM is to represent the target variable (such
as carbon emissions) as a function of several influencing factors
(such as regional GRP, energy consumption, population, etc.), and
decompose the “contribution rate” of each factor to the total change
during a certain period through mathematical methods. Simply put,
just like the impact of breaking down the total weight of a basket of
fruits into the weight changes of apples, oranges, and pears, GDIM
helps us quantify the “credit” or “responsibility” of each factor for
the overall change.

Assuming that the target variable Z (such as carbon emissions)
can be expressed as a function of several factors X1X2 . . . Xn, as
shown in Equation 1:

Z � f X( ) � f X1X2/Xn( ) (1)
The total change ΔZ from time 0 to time T can be decomposed

into Equation 2:

ΔZ � ZT − Z0 � ∑n
i�1
ΔZ Xi[ ] � ∫

L
dZ (2)

Among them, Z is the target variable (carbon emissions); X is
the factor variable that affects Z (gross regional product, energy
consumption, population size, etc.); ΔZ is the amount of change in
the target variable Z from the moment T (the current moment) to
the moment 0 (the base moment); ΔZ[Xi] is the contribution of the
influencing factor Xi to ΔZ. Considering each factor variable as a
continuously differentiable function of time t, Equations 3-5 follows:

Xi � Xi t( ) (3)
fi′ � ∂f X1, X2,/, Xn( )

∂Xi
(4)

ΔZ � ∫
L
f1′dX1 + ∫

L
f2′dX2 +/ + ∫

L
fn′dXn (5)

Expressed in vector form as Equation 6:

ΔZ � ∫
L
∇ZT · dX (6)

where: ΔZ is the column vector, ∇Z is the gradient vector, T is the
transpose, and dX is the diagonal matrix consisting of
dX1, dX2,/, dXn to form the diagonal matrix.

1 Yan Y., Yin J. Factor Decomposition of Carbon Emissions in Beijing, Tianjin,

Hebei: A Study Based on Generalized Divisia Index Method. Science and

Technology Management Research 2017 37(19), 1000–7695. 10.3969/

j.issn.1000-7695.2017.19.034.
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Since there is a certain relationship among each decomposition
variable, when studying such problems, it is necessary to fully
consider the relationship among the decomposition variables.
Therefore, Equation 7 needs to be added:

ϕ X1,/, Xn( ) � 0, j � 1,/, k (7)

Finally, the decomposition formula can be written in vector
form, as shown in Equation 8:

ΔZ X Φ|[ ] � ∫
L
∇ZT I −ΦXΦ+

X( )dX (8)

where: ΦX is the Jacobian matrix of Φ(X), Φ+
X is the generalized

inverse matrix of ΦX, and I is the unit matrix.

3.3 Decomposition of carbon
emission factors

This article uses the generalized Divisia index decomposition
method to decompose carbon emissions (Yan and Yin, 2017; Shao
et al., 2017; Ang and Zhang, 2000) into the following Equation 9:

CO2 � CO2

GRP
· GRP � CO2

Energy
· Energy � CO2

Population
· Population

(9)
The variables thus involved and the corresponding specific

concepts are shown in Table 1, with Equation 10:

Z � X1X4
X1X4 −X2X5� 0
X1X4 −X3X6� 0
X1 −X3X7� 0
X2 −X1X3� 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (10)

Among them, Table 1 selects eight variables including GRP,
energy consumption, population size, output carbon intensity,
energy consumption carbon intensity, per capita carbon
emissions, per capita GRP, and energy consumption intensity,
which can systematically reveal the composite driving mechanism
of carbon emissions. GRP and energy consumption respectively
represent the core driving forces of economic scale expansion and

rigid growth in energy demand, directly related to the increase in
carbon emissions during industrialization and urbanization
processes. The population size affects carbon emissions through a
dual pathway of consumption expansion and labor supply,
especially in areas with net population inflows and the formation
of interactive effects with industrial structure. The output carbon
intensity and energy consumption carbon intensity reflect the
synergistic effect of technological efficiency and energy structure
optimization. The former reflects the low-carbon transformation
potential of unit economic output, while the latter quantifies the
emission reduction contribution of clean energy substitution to
fossil energy dependence. The per capita indicators (X6, X7)
reveal regional development differences from the perspective of
fairness, reflecting the carbon footprint characteristics of residents’
lifestyles and providing a basis for cross regional ecological
compensation mechanisms. Energy consumption intensity, as a
key variable linking the economy and energy system, can
decompose the contributions of technological progress and
industrial upgrading to energy efficiency improvement. Studying
these 8 variables not only clarifies the multidimensional pathways of
economic growth, energy structure, population dynamics, and
technological innovation, but also provides scientific support for
differentiated carbon peak pathways, optimized energy policies, and
balanced ecological protection and economic development in the
Southwest region.

According to the generalized Divisia index decomposition
method, Equations 11, 12 are obtained:

∇Z � X4, X1, 0, 0, 0, 0, 0, 0( ) (11)

ΦX �
X4

X4

1
−X3

X1

X1

0
0

−X5

0
0
1

−X2

0
0
0

0
−X6

−X7

0

0
−X3

0
0

0
0

−X3

0

0
0
0

−X1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (12)

For absolute factors X1, X2, X3, define the exponential function
as Equation 13:

Q t( ) � Q1

Q0
( )t

(13)

Then there is Equation 14:

dQ t( )
dt

� In
Q1

Q0
( ) · Q t( ) (14)

4 Research results and analysis

4.1 Results of the research

In this paper, the data of Yunnan, Guizhou and Sichuan for the
period of 2012–2023 are selected to analyze the influencing factors of
carbon emission by using the generalized Divisia index
decomposition method, and the data are mainly obtained from
the statistical yearbooks of each province and the China Carbon
Accounting Database. The accounting method of carbon emission
adopts the method given in the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories, in which the carbon emission
coefficients of various types of energy are taken from the data

TABLE 1 Variables involved in the model and corresponding specific
concepts.

Variables involved Concepts

Z = CO2 Carbon emission

X1 = GRP Gross regional product

X2 = Energy Energy consumption

X3 = Population Size of population

X4 = CO2/GRP Output carbon intensity

X5 = CO2/Energy Energy consumption carbon intensity

X6 = CO2/Population Carbon emissions per capita

X7 = GRP/Population GRP per capita

X8 = Energy/GRP Energy consumption intensity
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published by the Energy Research Institute of the National
Development and Reform Commission (NDRC) in 2003, which
can be seen in Table 2 (Zheng and Xu, 2012). The carbon emission
coefficient system in the article strictly follows the methodology of
the 2006 IPCC National Greenhouse Gas Inventory Guidelines, and
maintains international comparability in key parameter settings
such as fossil fuel carbon oxidation rate and low calorific value.
For example, the coal carbon emission coefficient of 0.7476 t (C)/t is
highly consistent with the IPCC recommended range of
0.726–0.756. At the same time, as a national level energy policy
research institution, the Energy Research Institute of the National
Development and Reform Commission’s data sources are based on
localized calculations of China’s energy consumption structure,
taking into account national characteristics such as the high
proportion of coal and regional energy structure differences.
Compared to international agency data (such as IEA or IPCC
recommended values), this data is closer to the reality of energy
consumption in the Southwest region, which is mainly based on
coal. The standard deviation between the carbon emission
coefficient released in 2003 and the updated data in recent
years is less than 2%, indicating temporal stability, which is
particularly important for longitudinal studies over a 12-year
span (2012–2023).

With the help of the R software, the contribution of the eight
factors, such as GDP, energy consumption and population size, to
carbon emission in Yunnan, Guizhou and Sichuan is calculated. The
detailed results are shown in Tables 3–5. The eight factors are
divided into three categories for analysis, and the detailed
classification and the average contribution rate are shown in
Table 6, and the specific analysis results are as follows (Wang
and Yu, 2019).

4.2 Research analysis

4.2.1 Factor analysis of gross regional product
Gross regional product (GRP) is an important indicator for

measuring the total economic activity of a region, which can
measure the scale and development level of the regional
economy, and visualize the regional economic achievements and
scale size. The Gross Regional Product (GRP) of Yunnan, Guizhou
and Sichuan is shown in Figure 3, from which it can be found that
the total value of Sichuan’s GRP is much higher than that of Guizhou
and Yunnan, while Guizhou’s GRP is the smallest, and the GRPs of
all three provinces are increasing year by year. By 2023, the GDP of
Yunnan, Guizhou and Sichuan will reach the maximum value of
3,002.1 billion yuan, 2,091.3 billion yuan and 6,013.3 billion yuan.

The gross regional product of Sichuan region is significantly
higher than that of Yunnan and Guizhou provinces, and its core
advantage lies in its unique geographical conditions and population
size. Located in the fertile Sichuan Basin, with a population of
83.68 million (2023), it provides ample labor and forms a huge
consumer market. At the industrial level, Sichuan focuses on high-
end industrial clusters such as electronic information and
equipment manufacturing, relying on the radiation effect of
Chengdu (accounting for nearly 40% of the province’s GRP) to
build a complete industrial chain system, while Yunnan relies on
traditional industries such as tobacco and tourism. Although
Guizhou has laid out emerging industries such as big data and
new energy vehicles, its industrial foundation is relatively weak.
Combined with the policy dividends of the Chengdu Chongqing
economic circle and the dense transportation network, Sichuan’s
development momentum is even stronger. Yunnan slightly
surpasses Guizhou due to its characteristic agriculture (such as
coffee and tea) and cross-border trade advantages, and there is
still room for improvement in Guizhou’s industrial
transformation efficiency.

The cumulative incremental contributions of various factors to
carbon emissions in Yunnan, Guizhou, and Sichuan are shown in
Figures 4–6, respectively. It can be clearly concluded that GRP has
the largest cumulative incremental contribution to carbon emissions

TABLE 2 Carbon emission factors for various energy sources.

Carbon emission
factor

Coals Oil Gas Electricity

T(C)/t 0.7476 0.5852 0.4435 0

TABLE 3 Carbon emission contribution of Yunnan region in 2013–2023.

Area Year X1 X2 X3 X4 X5 X6 X7 X8

Yunnan 2013 0.0525 −0.0117 0.0007 −0.0312 0.0291 0.0158 −0.0029 −0.0040

2014 0.0308 0.0122 0.0008 −0.0342 −0.0178 −0.0063 −0.0012 −0.0003

2015 0.0213 −0.0009 0.0007 −0.0309 −0.0102 −0.0118 −0.0005 −0.0006

2016 0.0306 0.0093 0.0010 −0.0348 −0.0157 −0.0073 −0.0012 −0.0004

2017 0.0424 0.0133 0.0011 −0.0353 −0.0096 0.0029 −0.0023 −0.0007

2018 0.0428 0.0125 0.0007 −0.0313 −0.0043 0.0079 −0.0023 −0.0007

2019 0.0366 0.0164 0.0008 −0.0348 −0.0172 −0.0014 −0.0018 −0.0003

2020 0.0187 0.0220 0.0006 −0.0192 −0.0225 −0.0014 −0.0006 0.0000

2021 0.0350 0.0111 −0.0022 −0.0296 −0.0082 0.0055 −0.0019 −0.0004

2022 0.0166 0.0176 0.0002 −0.0277 −0.0289 −0.0119 −0.0005 0.0000

2023 0.0174 0.0074 −0.0014 0.0020 0.0117 0.0209 −0.0005 −0.0001

Frontiers in Environmental Science frontiersin.org07

Youwei et al. 10.3389/fenvs.2025.1711582

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1711582


TABLE 4 Carbon emission contribution of Guizhou region in 2013–2023.

Area Year X1 X2 X3 X4 X5 X6 X7 X8

Guizhou 2013 0.0620 0.0356 0.0042 −0.0169 0.0058 0.0388 −0.0044 −0.0003

2014 0.0491 0.0111 0.0040 −0.0419 −0.0086 −0.0013 −0.0025 −0.0013

2015 0.0479 −0.0185 0.0027 −0.0584 0.0019 −0.0205 −0.0021 −0.0049

2016 0.0407 0.0133 0.0046 −0.0032 0.0228 0.0320 −0.0016 −0.0006

2017 0.0508 0.0203 0.0039 −0.0325 −0.0059 0.0110 −0.0029 −0.0007

2018 0.0427 0.0097 0.0016 −0.0275 0.0025 0.0109 −0.0021 −0.0009

2019 0.0301 0.0140 0.0022 −0.0296 −0.0153 −0.0034 −0.0011 −0.0002

2020 0.0218 0.0012 0.0009 −0.0134 0.0063 0.0067 −0.0005 −0.0004

2021 0.0294 0.0200 −0.0005 −0.0231 −0.0149 0.0057 −0.0013 0.0000

2022 0.0095 −0.0101 0.0003 −0.0095 0.0100 −0.0007 −0.0001 −0.0005

2023 0.0150 0.0212 0.0008 −0.0049 −0.0110 0.0093 −0.0004 −0.0001

TABLE 5 Carbon emission contribution of Sichuan region in 2013–2023.

Area Year X1 X2 X3 X4 X5 X6 X7 X8

Sichuan 2013 0.0363 −0.0076 0.0010 −0.0256 0.0161 0.0071 −0.0014 −0.0020

2014 0.0293 0.0090 0.0012 −0.0299 −0.0116 −0.0036 −0.0010 −0.0004

2015 0.0167 −0.0374 0.0023 −0.0248 0.0303 −0.0120 0.0000 −0.0041

2016 0.0301 0.0017 0.0022 −0.0337 −0.0076 −0.0081 −0.0009 −0.0008

2017 0.0469 0.0062 0.0015 −0.0434 −0.0075 −0.0027 −0.0026 −0.0015

2018 0.0435 0.0066 0.0013 −0.0344 −0.0011 0.0044 −0.0022 −0.0012

2019 0.0262 0.0127 0.0012 −0.0306 −0.0186 −0.0070 −0.0009 −0.0001

2020 0.0152 −0.0005 0.0008 −0.0191 −0.0040 −0.0053 −0.0002 −0.0003

2021 0.0391 0.0182 0.0000 −0.0100 0.0093 0.0282 −0.0020 −0.0003

2022 0.0153 −0.0009 0.0001 −0.0214 −0.0060 −0.0070 −0.0003 −0.0003

2023 0.0211 0.0081 −0.0002 −0.0031 0.0095 0.0180 −0.0006 −0.0001

TABLE 6 Categorization and average contribution of carbon emission factors in Yunnan, Guizhou and Sichuan in 2013–2023.

Classification Factor Yunnan Guizhou Sichuan

Factors of gross regional product ΔGRP + + +

ΔGRP/Population - - -

ΔCO2/GRP - - -

Factors of energy consumption ΔEnergy + + +

ΔCO2/Energy - + -

ΔEnergy/GRP - - -

Factors of population size ΔCO2/Population - + -

ΔPopulation + + +
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in Yunnan, Guizhou, and Sichuan, reaching 34.47%, 39.9%, and
31.97%, respectively, as of 2023. For Yunnan and Sichuan, their
contribution rates have shown a trend of first decreasing and then
increasing year by year. Among them, the maximum contribution
rate of Yunnan Province appeared in 2013, reaching 5.25%, while
the minimum contribution rate appeared in 2022, reaching 1.66%.
The fluctuation of Yunnan Province’s contribution rate is closely
related to its unique “green energy green manufacturing”
collaborative development model. The maximum contribution
rate of Sichuan Province was 4.69% in 2017, which was
consistent with the increase of infrastructure construction
investment and the phased recovery of high energy consuming
industries under the “the Belt and Road” initiative at that time.
The minimum contribution rate occurred in 2020, reaching 1.52%,
due to the combined impact of the pandemic on economic activity
and the increase in the proportion of clean energy. From 2012 to
2023, the contribution rate of GRP to carbon emissions in Guizhou
Province remained positive but overall showed a downward trend.
As of 2023, the contribution rate of GRP to carbon emissions in
Guizhou Province was 1.5%, a decrease of 4.7% from 2013. The
underlying mechanism is that Guizhou’s industrialization and
urbanization process lags behind the country. In recent years, by
vigorously developing basic industries such as electrolytic aluminum
and building materials to undertake the transfer of industries from
the east, the path dependence of economic growth on energy
intensive industries remains strong, resulting in relatively higher
carbon costs for economic growth. Overall, the driving force on
carbon emissions in Yunnan, Guizhou, and Sichuan is gradually
decreasing. This change may be related to the gradual promotion of
high-end industrial structure, the increase in the proportion of
service industry, and green technology innovation in the three
provinces, reflecting the transformation of economic growth
mode towards low-carbon.

GRP per capita is an important macroeconomic indicator of
regional economic development, which can reflect the level of
economic output enjoyed by each resident on average, and is an
important indicator of people’s living standard. From the
decomposition results of ΔGRP/Population, it can be concluded
that the contribution of GRP per capita to carbon emissions always

shows a weak negative effect, and the cumulative contribution of
Yunnan, Guizhou and Sichuan is −1.57%, −1.9% and −1.21%
respectively. This is a positive signal, indicating that the fruits of
economic growth have not been proportionally translated into an
increase in residents’ carbon emissions, implying that the low-
carbon transformation of lifestyles (such as green consumption
and widespread public transportation) and the development of
the sharing economy have to some extent suppressed the
expansion of per capita carbon footprint. Due to the profound
correlation between economic development level and carbon
emissions, this indicates that the economic growth mode of
Yunnan, Guizhou and Sichuan has, to a certain extent, shown a
trend of relative decarbonization. In recent years, Yunnan, Guizhou
and Sichuan have focused on the adjustment and optimization of the
industrial structure, and increased the support and development of
the tertiary industry, with the proportion of tourism and service
industries in the economy gradually increasing. These industries
consume less energy and emit less carbon, thus lowering the overall
carbon emission level to a certain extent, so that while the per capita
GRP grows, the carbon emission does not grow in the same
proportion, and even has a weak negative effect.

The output carbon intensity reflects the degree of impact on the
environment in the process of economic development and is an
important indicator for measuring energy consumption and carbon
emission efficiency in the process of regional economic
development. From the decomposition results of Δ CO2/GRP, it
can be concluded that the output carbon intensity of Yunnan,
Guizhou, and Sichuan has always been negative from 2013 to
2023, showing an overall trend of first increasing and then
decreasing. Moreover, the change in output carbon intensity has
the greatest inhibitory effect on the increase of carbon emissions
among all factors. As of 2023, the cumulative contribution rates have
reached −30.7%, −26.09%, and −27.6%, respectively, which exceeds
the sum of all other inhibitory factors. This is not only a result of
technological progress, but also a reflection of profound changes in
the energy structure. Yunnan, Guizhou, and Sichuan focus on
industrial upgrading and technological transformation in
industrial development, improving energy utilization efficiency,
reducing energy consumption and carbon emissions. The core

FIGURE 3
Gross domestic product of Yunnan, Guizhou and Sichuan for the period 2012–2023 (Data source: Statistical yearbook of each province).
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FIGURE 4
Cumulative incremental contribution of factors to carbon emissions in Yunnan Province over the period 2013–2023.

FIGURE 5
Cumulative incremental contribution of factors to carbon emissions in Guizhou Province over the period 2013–2023.

FIGURE 6
Cumulative incremental contribution of factors to carbon emissions in Sichuan Province over the period 2013–2023.
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advantages of Yunnan and Sichuan lie in the green cycle model of
“hydropower cascade development + high-end energy carrying
industry”, where abundant hydropower resources provide clean
electricity and attract and cultivate industries such as green
aluminum, green silicon, and big data. Although these industries
are high energy consuming, their energy consumption side has
almost zero carbon emissions, greatly reducing the per unit GRP
carbon emission intensity of the province. This is a emission
reduction path dominated by “energy structure substitution”. The
decrease in carbon intensity of Guizhou’s output relies more on
“traditional industry technology transformation and energy
efficiency improvement”. Due to the high proportion of coal in
the energy structure, its emission reduction is mainly achieved
through phasing out outdated production capacity, promoting
energy-saving technologies, and partially replacing water and
wind power. This also explains why the suppression of its carbon
intensity output (−26.09%) is slightly lower than that of Yunnan and
Sichuan, as the difficulty of energy structure transformation
is greater.

4.2.2 Factor analysis of energy consumption
Energy consumption is the total amount of energy required for

production, life, science and technology in a certain period of time,
and it is an important indicator for measuring the efficiency of
regional energy utilization and the degree of environmental

protection. The energy consumption of Yunnan, Guizhou and
Sichuan is shown in Figure 7, and it is also found that the
energy consumption of Sichuan is much higher than that of
Guizhou and Yunnan provinces, and the energy consumption of
Yunnan province is more than that of Guizhou province. In the
period of 2012–2023, the energy consumption of Sichuan Province
is first declining and then rising, while Yunnan Province and
Guizhou Province is a rising trend year by year, this is because
of Sichuan Province’s large economic output, large industrial scale
and large population, so that its energy demand base is large, in the
early stage of industrial restructuring, energy consumption first
declined, and then rose with the development of new industries
and the recovery of traditional industries. Yunnan Province,
tourism, special agriculture and part of the industrial
development, Guizhou big data and other emerging industries,
and the two provinces in the total population is relatively stable,
economic development to promote energy consumption increases
year by year. At the same time, the development of Sichuan started
early, large-scale, early high-energy-consuming industries
accounted for a large proportion of the adjustment and
transformation process is complex, so there is a decline followed
by a rise, while Yunnan, Guizhou, energy consumption in the early
stages of the base is small, with the development of energy
consumption is on the rise (Zhang et al., 2021).

The contribution of energy consumption to carbon emissions in
Yunnan, Guizhou and Sichuan and the cumulative contribution are
both positive and negative at times, mostly positive but with a small
amount of negative values, and the cumulative contribution is
10.92%, 11.78% and 1.61%, respectively, as of 2023. Although
Yunnan, Guizhou and Sichuan have abundant clean energy
resources, traditional energy sources (e.g., coal, etc.) still occupy a
certain proportion in the energy structure, and the use of coal is
difficult to be completely replaced in a short period of time in some
remote areas or in specific industrial production, and its combustion
process releases a large amount of carbon dioxide. Moreover, the
accelerated urbanization of Yunnan, Guizhou and Sichuan has
increased the demand for energy in terms of urban construction
and improvement of the living standards of the residents, and energy
is consumed in the construction of urban infrastructure, the

FIGURE 7
Yunnan, Guizhou and Sichuan Energy Consumption in 2012–20232 (Data source: Statistical Yearbook of Each Province).

2 The data on Energy Consumption is sourced from the statistical yearbooks

of each province. However, due to the update of the statistical yearbook,

historical data has been adjusted, and there are differences in data

between Guizhou Province and Sichuan Province in different years’

statistical yearbooks. All data in this article are based on the revised

values of the latest version of the statistical yearbook. Meanwhile, due

to the fifth national economic census, the energy consumption data for

Guizhou and Sichuan provinces in 2023 cannot be provided temporarily in

the statistical yearbook. Therefore, this article chooses to use a linear

regression model to predict the missing two data points based on known

data from 2015 to 2022.
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development of the construction industry, and the daily life of the
residents (e.g., heating, electricity, etc.).

The carbon intensity of energy consumption refers to the carbon
dioxide emissions per unit of energy consumption, reflecting the
impact of changes in the degree of low-carbon in energy
consumption on carbon emissions (Xue et al., 2025). From the
decomposition results of ΔCO2/Energy, it can be concluded that the
contribution of carbon intensity of energy consumption to carbon
emissions is sometimes positive and sometimes negative, but in
general, energy consumption has an inhibiting effect on the increase
of carbon emissions. As of 2023, the cumulative contribution rates of
Yunnan, Guizhou and Sichuan are −9.36%, −0.64% and −0.88%,
respectively. Yunnan, Guizhou and Sichuan have been actively
promoting the optimization of the energy structure, increasing the
proportion of clean energy sources, such as hydropower, wind power
and solar energy, and decreasing the reliance on high-carbon energy
sources, such as coal. As the installed capacity of clean energy
continues to increase, the intensity of carbon emissions from
energy consumption will gradually decrease, thus inhibiting the
increase in carbon emissions. And Yunnan, Guizhou and Sichuan
are constantly improving energy utilization efficiency through
technological innovation, equipment renewal and strengthening
energy management. For example, the promotion of energy-saving
technologies and equipment in the industrial sector and the
implementation of energy-saving standards in the construction
sector have reduced the carbon emissions per unit of energy
consumption, thereby reducing the intensity of carbon emissions.

Energy consumption intensity refers to the amount of energy
consumed per unit of GDP, and is an important indicator of the
efficiency of the comprehensive utilization of energy in different
economies, reflecting the extent to which economic development
utilizes energy. From the decomposition results of ΔEnergy/GRP, it
can be concluded that the contribution rate of energy consumption
intensity to carbon emissions is always negative, and the absolute
value of the contribution rate shows a decreasing trend from year to
year. Up to 2023, the cumulative contribution rates of Yunnan,
Guizhou and Sichuan are −0.75%, −0.99% and −1.11%, respectively,
which indicates that the contribution rate of energy consumption
intensity to carbon emissions is always inhibited. Among them, the
cumulative contribution rate of Yunnan is a bit higher compared
with Guizhou and Sichuan, indicating that the industrial structure of

Guizhou and Sichuan is more optimized compared with Yunnan,
and the proportion of high energy-consuming industries is relatively
low. Although Yunnan has abundant hydropower resources, the
degree of development and utilization of hydropower in terms of
energy use is not yet sufficient, coupled with the existence of
instability in the supply of hydropower, resulting in the need to
still rely on a certain proportion of fossil energy sources, such as coal
and petroleum, which have a high carbon emission factor. Guizhou
and Sichuan have done a better job of optimizing their energy mix,
for example, by increasing the proportion of relatively cleaner
energy sources such as natural gas, and have been more effective
in the development and utilization of renewable energy.

4.2.3 Factor analysis of population size
Population size is a basic indicator reflecting the demographic

resources of a region, the basic data for predicting future population
development, and an important reference for formulating socio-
economic development planning as well as relevant policies. From
2012 to 2023, the population of Yunnan, Guizhou, and Sichuan has
shown a slow upward trend year by year, as shown in Figure 8. As of
2023, the population is 46.73 million, 38.65 million, and 83.68
million respectively.Population growth leads to increased demand
for various resources, with each additional person creating more
demand for food, housing, and transportation, among other things.
Globally, historical data show that population growth is basically
synchronized with increases in energy consumption and carbon
emissions. Since the population of Sichuan Province is much larger
than that of Yunnan and Guizhou Provinces, the population size of
Sichuan Province has the greatest effect on carbon emissions.

Per capita carbon emission is an important indicator for
assessing the contribution of GHG emission of a region, which is
of great significance for promoting emission reduction and coping
with climate change. From the decomposition results of ΔCO2/
Population, it can be concluded that the contribution of per capita
carbon emissions in Yunnan, Guizhou and Sichuan to carbon
emissions is both positive and negative at times, while Guizhou
cumulatively shows a pulling effect and Yunnan and Sichuan
cumulatively show a suppressing effect. Guizhou is in the stage
of rapid economic development and industrialization, and some
high-energy-consuming and high-emission industries are
developing rapidly, such as heavy industry, which leads to a large

FIGURE 8
Population size of Yunnan, Guizhou and Sichuan in the period 2012–2023 (Data source: National Bureau of Statistics).
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increase in energy consumption, thus increasing per capita carbon
emissions. For Yunnan and Sichuan, in recent years, they have actively
promoted the optimization and upgrading of their industrial structure,
and vigorously developed low-energy-consuming and low-emission
emerging industries, such as the service industry and high-
technology industries, which have relatively reduced their reliance
on high-emission industries, thus curbing the growth of per capita
carbon emissions. At the same time, these two regions have also
implemented more stringent environmental protection policies and
emission reduction measures to strictly control the carbon emissions of
enterprises, promoting energy conservation and emission reduction,
and helping to reduce per capita carbon emissions.

4.3 Comparison of research results

To further verify the reliability and representativeness of the
research results in this article, this section compares and analyzes
the GDIM decomposition results of Yunnan, Guizhou, and Sichuan
provinces with relevant studies in the Beijing Tianjin Hebei region (Yan
and Yin, 2017). As a national strategic core region, the Beijing Tianjin
Hebei region stands in stark contrast to the Southwest region in terms of
economic development level, policy intervention intensity, and energy
structure characteristics. Through comparison, the commonalities and
differences in carbon emission driving mechanisms among different
regions can be revealed.

4.3.1 Comparison of economies of scale effects
The cumulative contribution rates of economic growth (GRP) to

carbon emissions in the Beijing Tianjin Hebei region from 2006 to
2015 were 37.08% (Beijing), 48.08% (Tianjin), and 34.08% (Hebei),
respectively, all higher than those in the Yunnan Guizhou Sichuan
region (34.47% in Yunnan, 39.9% in Guizhou, and 31.97% in
Sichuan). It is worth noting that the contribution rate of GRP in
the Beijing Tianjin Hebei region significantly decreased during the
12th Five Year Plan period, especially in Beijing, which dropped
from 6.17% in 2006 to 2.48% in 2015, indicating that its economic
growth decoupled from carbon emissions earlier than the Yunnan
Guizhou Sichuan region. Yunguichuan is still in the middle stage of
industrialization, and its economic growth relies heavily on high
energy consuming industries, especially in Guizhou (39.9%) where
carbon costs are high due to the transfer of industries from the east.

4.3.2 Comparison of technical effects
Carbon intensity (CO2/GRP) is the most significant inhibitory

factor in both regions. The cumulative inhibitory effect is stronger in
the Beijing Tianjin Hebei region (Beijing −37.67%, Tianjin −28.73%,
Hebei −19.96%), especially in Beijing due to its high proportion of
service industry and rapid technological progress, which has a
significant inhibitory effect. The inhibitory effect of Yunnan,
Guizhou, and Sichuan is slightly weak (Yunnan −30.7%,
Guizhou −26.09%, Sichuan −27.6%), with Guizhou having the
lowest inhibitory effect due to its high dependence on coal and
difficulty in transforming its energy structure. Both regions indicate
that technological progress and energy structure optimization are
the core paths for emission reduction, but the Beijing Tianjin Hebei
region has better effects due to its strong policy implementation and
good technological foundation.

4.3.3 Comparison of energy structure effects
The carbon intensity of energy consumption (CO2/Energy)

exhibits inhibitory effects in both the Beijing Tianjin Hebei
region and the Yungui River, but there is a significant difference
in intensity. The cumulative contribution rates of Beijing Tianjin
Hebei are −6.85% for Beijing, −2.91% for Tianjin, and −1.63% for
Hebei, while Yunguichuan is −9.36% for Yunnan, −0.64% for
Guizhou, and −0.88% for Sichuan. Yunnan has a higher
proportion of hydropower and a cleaner energy level than Hebei
in the Beijing Tianjin Hebei region (with coal accounting for 74%),
but Guizhou has the weakest inhibitory effect due to coal
dominance. The Beijing Tianjin Hebei region is vigorously
promoting clean energy through policies such as “coal to gas”
conversion, while Yunnan, Guizhou, and Sichuan rely on natural
endowments (such as hydropower) and have lower policy
intervention intensity.

4.3.4 Comparison of population and per
capita effects

Population growth drives carbon emissions in both regions, but
the mechanisms of action are different. Due to its large population
base and high urbanization rate, the population effect in the Beijing
Tianjin Hebei region is significant, while the population effect in the
Yunnan Guizhou Sichuan region is relatively weak. There is a
significant difference in per capita carbon emissions contribution
between the two regions, with Beijing playing a restraining role in
the Beijing Tianjin Hebei region and Tianjin and Hebei playing a
driving role. Yunnan, Guizhou, and Sichuan have a driving effect,
while Yunnan and Sichuan have a restraining effect. This reflects the
significant impact of urbanization level, consumption patterns, and
industrial structure on per capita carbon emissions.

4.3.5 Summary of regional characteristics
The Beijing Tianjin Hebei region is mainly driven by policies,

achieving energy structure optimization and technological
upgrading through strong intervention. Economic growth has
decoupled from carbon emissions earlier, but there are significant
regional differences (Beijing leads, Hebei lags behind). The Yunnan
Guizhou Sichuan region is dominated by resource endowment, with
Yunnan and Sichuan provinces rich in hydropower having better
emission reduction effects, while Guizhou faces greater pressure due
to its dependence on coal. The overall situation is in the stage of
“developing and reducing emissions”, and the carbon cost of
economic growth is still relatively high. Comparison shows that
the Yunnan Guizhou Sichuan region can learn from the policy
experience of the Beijing Tianjin Hebei region, further strengthen
technology introduction and regional coordination, but it also needs
to be based on local realities, leverage the advantages of clean energy,
and avoid a “one size fits all” policy.

5 Conclusions and suggestions

5.1 Conclusions

This article uses the GDIM method to decompose and analyze
the driving factors of carbon emissions in Yunnan, Guizhou, and
Sichuan provinces from 2012 to 2023, systematically revealing the
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mechanisms and regional heterogeneity of multidimensional factors
such as economic growth, energy consumption, and population
dynamics. Overall, the following conclusions can be drawn:

1. Among the eight carbon emission influencing factors, the
cumulative contribution rates of Yunnan, Guizhou, and
Sichuan are consistently ranked in the top three in absolute
value order, namely, GRP, CO2/GRP, and Energy. However,
the absolute value order of the other five carbon emission
influencing factors varies among the three provinces. Overall,
the absolute values of CO2/Population and GRP/Population
are relatively high, while Population, Energy/GRP, and CO2/
Energy are relatively low.

2. GRP is the primary factor driving carbon emissions growth,
with the greatest driving force among all factors. As of 2023, its
cumulative contribution rates have reached 34.47%, 39.9%, and
31.97%, respectively. Although the contribution rate to carbon
emissions has always been positive, it is generally declining,
indicating that the marginal driving effect of economic growth
on carbon emissions in the three provinces is weakening,
showing a relatively low-carbon trend, reflecting the
characteristic of “relative decoupling” between economic
growth and carbon emissions.

3. The output carbon intensity is the core factor that suppresses
the growth of carbon emissions, and among all factors, it has
the greatest inhibitory effect on the increase of carbon
emissions. As of 2023, the cumulative contribution rates
have reached −30.7%, −26.09%, and −27.6%, respectively,
and its inhibitory effect exceeds the sum of all other
inhibitory factors. This result highlights the significant
achievements of the three provinces in improving carbon
efficiency through industrial structure optimization and
technological progress, but inter provincial differences also
indicate that differences in energy structure and industrial
foundation lead to differences in emission reduction
potential and difficulty.

4. The population is showing a slow upward trend year by year,
which plays a driving role in the carbon emissions of Yunnan,
Guizhou, and Sichuan. Due to the fact that the population of
Sichuan Province far exceeds that of Yunnan and Guizhou
provinces, the population of Sichuan has the greatest impact
on carbon emissions. The per capita carbon emissions have a
driving effect on the cumulative emissions of Guizhou, while
Yunnan and Sichuan have a restraining effect, indicating that
differences in industrial structure and economic development
can lead to significant differences in per capita carbon emissions.

5.2 Suggestions

Based on the aforementioned research conclusions and regional
heterogeneity analysis, this article proposes the following
differentiated policy recommendations aimed at promoting
economic development and emission reduction benefits while
fully considering the practical difficulties that may be faced in
policy implementation in achieving carbon peak and carbon
neutrality goals in Yunnan, Guizhou, and Sichuan provinces.

1. Continuously optimize the energy structure through
differentiation strategies and increase the proportion of clean
electricity (Wan et al., 2025). Data shows that Yunnan and
Sichuan have shown stable negative contributions to energy
consumption carbon intensity (CO2/Energy) due to their
hydropower advantages, while Guizhou still has a slight
positive contribution. Therefore, Yunnan should fully leverage
its advantages in hydropower resources and focus on developing
the “hydropower + greenmanufacturing” industrial cluster, such
as high-end energy carrying industries such as green aluminum
and green silicon, on the basis of consolidating the “West East
Electricity Transmission”. It should also build supporting
facilities for pumped storage and electrochemical energy
storage to alleviate the power supply pressure during seasonal
dry seasons. At the same time, encourage the development of
distributed photovoltaic and agricultural photovoltaic
complementary projects to further increase the proportion of
clean energy. Guizhou is facing the practical challenges of high
dependence on coal and difficulty in transforming its energy
structure. It should focus on promoting the clean transformation
and orderly substitution of coal-fired power, laying out new
energy bases such as wind power and photovoltaics, and
exploring the operation mechanism of “wind solar thermal
storage integration”. Considering the large employment
population in the coal-fired power industry, it is
recommended to implement the “Coal Power Industry
Transformation and Re employment Training Plan”
simultaneously, support employees to transfer to new energy
operation and maintenance, energy-saving services and other
fields, and alleviate the risk of structural unemployment. On the
basis of ensuring stable supply of hydropower, Sichuan actively
develops diversified clean energy such as hydrogen energy and
biomass energy, promotes the construction of multi energy
complementary demonstration projects such as “hydro wind
hydrogen storage” in the western Sichuan region, and enhances
the resilience of the energy system (Zhu et al., 2025).

2. Focus on deep adjustment of industrial structure and strengthen
energy efficiency improvement in key industries. Carbon intensity
(CO2/GRP) is currently the most important carbon reduction
factor, but its potential is far from being fully unleashed. Yunnan
and Sichuan should continue to strengthen the development of
low-carbon industrial clusters such as green aluminum silicon and
electronic information, strictly enforce energy efficiency and
carbon emission access, and promote the extension of the
industrial chain towards high-end and intelligent development.
Guizhou needs to focus on breaking the path dependence of high
carbon industries, implement special actions for energy-saving
and carbon reduction transformation in industries such as steel
and chemical, and promote advanced technologies such as waste
heat utilization, carbon capture, utilization, and storage (CCUS). It
is suggested to establish a “High Carbon Industry Transformation
Fund” to support enterprise technological transformation and
capacity optimization, and reduce transformation costs. At the
same time, in the field of agriculture, Sichuan needs to pay
attention to the cost pressure brought by the reduction of
fertilizers and pesticides and the transformation of agricultural
machinery to electrification. It is suggested to reduce the burden of
farmers’ transformation and promote low-carbon development of

Frontiers in Environmental Science frontiersin.org14

Youwei et al. 10.3389/fenvs.2025.1711582

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1711582


agriculture through agricultural green subsidies and low-carbon
technology promotion.

3. Innovate regional collaborative emission reduction mechanisms
and jointly build the Southwest Low Carbon Community (Tang
et al., 2023; Ye and Wu, 2025). According to data analysis, the
driving factors of carbon emissions in the three provinces have
both commonalities and individualities, and have the potential for
synergy and complementarity. Suggest establishing a regional
green electricity trading platform to promote the priority
replacement of Guizhou thermal power with surplus
hydropower in Sichuan and Yunnan. Jointly carrying out forest
carbon sink monitoring and trading pilot projects, Yunnan and
Guizhou can transform their carbon sink advantages into cross
regional ecological compensation funds. Jointly establish a low-
carbon technology venture capital fund to support the research
and demonstration of common technologies in the three
provinces, such as CCUS for coal-fired power plants in
Guizhou, smart charging for electric vehicles in Sichuan, and
smart energy management systems for Yunnan.

4. Promote low-carbon transformation of daily consumption and
strengthen emission reductionmanagement in populous provinces.
Data shows that due to its large population base and accelerated
urbanization, Sichuan has enormous potential for carbon emissions
in the consumer sector. Therefore, carbon inclusive systems can be
implemented first in central cities such as Chengdu, Chongqing,
Kunming, and Guiyang, exploring the establishment of individual
carbon accounts to incentivize low-carbon behaviors such as public
transportation travel and the purchase of energy-saving household
appliances. At the same time, energy-saving renovation plans for
urban and rural buildings can also be implemented, with a focus on
improving the energy efficiency of old residential areas and rural
housing in Sichuan and Yunnan. Strengthen the publicity of green
and low-carbon life, advocate green consumption habits such as
“Clean Your Plate Campaign” and clothing recycling, and reduce
the per capita carbon footprint.

5. Strengthen data infrastructure and capacity building to support
precise emission reduction decisions. This study found that
there are still limitations in data availability, timeliness, and
granularity. It is suggested that the statistical departments,
energy bureaus, and ecological environment departments of
the three provinces jointly establish the “Southwest Carbon
Data Platform”, unify the accounting standards for energy and
carbon emissions, release annual carbon emission inventories
at the prefecture level, and establish a real-time monitoring
system for carbon emissions based on the fusion of multi-
source data such as electricity big data, traffic flow, and satellite
remote sensing, providing support for more refined emission
reduction policy formulation in the next step.

5.3 Limitations

While this study has achieved certain results, there are still
limitations that need to be improved, such as:

1. Data availability and consistency issues. Due to differences in
provincial statistical systems and adjustments to census data,

some energy consumption data (especially data from Guizhou
and Sichuan in 2023) were estimated through regression
models. Although the scientific validity of the method was
ensured as much as possible, there may still be some bias. In
addition, changes in statistical calibers from different years,
although processed uniformly, may still affect the precise
comparability of time series.

2. Limitations of variable selection. This study mainly focuses on
macro variables such as economy, energy, and population, and
fails to include potential important influencing factors such as
technological progress rate, foreign investment, environmental
regulation intensity, and implicit carbon in international trade.
Specifically, the lack of technological progress rate may
underestimate the actual contribution of energy efficiency
improvement and clean technology promotion to curbing
carbon emissions. The neglect of environmental regulation
intensity has resulted in insufficient reflection of the driving
effect of policy intervention on industrial structure adjustment
and corporate emission reduction behavior. In addition,
foreign investment may affect regional carbon emissions
through technology spillover effects or industrial transfer,
while international trade implies carbon that involves the
redistribution of carbon emission responsibilities between
regions. The absence of these variables may prevent the
decomposition results from fully reflecting the complex
mechanisms driven by carbon emissions, especially when
explaining regional differences and policy effects.

3. Insufficient handling of spatial heterogeneity. There are
significant differences in the development stages, resource
endowments, and industrial structures of various prefectures
and cities within Yunnan, Guizhou, and Sichuan provinces.
For example, the development models of the western Sichuan
Plateau and Chengdu Plain, the northwestern and central
Yunnan urban agglomerations, and the southeastern and
western Guizhou regions are completely different. However,
this study conducted an analysis at the provincial level and
failed to reveal heterogeneity features at a smaller scale, which
may mask the unique driving mechanisms of local regions.

5.4 Future research directions

Based on the model results and limitations of this study, future
research can focus on deepening and expanding from the following
aspects to more comprehensively and accurately reveal the driving
mechanism and emission reduction path of carbon emissions in the
Southwest region:

1. Regarding the issues of inconsistent and lagging data, it is
recommended to conduct further research on integrating
multiple sources of data to improve accuracy. For example,
by combining energy statistics data from various provinces,
real-time power generation data from power dispatch centers,
and online monitoring data from key enterprises, a higher
frequency (quarterly or monthly) and finer granularity (city
level or even park level) carbon emission real-time accounting
system can be constructed. Further utilization of big data and
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artificial intelligence technology can be used to interpolate and
retrospectively revise missing data, establishing a unified and
standardized energy economy environment (3E) basic
database for the Southwest region.

2. Future research can systematically introduce explanatory variables
that are not covered in this study but have important theoretical
significance and policy value, such as technological progress rate,
environmental regulation intensity, foreign investment,
international trade implicit carbon, etc., to more comprehensively
reveal the driving mechanism of carbon emissions. For example,
technological progress can be measured by constructing green
patent indicators, quantifying the intensity of environmental
regulations using the frequency of environmental penalties or
the proportion of environmental investment, analyzing the
“pollution halo” or “pollution shelter” effect of foreign
investment on regional carbon productivity, and using a multi
regional input-output model to calculate implicit carbon flows. At
the same time, the analysis unit can be further refined from the
provincial level to the prefecture level and even county level,
revealing the heterogeneity of emission drivers in different regions
within the three provinces, providing a more solid scientific basis
for differentiated and precise emission reduction policies.
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