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A B S T R A C T

In the Yellow River Basin (YRB), the dominance of coal mining and petrochemical industries, coupled with 
persistent ecosystem degradation, has contributed to increasing carbon emissions (CE). As industrial develop
ment has outpaced ecological restoration, aligning industrial structure optimization (ISO) with ecosystem ser
vices (ES) has become a strategic priority for emission control. This study examines the dynamic impact of 
ISO–ES coupling coordination on CE using panel data from 2011 to 2023. The coupling coordination degree 
model is employed to assess the ISO–ES interaction, while the dynamic spatial Durbin model captures temporal 
effects, spatial spillovers, and regional heterogeneity of ISO-ES coupling coordination on CE. The findings reveal 
notable progress in pollution control within the YRB, with steady improvements in ISO-ES coupling coordination; 
however, carbon emissions continue to grow, albeit slowly. Pronounced spatial spillover effects were also 
identified, such that ISO-ES coupling coordination impacts not only the YRB’s carbon emissions but also those of 
adjacent regions. Dynamic analysis further found that while ISO-ES coupling coordination significantly reduces 
carbon emissions, its effect gradually weakens over time. In terms of heterogeneity, the negative impact of ISO- 
ES coupling coordination on carbon emissions appears to diminish from upstream to downstream regions, 
exhibiting a converging trend. This study provides empirical evidence to support the implementation of differ
entiated incentives, dynamic monitoring mechanisms, and the establishment of a regionally coordinated carbon 
trading system, thereby contributing to the advancement of national clean production transformation.

1. Introduction

In ecologically sensitive and industrially concentrated areas, man
aging carbon emissions (CE) has become a primary challenge for global 
sustainable development. China’s Yellow River Basin (YRB) currently 
faces this issue directly. Accounting for 80 % of the nation’s coal and oil 
output, the region also generates 25 % of the country’s GDP (Xia et al., 
2023). The persistent high CE levels stem from the energy-intensive 
industrial framework and substantial ecosystem damage (Feng et al., 
2024). Although this industrial setup has driven regional economic 
growth, it has also imposed considerable environmental strain, causing 
land degradation, water contamination and public health concerns 
(Rong et al., 2023). Through the Outline for Ecological Protection and 
High-Quality Development of the YRB, the Chinese government has 

urged a coordinated shift in ecosystem management and industrial 
restructuring. This effort aims to manage CE while promoting cleaner 
production methods (Zhang et al., 2024). Within this policy framework, 
the interaction between industrial structure optimization (ISO) and 
ecosystem services (ES) plays a vital role in reducing CE.

ISO involves improving resource allocation and steering the econ
omy toward industries with higher value, lower energy use and reduced 
emissions (Gong et al., 2023). Natural ecosystems offer ES such as 
climate regulation, water retention and biodiversity support (Li et al., 
2024a). These services can increase carbon absorption, enhancing 
environmental systems’ overall regulatory and supportive capacity 
(Chen et al., 2024). Previous research has typically examined the effects 
of ISO and ES on CE separately. However, studies focused on regions like 
the YRB and the Yangtze River Economic Belt suggest that shifting from 
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energy-intensive to higher value, lower energy industries increase en
ergy efficiency and reduces CE at its origin (Wang and Li, 2024; Liu 
et al., 2021). Moreover, through carbon absorption, oxygen release and 
climate regulation, ES help mitigate CE (Qu et al., 2024; Zhao et al., 
2020).

Yet, reliance on static methods such as ordinary least squares (OLS) 
or the spatial Durbin model (SDM), along with a single-variable focus, 
has limited understanding of the interactive effects between ISO and ES 
and their changing nature over time. ISO as well as ES show strong 
coupling rather than acting independently, as demonstrated by several 
scholars (Song et al., 2025; Pan et al., 2024). Changes in land use in
tensity driven by ISO influence ES functions, while ES also guide or limit 
the spatial distribution of industrial activities (Yuan et al., 2024). 
Research further points to spatial clustering effects in regional ISO and 
external influences exerted by ES (Li et al., 2025). These features suggest 
that coordinating ISO and ES development is a long-term, evolving 
process involving spatial diffusion (Sun et al., 2019; Wen et al., 2024). 
However, since ISO and ES belong to socioeconomic and ecological 
systems rooted in different disciplines, existing studies lack a compre
hensive approach to integrating their combined effects on CE.

To fill this gap, this study uses panel data from the YRB covering 
2011 to 2023 to explore the evolving effect of ISO-ES coupling coordi
nation on CE. It addresses several key questions: Does the coordination 
between ISO and ES influence CE levels? Are there spatial spillover ef
fects in adjacent regions? How does this influence change over time? Do 
these effects vary among upstream, midstream and downstream sub- 
basins? To answer these, the study develops a framework combining 
the coupling coordination degree model (CCDM) and the dynamic 
spatial Durbin model (DSDM). CCDM measures the ISO-ES coupling 
coordination, while DSDM captures temporal changes, spatial spillovers 
and regional variations in CE effects. Fig. 1 presents the technical 
roadmap. The study therefore pursues three aims: (1) analyzing the 
spatiotemporal patterns of ISO-ES coupling coordination and CE; (2) 
evaluating the dynamic and spatial spillover impacts of ISO-ES coordi
nation on CE; and (3) exploring regional differences across sub-basin 
zones.

This study makes several contributions. Firstly, it innovatively in
corporates Industrial ISO and ES into a unified theoretical framework to 
systematically examine their impact on CE in the YRB. This provides a 

theoretical basis for low-carbon governance in regions characterized by 
both ecological fragility and industrial concentration. Secondly, by 
employing the DSDM, the study identifies the effects of ISO-ES coupling 
coordination on CE across short-term and long-term dimensions, as well 
as through direct and indirect channels. This offers practical insights for 
optimizing regional layouts and spatial-management strategies in high- 
emission industries such as energy, metallurgy and building materials. 
In addition, the study reveals the spatiotemporal evolution character
istics of key variables that can inform the evaluation and optimization of 
environmental governance policies. An example is the Outline for 
Ecological Protection and High-Quality Development of the YRB, 
particularly in promoting clean production and ecological protection. 
Finally, through heterogeneity analysis, the study provides empirical 
evidence to support the development of localized, region-specific CE 
control strategies.

The subsequent sections of this study are organized as follows: Sec
tion 2 reviews the theories and hypotheses. Section 3 describes the data 
and methodology. Section 4 reports the analysis results. Section 5 is the 
discussion. Section 6 presents the conclusions, implications, and some 
recommendations for future work.

2. Theoretical review and hypotheses

2.1. The effect of ISO-ES coupling coordination on CE

This study is grounded in general systems theory. According to this 
theory, complex systems are composed of multiple, interdependent 
subsystems (Laszlo, 2024). The overall performance of a system depends 
not only on the optimization of each subsystem but also on the coordi
nation between them (Cabrera and Cabrera, 2023). ISO and ES represent 
the economic and ecological subsystems of a region, respectively (Ding 
and Eldridge, 2024). Their degree of coordination reflects the region’s 
systemic integration and sustainability (Jing et al., 2024). This study 
introduces the concept of ISO-ES coupling coordination, which refers to 
the degree of alignment and synergy between industrial systems and 
ecosystem systems in terms of development levels and structural char
acteristics (Li et al., 2024b). A higher coupling coordination level in
dicates that the region achieves dynamic coordination by optimizing 
industrial layouts and enhancing ES functions simultaneously.

Fig. 1. Technical roadmap for evaluating the dynamic impact of ISO–ES coupling coordination on CE.
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Prior studies in the literature have shown that promoting ISO in the 
YRB can reduce high-carbon industries and facilitate green substitution, 
thereby lowering CE intensity at the source (Cheng et al., 2025). 
Meanwhile, ES contributes to carbon absorption through carbon-sink 
regulation and environmental-buffering functions (Chen et al., 2024). 
Scholars have found that ISO and ES are not independent of each other 
but exhibit significant coupling relationships in areas such as land use, 
spatial patterns, and resource allocation (Pan et al., 2024; Song et al., 
2025). Therefore, promoting the coupling coordination between ISO 
and ES helps to balance carbon source control and carbon sink 
enhancement, thereby improving overall emission reduction outcomes.

This study further examines how the coordination between ISO and 
ES affects CE. When the ISO-ES coupling coordination level is high, it 
suggests a synchronized advancement of industrial green transformation 
and ecosystem enhancement. In such cases, regions can control carbon 
source expansion through industrial optimization while strengthening 
carbon-sink capacity through ecological improvements, thereby 
improving overall CE management from both the source and the sink. 
Conversely, when ISO and ES are imbalanced and poorly matched, 
resource waste, environmental degradation, and CE rebounds are more 
likely to occur. Therefore, we propose that. 

H1. ISO-ES coupling coordination has a significant negative impact on 
CE.

2.2. The spatial spillover effect of ISO-ES coupling coordination on CE

According to ecological modernization theory, economic develop
ment and ecological conservation can reciprocally support one another 
through industrial upgrading, technological innovation, and institu
tional restructuring (Abbass et al., 2025). This means that within an 
environmentally-friendly development framework, advancements in ES, 
technology, and industrial structure can positively impact environ
mental quality (Qu et al., 2024). This effect does not only take place 
locally but can also spill over to other areas through technology diffu
sion and resource distribution (Li et al., 2024a). The literature empiri
cally demonstrates this mechanism. For example, Bai et al. (2023)
showed that ISO and ES have significant spillover impacts on regional 
ecological protection and economic cooperation in China’s Xin’an River 
Economic Belt. Tao et al. (2024) also proved that ISO alleviates CE not 
only locally but also in nearby areas by technology dissemination. Also, 
Liu et al. (2024a) found that improving ES in the management of water 
resource basins has a spatial spillover influence on CE.

In terms of the YRB region, coupling coordination between ISO and 
ES can generate low-carbon outcomes, which can flow to neighboring 
regions through market mechanisms, inter-regional collaboration, and 
environmental resource sharing. Given this potential spatial spillover 
effect, we hypothesize that. 

H2. ISO-ES coupling coordination has a significant spatial spillover 
effect on CE.

2.3. The dynamic effects of ISO-ES coupling coordination on CE

The law of diminishing marginal returns states that the additional 
output from a factor decreases as investment continues, assuming other 
factors remain unchanged (Huerta de Soto, 2024). In ISO-ES coupling 
coordination, regions in early stages often face two main challenges: 
severely-damaged ES and highly uneven industrial structures. These 
factors together drive increased levels of CE (Wang and Li, 2024). Strong 
policy support during this period may create opportunities for 
improving the system. Moreover, the progress made by leading regions 
in improving ES and optimizing ISO is highly replicable (Li et al., 
2024a). Their experience and advantages in resource allocation tend to 
spill over to neighboring areas, thereby promoting coordinated emission 
reductions (Cheng et al., 2025). As a result, reductions in CE typically 
accompany progress in coupling coordination.

When ISO and ES coupling coordination reaches a plateau, the scope 
for restoring ecological services tends to decline (Xia et al., 2023). 
Governance usually shifts its focus toward ecological margins or areas 
with weakened service functions. These changes raise management 
difficulties and cause diminishing marginal returns (Guo et al., 2024). 
ISO nears its capacity for further structural improvement, limiting the 
reduction of high-carbon industries and weakening the substitution ef
fect of green industries (Wu et al., 2023). This structural change has 
weakened the advantages that leading regions had developed in ES and 
ISO practices, reducing their demonstrative and catalytic effects on 
surrounding areas and thereby diminishing the strength of spatial 
spillover effects (Wang et al., 2024; Meng et al., 2025). In this context, 
the marginal effect of ISO-ES coupling coordination on reducing CE 
gradually decreases. Also, growing pressures from economic expansion 
led some regions to return to high-carbon development paths 
(Bello-Pintado et al., 2023). This shift, driven by a preference for 
short-term economic benefits, tends to diminish the environmental gains 
achieved through improved ISO-ES coordination. Drawing on these in
sights, the following hypothesis is proposed. 

H3. The negative impact of ISO-ES coupling coordination on CE 
gradually weakens over time.

3. Methodology

3.1. Variable measurement

3.1.1. Independent variables

(1) ISO

Researchers have used several indicators to measure ISO, such as 
regional GDP, the ratio of industry output and labor force distribution 
(Muhammad et al., 2022; Lin et al., 2023). These indicators, however, 
often fail to capture both the transformation and upgrading aspects of 
ISO completely. To address this limitation, we followed the method of 
Wang and Li (2024), combining the averages of industrial ration
alization and advancement to create a broader ISO measure.

This study bases its industrial rationalization on the structural 
rationalization (SR) index developed by Gong et al. (2023). The SR index 
assesses how much labor input and output proportions vary across in
dustries, indicating how efficiently resources are allocated within the 
industrial framework. Smaller differences suggest better resource allo
cation, reflecting a more rational structure. Larger differences imply 
significant resource misallocation. Equation (1) shows the formula for 
this calculation. 

SR =
∑3

i=1

(

Yi

/

Y

)

|(Yi/Li)/(Yi/L) − 1| (1) 

where Y represents the economic output of a region, L is the number of 
employed individuals, and i denotes industry type. As this indicator is 
inverse in nature, this study applied a reciprocal transformation.

To construct the index of industrial advancement, we referred to Hao 
et al. (2023) and measured it as the ratio of the value-added of the 
tertiary industry to that of the secondary industry. 

(2) ES

Researchers commonly assess ES using two main methods. The first 
is the value equivalence method, which estimates ES value in monetary 
terms but overlooks spatial heterogeneity (Goulder and Kennedy, 2011; 
Costanza, 2020). The second method is artificial intelligence for ES 
(ARIES) model, which uses AI for region-specific assessments but faces 
regional constraints (Capriolo et al., 2020; Wang et al., 2022). As such, 
this study utilized the Integrated Valuation of ES and Tradeoffs (InVEST) 
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model, which simulates ES changes under various land cover scenarios 
and provides spatial quantification without regional limitations.

It should be noted that the InVEST model has certain limitations in 
capturing the interactions among different ES, as it primarily focuses on 
spatial identification and quantitative analysis. However, since this 
study mainly examines the spatial spillover and dynamic effects, these 
limitations do not substantially affect the conclusions. Based on prior 
research (Ding and Eldridge, 2024; Liu et al., 2024b), we used InVEST to 
assess water yield, habitat quality, soil retention, and carbon storage.

Habitat quality was measured using threat sources, including crop
land, built-up land, unused land, national highways, provincial high
ways, and railways. A threat factor table was constructed to assess 
habitat quality across the basin, represented by Equation (2). 

Qxj =Hj

[

1 −
D2

xj

D2
xj + k2

]

(2) 

where j represents the habitat type; x is a grid cell; Q denotes habitat 
quality; H represents habitat suitability; Dxj indicates the threat level; 
and K is the half-saturation constant. The annual total water yield was 
estimated using climate, topography and land use data, as shown in 
Equation (3). 

Yxj =

(

1 −
AETsj

Px

)

× Px (3) 

where Y represents the total annual water yield depth, AET is actual 
evapotranspiration, and P represents precipitation. The evapotranspi
ration coefficient and root depth were determined based on the litera
ture and model manuals. Potential evapotranspiration was calculated 
with the Hargreaves-Samani method. To estimate soil retention, this 
study employed the difference between potential and actual soil erosion 
values, using Equations (4)–(6). 

RKLSX =R × K × LSX (4) 

USLEX =R × K × LSX × CX × PX (5) 

SDX =RKLSX − USLEX (6) 

where SDx represents soil retention, LSx is potential soil erosion, and 
USLEx refers to actual soil erosion. Rx (rainfall erosivity) was calculated 
using Wischmeier’s formula. Kx (soil erodibility) was computed with the 
EPIC model. LSx is the slope length factor, Px is the soil conservation 
practice factor, and Cx is the vegetation cover management, as shown by 
Kpienbaareh et al. (2024). To measure carbon storage, this study 
adopted the calculation proposed by Ding and Eldridge (2024), as shown 
in Equation (7). 

C=Cabove + Cbelow + Csoil + Cdead (7) 

where C represents total carbon storage, including above-ground 
(Cabove), below-ground (Cbelow), soil (Csoil), and dead organic (Cdead) 
carbon storage.

3.1.2. Dependent variable
Due to the severe lack of county-level CE data, this study estimates 

CE using nighttime light intensity as a proxy for regional economic ac
tivity. Following the methods and datasets of Chen et al. (2020), Liu and 
Zhu (2022), and Ma and Zhang (2025), a neural network model is used 
to fit the relationship between nighttime light data and provincial-level 
CE. Subsequently, the weights are determined through a back
propagation neural network. Based on the total nighttime light intensity 
at the county level, CE for each county is then estimated. Missing values 
are supplemented using linear interpolation. Previous studies have 
demonstrated that this nighttime light-based estimation strategy offers 
significant advantages in terms of accuracy and applicability, particu
larly when compared with traditional estimation methods based on 

fossil fuel consumption data (Huo et al., 2022).

3.1.3. Control variables
To minimize interference from other factors and enhance the accu

racy of the study’s conclusions, we referred to Li et al. (2024b) and Xue 
et al. (2024) to select six control variables from both geographic and 
socioeconomic dimensions: vegetation cover (NDVI), potential transpi
ration, rainfall, temperature, GDP per capita, and general public budget 
revenue. NDVI was calculated using the percentage of vegetation cover; 
potential transpiration and rainfall were determined using their annual 
cumulative values; temperature was based on the annual average; GDP 
per capita was computed using county-level GDP; and general public 
budget revenue was measured based on the total annual public budget 
revenue of the county.

3.2. Sample and data sources

The study sample comprised annual county-level data from the YRB 
between 2011 and 2023. After data cleaning and estimation, a total of 
6500 observations were obtained. The data sources were as follows: CE, 
temperature, precipitation, and potential evapotranspiration data were 
acquired from the China Emission Accounts and Datasets, Meteorolog
ical Data Center; ES and NDVI data were derived from the Chinese 
Academy of Sciences; and ISO, GDP per capita, and public budget rev
enue data were obtained from county-level statistical yearbooks and 
statistical communiqués on national economic and social development 
(Table 1).

The study area encompassed 56 cities across nine provinces in the 
YRB, covering approximately 795,000 square kilometers and extending 
across eastern, central, and western China (Fig. 2). The YRB is a crucial 
ecological region, characterized by cropland, woodland, and grassland. 
However, due to the widespread distribution of loess and alluvial de
posits, the region’s ecosystem is fragile (Fig. 3). Its industrial structure is 
dominated by high-pollution industries, which rely on outdated tech
nologies and operate inefficiently, resulting in the YRB accounting for 
more than 30 % of CE in the nation.

3.3. Model construction

3.3.1. CCDM
The CCDM is defined as a quantitative method for measuring the 

coordination level between two heterogeneous systems during their 
interaction process. This makes it suitable for analyzing the co- 
evolutionary relationship between ISO and ES. Based on the work by 
Ariken et al. (2021), a CCDM was constructed to calculate ISO-ES 
coupling coordination in the YRB. The min-max method was used to 
normalize S (ISO) and E (ES) within [0.01, 0.99] for further analysis. 

Table 1 
Variables name, units, and sources.

Type Name Unit Source

Dependent 
Variable

CE million tons https://www.ceads.net 
/

Independent 
Variable

CCDISO-ES unitless http://www.stats.gov. 
cn/
http://www.nesdc.org. 
cn/

Control Variable NDVI % https://search.earth 
data.nasa.gov/search

Potential 
transpiration

m http://data.tpdc.ac.cn

Rainfall m http://data.tpdc.ac.cn
Temperature ◦C http://data.tpdc.ac.cn
GDP per capita RMB/ 

person
http://www.stats.gov. 
cn/

General public 
budget revenue

Million 
RMB/year

http://www.stats.gov. 
cn/
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Drawing on the physics concept of capacity coupling, the coupling 
function between ISO and ES in the YRB, as shown in Equation (8). 

C =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SC × EC

(S + E)2
m

√

(8) 

where C represents the coupling degree of ISO and ES. As m represents 
the number of sub-systems, its value was set to 2 based on the two sub- 
systems (namely, socio-economic and ecological) in the study’s frame
work. The ISO-ES coupling coordination level was then calculated using 
Equations (9) and (10) to objectively assess the coordinated develop
ment between ISO and ES in the YRB. 

D=
̅̅̅̅̅̅̅̅̅̅̅̅
C × T

√
(9) 

T= a × SC + β × EC (10) 

where D represents the degree of ISO-ES coupling coordination (CCDISO- 

ES) and T is the comprehensive index reflecting their coordination and 

benefits. This study adopts the equal weighting method. It assigns both α 
and β a value of 0.5 to reflect the equal importance of ISO and ES in 
promoting regional low-carbon development. This method has been 
heavily used in relevant studies (e.g., Shi et al., 2022; Zhang et al., 
2024). It is suitable when subsystems contribute comparably to the 
overall system without a clear prioritization.

3.3.2. DSDM
Compared to the traditional SDM, the DSDM incorporates a lagged 

dependent variable, enabling a more comprehensive identification of 
the dynamic temporal and spatial effects of ISO-ES coupling coordina
tion on CE (Gong et al., 2023). This approach overcomes the limitations 
of static models in capturing the dynamic impacts of such relationships 
(Li et al., 2024b). However, this approach also has certain limitations, 
such as increased model complexity and longer computation times, 
especially with large datasets or high-dimensional spatial structures. To 
address these issues, we used MATLAB with spatial econometric mod
ules optimized for computational efficiency.

As mentioned earlier in this paper, robust ISO and ES in a region can 
decrease its pollution levels and subsequently spread its environmental 
gains to surrounding regions; this mechanism demonstrates the impor
tance of spatial spillover. Additionally, due to older policies, ISO and ES 
often affect CE after a lagged period, which requires the consideration of 
temporal and spatial lag effects. Moreover, it is incorrect to assess the 
impact of ISO-ES coupling coordination on CE from a single perspective; 
its direct/indirect and short/long-term pathways necessitate a multi
faceted approach. We referred to the work of Alharbey and Ben-Salha 
(2024) and adopted the DSDM to fully capture this complex relation
ship. The model is specified in Equation (11). 

Yi,t = α0Yi,t− 1 + α1WYi,t + β1Xi,t + β2WXi,t + β3Zi,t + β3WZi,t + vi + μt + εi,t

(11) 

Where Y represents CE, X refers to CCDISO-ES; Z denotes the control 
variable; v represents regional effects; and μ indicates temporal effects.

4. Empirical results

4.1. Analysis of temporal evolution trends

This study initially assessed temporal CE trends in the YRB and its 
sub-regions (i.e., upstream, midstream, downstream) between 2011 and 
2023 (see Fig. 4). CE has shown a stable and gradual upward trend, 
indicating significantly worsening pollution. This trend became more 
pronounced after 2015, implying mounting pressure to mitigate CE in 
the YRB. Notably, we observed regional disparities in CE levels over 

Fig. 2. Geographical location of the YRB in China.

Fig. 3. Provincial divisions within the YRB.

Fig. 4. Temporal evolution of CE in the YRB from 2011 to 2023.
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time. Upstream sub-basins demonstrated the lowest CE, while 
midstream sub-basins showed average CE, and downstream sub-basins 
produced the highest CE. Nonetheless, emission levels in all three sub- 
regions converged monotonically in an upward growth trend. Specif
ically, CE in upstream regions increased from 2.2 in 2011 to 3.2 in 2023, 
with a substantial acceleration post-2015 that surpassed the midstream 
region. This spike can be attributed to upstream areas’ fast-tracked 
economic development and industrialization, which calls for stronger 
emission-control efforts. On the other hand, CE in the midstream region 
generally oscillated around the 3.2 level over the study period. Its 
relative stability indicates some success in environmental protection and 
emission control. Finally, in the downstream region, CE grew from 4.4 in 
2011 to 4.6 in 2023, potentially due to extensive industrial activities and 
denser populations. As such, more robust emission-control initiatives are 
required here.

Fig. 5 illustrates the temporal evolution of ISO-ES coupling coordi
nation in the YRB from 2011 to 2023. The time-trend results show that 
since 2018, ISO-ES coupling coordination significantly increased across 
the YRB, suggesting notable progress in joint economic development 
and ecosystem improvements. Nevertheless, regional differences are 
apparent, with diverging growth rates and stepwise declines observed 
from upstream to downstream. Specifically, this study finds that the 
upstream regions had the best coupling coordination conditions, fluc
tuating around 0.6. The midstream region demonstrated moderate 
coupling coordination conditions with a rising trend that surpassed the 
upstream area starting in 2022. The downstream region exhibited the 
lowest coupling coordination conditions; however, since 2019, the 
coupling coordination has improved from 0.3 to 0.45 after targeted 
governance efforts.

This disparity can be attributed to differing regional development 
objectives. Upstream areas prioritize ecological conservation, as they 
have abundant natural resources and a relatively solid ecological foun
dation. They also actively promote the tertiary industry while limiting 
the environmental impacts of their primary and secondary industries. In 
contrast, midstream and downstream areas are more focused on eco
nomic development; even so, they have gradually recognized the 
importance of balanced development in recent years and, accordingly, 
have initiated industrial restructuring efforts.

4.2. Analysis of spatial evolution trends

Examining the spatiotemporal progression of ISO-ES coupling coor
dination alongside CE within the YRB, this study directly investigates 
whether their distribution shows spatial imbalances. The years 2011, 

2017, and 2023 were chosen as key points for analysis. To illustrate the 
spatial changes over time, ArcGIS was employed to reveal the evolving 
patterns of distribution and regional coordination. The results are pre
sented in Figs. 6 and 7. Fig. 6 illustrates the spatial changes of CE across 
the YRB from 2011 to 2023. CE followed a shifting pattern, rising from 
low to high emissions while moving from dispersed local spots towards 
more clustered regional groupings. Spatial imbalance became evident. 
Most regions, especially in 2011, displayed relatively low CE levels, 
mainly falling within the green (0.0080–1.8527) and blue 
(1.8527–4.0122) ranges. These values likely reflect the basin’s early 
stages of industrial and urban development. By 2017, some areas 
experienced increased CE levels. Midstream and upstream cities, such as 
Lanzhou and Yinchuan, reached the orange range (7.2323–12.9598). 
The emergence of high-emission clusters suggests that policy-driven 
economic expansion and industrial growth have increased regional en
ergy consumption and CE. In 2023, the spread of high-emission zones 
(red zone, 12.9598–39.0000) became more noticeable. Some cities, 
including Xining in Qinghai, Lanzhou in Gansu, and several in Inner 
Mongolia and Ningxia, stood out significantly. This trend aligns with the 
Belt and Road Initiative and policies encouraging regional industrial 
relocation. Upstream cities, through establishing manufacturing and 
infrastructure projects, experienced rapid economic growth, accompa
nied by a substantial rise in CE.

Fig. 7 illustrates the spatial evolution of the ISO-ES coupling coor
dination levels in the YRB for the years 2011, 2017, and 2023. Overall, 
the basin exhibited a relatively high level of coupling coordination, but 
regional disparities remained substantial. In 2011, the upstream areas 
had already achieved a high level of coupling coordination (red zone, 
0.7057–1.0000), whereas the midstream and downstream regions con
tained extensive low coupling coordination areas (green, 
0.1896–0.3132; blue, 0.3132–0.4218), indicating a weak foundation for 
the coupling between ISO and ES. By 2017, low-coordination areas in 
the midstream and downstream regions had significantly decreased, 
while orange (0.5335–0.7057) and red areas expanded, reflecting the 
positive effects of industrial upgrading and ecological protection pol
icies on improving ISO-ES coupling coordination. In 2023, high coupling 
coordination zones further expanded, particularly around midstream 
urban clusters such as Zhengzhou and Jinan, demonstrating a continued 
enhancement of regional coupling coordination capabilities.

4.3. DSDM analysis

Table 2 results show that the Moran’s I values range between 0.12 
and 0.23 across the years, all being positive. This indicates a significant 
spatial clustering effect in CE, meaning that regions with higher or lower 
CE levels tend to be geographically adjacent. In contrast, a negative 
Moran’s I would suggest spatial dispersion. Moreover, the Moran’s I 
values are all significant, further confirming the presence of statistically 
significant positive spatial autocorrelation in CE. This suggests that CE 
does not occur in isolation but is significantly influenced by neighboring 
areas, exhibiting a typical spatial dependency. Therefore, this study 
employs spatial econometric models for further analysis.

A series of tests were conducted to accurately determine the suitable 
spatial model for this study (see Table 3 for results). First, the Hausman 
test results indicated that both temporal (t = 290.42, p = 0) and spatial 
(t = 370.24, p = 0) fixed effects were significant, necessitating the 
consideration of both factors in the analysis. Additionally, the Durbin- 
Watson (DW) test value was 0.2, which deviates significantly from 2, 
indicating the presence of first-order autocorrelation. Therefore, we 
introduced the lagged variable Yt-1 to address autocorrelation and 
reduce its negative effect on the model. Furthermore, the LM test results 
show that the statistics for LM-error (5349.8), LM-lag (3321.8), LM- 
robust_error (2036.47), and LM-robust_lag (8.47) are all significant, 
indicating the simultaneous presence of spatial lag and spatial error 
dependence. Therefore, the SDM was selected. Moreover, considering 
the strong autocorrelation revealed by the DW test, the model is further 

Fig. 5. Temporal evolution of ISO-ES coupling coordination in the YRB from 
2011 to 2023.
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extended to a DSDM by incorporating the lagged dependent variable to 
capture the temporal dynamic effects of ISO-ES coupling coordination 
on CE.

The Variance Inflation Factor (VIF) was used to test for multi
collinearity. As shown in Table 4, no multicollinearity existed among the 
variables, as the mean VIF value of 1.4559 was well below the threshold 
of 10.

According to the regression results in Table 5, the ISO-ES coupling 

coordination index (CCDISO-ES) exerts a significant negative effect on 
CE across all three models. The coefficients are − 4.20, − 4.50, and 
− 4.57, with a slight increase in magnitude. This can be attributed to the 
DSDM’s incorporation of spatial lag variables and the lagged dependent 
variable, which distinguishes the coupling-coordination effects of local 
and neighboring regions, allowing for a more accurate identification of 
the local ISO-ES impact on CE. Furthermore, the DSDM results indicate 
that a 1 % increase in the coupling-coordination level leads to an 
average reduction of 0.0457 mt in CE, demonstrating the emission- 
reduction effect of ISO-ES coupling coordination. This suggests that 
the YRB can curb CE at the source by optimizing its ISO, while 
strengthening the carbon absorption capacity of ES at the terminal stage, 
ultimately contributing to environmental improvement. These findings 
support H1.

Meanwhile, the coefficient of W*CCDISO-ES is 4.30, indicating that a 
1 % increase in the ISO-ES coupling-coordination level of neighboring 
regions leads to an average increase of 0.0430 mt in local CE. This 
suggests that improvements in neighboring regions’ ISO-ES coupling 
coordination exert a positive spillover effect on local CE. Therefore, it is 
necessary to be cautious of potential issues such as industrial relocation 
and resource externalities when promoting ISO-ES coupling 

Fig. 6. Spatial evolution of CE in the YRB from 2011 to 2023.

Fig. 7. Spatial evolution of ISO-ES coupling coordination in the YRB from 2011 to 2023.

Table 2 
Spatial autocorrelation test (Moran I) of CE in the YRB.

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

MoranI 0.14 0.12 0.14 0.17 0.15 0.16 0.16 0.19 0.22 0.22 0.22 0.23 0.23
t 9.35 8.16 9.20 11.07 9.84 10.72 10.82 12.33 14.26 14.64 14.75 14.91 15.31
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 3 
Diagnostic tests for selecting spatial econometric model specification.

Time fixed effects Spatial fixed effects DW test LM-error LM-lag LM-robust_error LM-robust_lag

t value 290.42 370.24 0.2 5349.8 3321.8 2036.47 8.47
p value 0.00 0.00 0.00 0.00 0.00 0.00

Table 4 
VIF statistics of ISO–ES coupling coordination and control 
variables.

Variable VIF

CCDISO-ES 1.2620
NDVI 1.8106
Potential transpiration 1.0101
Rainfall 1.6731
Temperature 1.0363
GDP per capita 1.6604
Public budget revenue 1.7385
Mean 1.4559
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coordination. This positive spillover effect may stem from spatial sub
stitution of pollution, highlighting the importance of advancing cross- 
regional collaborative governance.

Regarding the control variables, the coefficient of NDVI is − 1.50, 
indicating that a 1 % increase in regional vegetation coverage leads to a 
reduction of 0.015 mt in CE intensity. This suggests that improvements 
in vegetation coverage and enhanced water cycles contribute to carbon 
absorption and emission reduction. Conversely, precipitation (0.16) and 
temperature (0.01) show positive relationships with CE, implying that 
extreme climate conditions may indirectly increase infrastructure-repair 
demands and energy consumption, thereby raising CE. Moreover, both 
per capita GDP (0.01) and public fiscal revenue (0.01) have significant 
positive effects on CE, indicating that as economic activity expands, 
industrial output and energy demand increase, which in turn drives up 
CE.

In addition, the ρ for CE in the SDM and DSDM models was signifi
cant, with coefficients of 0.96 and 0.95, respectively, showing signifi
cant spatial spillover effects. A reduction of one unit in local CE results in 
a corresponding change of 0.96 or 0.95 in neighboring areas. The R2 

values of 0.76 for the SDM and DSM models furthermore surpassed that 
of the OLS model (R2 = 0.56), validating that the inclusion of spatial 
effects enhances the model’s explanatory power.

To further explore the dynamic impact of ISO-ES coupling coordi
nation on CE, this study decomposes the regression results from the 
DSDM model into temporal and spatial effects. It separately estimates 
the short-term and long-term direct, indirect, and total effects. Addi
tionally, considering the significant geographical differences within the 
YRB, the region is categorized into upstream, midstream, and 

downstream areas. A heterogeneity analysis is then conducted; the re
sults are presented in Table 6. As shown in Table 6, ISO-ES coupling 
coordination significantly suppresses CE in both the short and long term 
across the YRB. The short-term total effect is − 98.27, and the long-term 
total effect is − 51.55. These results further support H1, which states that 
ISO-ES coupling coordination helps reduce CE.

Further decomposition shows that in the short term, the indirect 
effect (− 92.89) is much larger than the direct effect (− 5.38). Similarly, 
in the long term, the indirect effect (− 46.26) remains greater than the 
direct effect (− 5.29). This shows that improvements in local ISO-ES 
coupling coordination not only directly reduce local CE but also signif
icantly promote emission reductions in neighboring areas through 
spatial spillover effects. This is because there are close ecological and 
economic linkages among regions within the YRB. Promoting im
provements in ES, such as forest, grassland, and wetland restoration, can 
enhance regional climate conditions and air quality, thereby improving 
the capacity to mitigate carbon emissions in neighboring areas. More
over, measures related to ISO are highly replicable and tend to diffuse 
across regions, enabling their carbon reduction effects to influence 
surrounding areas. The findings highlight strong externalities and 
regional linkages of ISO-ES coupling coordination, thereby supporting 
H2.

In addition, the absolute value of the short-term total effect (− 98.27) 
is significantly larger than that of the long-term effect (− 51.55). 
Furthermore, the short-term direct, indirect effect (− 5.38, − 92.89) is 
also notably greater than its long-term counterpart (− 5.29, − 46.26). 
These indicate that the inhibitory effect of ISO-ES coupling coordination 
on CE exhibits a marginal diminishing trend over time. Although the 
effect gradually weakens, it remains negative, thus supporting H3. This 
may be attributed to the diminishing marginal effects of ISO-ES coupling 
coordination measures. In the early stages of regional governance, ef
forts are typically focused on areas that are easiest to improve and offer 
the highest efficiency gains, resulting in significant emission reductions. 
However, as governance deepens, the remaining scope for improvement 
narrows, while the associated costs and implementation difficulties in
crease, leading to a gradual decline in marginal effectiveness. Such 
diminishing returns can extend to surrounding regions, thereby weak
ening the spatial spillover effect. This pattern is consistent with the 
environmental Kuznets Curve, which suggests that environmental im
provements are most pronounced in the initial stages and tend to 
weaken over time.

The heterogeneity analysis further reveals differences in effect 
strength across regions. The results show that the negative impact of 
ISO-ES coupling coordination on CE gradually weakens from upstream 
to downstream areas, indicating a convergence trend. For example, in 
the short term, the direct, indirect, and total effects in the upstream 
region are − 8.98, − 49.38, and − 58.35, respectively, which are notably 
stronger than those in the midstream (− 4.14, − 21.47, and − 25.61) and 
downstream regions (− 1.40, − 5.13, and − 6.53). A similar trend is 
observed in the long-term effects. These findings show that the gover
nance effect of ISO-ES coupling coordination is strongest in the upstream 
areas, followed by the midstream, and weakest in the downstream re
gions. This pattern may be related to differences in regional environ
mental conditions and industrial structures. The upstream region is 
dominated by industries such as animal husbandry and crop farming, 
which align with local natural resource endowments and cause rela
tively low ecological disturbance. In promoting ISO-ES coupling coor
dination, it is easier to achieve the dual objectives of controlling carbon 
sources and enhancing carbon sinks, thereby leading to a more efficient 
carbon reduction response. In the midstream region, the level of eco
nomic development is moderate, and industrial restructuring is at a 
critical stage. Improvements in coupling coordination can thus promote 
industrial upgrading and ecological synergy, resulting in a notable 
reduction in CE. In contrast, although downstream regions serve as 
economic centers, they are subject to significant ecological pressure, and 
the response of ecosystem restoration tends to be relatively delayed. 

Table 5 
Regression results of OLS, SDM, and DSDM models on ISO–ES coupling coor
dination and CE.

OLS SDM DSDM

CCDISO-ES − 4.20*** − 4.50*** − 4.57***
​ (-26.79) (-19.58) (-20.25)
W*CCDISO-ES ​ 3.93*** 4.30***
​ ​ (9.49) (13.44)
Y t-1 ​ ​ 0.03***
​ ​ ​ (2.96)
W*Y t-1 ​ ​ − 0.07
​ ​ ​ (-0.08)
NDVI − 2.99*** − 1.29*** − 1.50***
​ (-15.30) (-5.98) (-6.92)
Potential transpiration − 0.21** − 0.21*** − 0.24***
​ (-2.51) (-2.73) (-3.05)
Rainfall − 0.11 0.21* 0.16*
​ (-1.01) (1.81) (1.72)
Temperature 0.02*** 0.02* 0.01
​ (2.78) (1.73) (0.60)
GDP per capita 0.01*** 0.01*** 0.01***
​ (25.55) (20.93) (21.95)
Public budget revenue 0.01*** 0.01*** 0.01***
​ (41.95) (36.89) (37.14)
W*NDVI ​ 0.34 1.17***
​ ​ (0.75) (2.96)
W* Potential transpiration ​ 0.47** 0.39**
​ ​ (2.38) (1.97)
W* Rainfall ​ − 0.30 − 0.27
​ ​ (-1.09) (-1.39)
W* Temperature ​ − 0.02 − 0.01
​ ​ (-1.36) (-0.46)
W* GDP per capita ​ − 0.01*** − 0.01***
​ ​ (-9.21) (-10.96)
W* Public budget revenue ​ − 0.01*** − 0.01***
​ ​ (-10.27) (-13.48)
Con 5.74*** ​ ​
​ (30.32) ​ ​
ρ ​ 0.96*** 0.95***
​ ​ (153.91) (67.42)
R2 0.56 0.76 0.76
Nob 6500 6500 6000
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Meanwhile, the industrial structure is highly complex, with strong sys
temic inertia, leading to higher marginal costs for green transformation. 
These factors jointly constrain the effective realization of the ISO-ES 
coupling coordination’s mitigation potential.

5. Discussion

This study analyzes the spatiotemporal evolution of ISO-ES coupling 
coordination and CE in the YRB. The results show that although regional 
CE control and ISO-ES coupling coordination have improved, the overall 
pressure for reduction remains high. This finding is consistent with Wei 
et al. (2024) and Huang et al. (2025), who argue that the growth rate of 
CE has slowed but has not yet reached an inflection point. Further 
analysis reveals that CE are increasing in the upstream areas, especially 
in Xining (Qinghai Province) and Lanzhou (Gansu Province). This trend 
is also supported by previous studies (Du et al., 2025; Zhong et al., 
2025), highlighting that cities along the Belt and Road Initiative have 
encountered increasing environmental pressure due to urbanization, 
population mobility, and rising energy and transport demand. More
over, policy documents such as the Guiding Opinions on Promoting the 
Formation of a New Pattern of Western Development in the New Era 
have proposed the development of key industries, including trans
portation and manufacturing, in western China (Yan et al., 2024). 
Although these initiatives aim to promote ecological protection in the 
long run, they are expected to cause short-term increases in CE.

In addition, this study demonstrates that the level of ISO-ES coupling 
coordination has a significant negative effect on CE. This result not only 
extends the findings of Qu et al. (2024), which focused on the inhibitory 
effect of individual variables such as ES on CE, but also deepens the 
discussion on the CE-macroeconomy relationship as explored by 
Assounga et al. (2025). Unlike most existing studies that concentrate on 
the impact of a single system on CE (Cheng et al., 2025), this study shifts 
the analytical perspective to the coupling coordination between ISO and 
ES, emphasizing their interaction as systems in regulating CE. This 
perspective is highly consistent with the core concepts of General Sys
tems Theory, which highlight interaction and coordination between 
systems. From a quantitative perspective, the results show that a 1 % 
increase in ISO-ES coupling coordination can reduce approximately 
0.0457 mt of CE. Although this reduction accounts for a relatively small 
share of the total CE in the YRB, it is of considerable significance at the 
local level. For high-emission countries, this amount offsets a substantial 
portion of their annual CE growth. Therefore, enhancing ISO-ES 
coupling coordination remains of great practical and policy signifi
cance in the ongoing process of carbon governance.

This study also finds that improvements in ISO-ES coupling coordi
nation help reduce local CE. They also promote emission reductions in 
neighboring areas. This may be due to ecological network linkages, 

environmental policy diffusion, and regional resource flows. This 
finding to some extent complements the conclusion of Wang and Li 
(2024), who found that ISO exhibits spatial transmissibility, and the 
resulting experiences and policies have spatial spillover effects on CE in 
neighboring regions. It also extends the work of Li et al. (2024a), which 
examined the cross-regional externalities of improvements in ecosystem 
services. This study provides empirical evidence for the role of natural 
systems in environmental governance. In contrast to the traditional 
emphasis of ecological modernization theory on technological and in
dustrial pathways, it highlights the importance of ES in green develop
ment, thereby enriching the theory’s ecological dimension.

This study also finds that the negative impact of ISO-ES coupling 
coordination on CE weakens over time. This phenomenon echoes the 
law of diminishing marginal returns and the environmental Kuznets 
curve. It also reflects the practical constraints of industrial path depen
dence and spatial inertia. Similar conclusions have been reported by 
Ullah et al. (2023) and Liu and Guo (2025), who found that ecological 
policies tend to have higher marginal returns in the early stages but later 
rely on technological innovation and institutional upgrades to maintain 
effectiveness. Unlike previous studies (Schneiter and Mellon, 2025), this 
paper is the first to apply the principle of diminishing marginal returns 
to the context of ISO-ES coupling coordination. By adopting a dynamic 
perspective, it empirically verifies the time-varying nature of its carbon 
mitigation effects, thereby extending the theoretical applicability of this 
principle to the field of regional environmental governance.

In terms of methodology, previous studies mainly relied on OLS and 
SDM (Liu et al., 2024a; Liu and Chen, 2025). However, CE exhibit strong 
temporal dependence due to the inertia of production structures (Wang 
and Shao, 2024). In addition, the ISO-ES relationship is inherently 
long-term and involves substantial spatial spillovers shaped by regional 
ecological policies and interregional resource flows. Traditional OLS 
models fail to capture interregional spatial interactions, while SDM 
models overlook the dynamic inertia of carbon emissions (Meng et al., 
2025). To address these limitations, this study introduces the DSDM and 
compares the regression results across models. We find that the 
magnitude of the ISO-ES coefficient increases as model control im
proves. This trend results from the structural improvements of the 
DSDM. This result is broadly in line with the findings of Alharbey and 
Ben-Salha (2024), who suggest that incorporating a time-lagged 
dependent variable helps to control for the dynamic inertia of carbon 
emissions and improves the distinction between local direct and spatial 
spillover effects. Consequently, the DSDM allows for a more accurate 
identification of the actual net effect of ISO-ES coupling coordination. 
This study thus extends the methodological applicability of DSDM in 
regional emission reduction.

Table 6 
Heterogeneity analysis: results of spatiotemporal effect decomposition on ISO–ES coupling coordination and CE.

Variable Period Impact DSDM DSDMup DSDMmid DSDMdow

CCDISO-ES Short-term Direct − 5.38*** − 8.98*** − 4.14*** − 1.40***
​ ​ ​ (-17.18) (-14.37) (-9.18) (-3.34)
​ ​ Indirect − 92.89** − 49.38*** − 21.47*** − 5.13***
​ ​ ​ (-2.41) (-4.21) (-4.02) (-3.38)
​ ​ Total − 98.27** − 58.35*** − 25.61*** − 6.53***
​ ​ ​ (-2.54) (-4.83) (-4.57) (-3.45)
​ Long term Direct − 5.29*** − 8.79*** − 4.03*** − 1.40***
​ ​ ​ (-18.11) (-13.61) (-9.07) (-3.32)
​ ​ Indirect − 46.26** − 48.44*** − 20.11*** − 4.61***
​ ​ ​ (-2.81) (-3.16) (-3.31) (-3.03)
​ ​ Total − 51.55*** − 57.23*** − 24.15*** − 6.01***
​ ​ ​ (3.11) (-3.65) (-3.82) (-3.26)
Control ​ ​ Yes Yes Yes Yes
R2 ​ ​ 0.76 0.79 0.80 0.71
p ​ ​ 0.95*** 0.87*** 0.84*** 0.76***
​ ​ ​ (67.42) (35.60) (33.93) (26.11)
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6. Conclusion and implications

6.1. Conclusion

Using data from the YRB within the 2011 to 2023 period, this study 
has established the spatiotemporal evolution trends and relationships 
between ISO-ES coupling coordination and CE. The findings indicate 
stable and substantial advancement in coordinated ISO-ES in the region 
and slower CE growth. Nevertheless, emissions have increased signifi
cantly in some cities, placing greater pressure on the YRB to control its 
CE levels. This study has also revealed that ISO-ES coupling coordination 
alleviates CE, albeit with a weakening influence over time. The coor
dination between these sub-systems was also found to have a more 
substantial indirect effect on CE, underscoring significant spatial spill
over. This indicates that efforts to promote ISO-ES coupling coordina
tion in the YRB have significantly reduced emissions in surrounding 
areas, serving as a sound benchmark. Finally, the heterogeneity analysis 
indicates that the negative impact of ISO-ES coupling coordination on 
CE exhibits monotonic convergence from upstream to downstream re
gions. Efforts to couple ES with ISO have the most pronounced carbon- 
reducing effects in the upstream and midstream areas of the YRB. Future 
research could explore the mechanisms and moderating effects under
lying the relationship between ISO-ES coupling coordination and carbon 
emissions and extend the scope of analysis to other regions.

6.2. Implications

In response to the continued rise in CE in key upstream cities such as 
Lanzhou and Xining, local governments are advised to develop differ
entiated and phased emission reduction strategies. These strategies need 
to coordinate the ISO with the enhancement of ES. Specifically, Local 
ecological and environmental departments should develop a green 
renovation catalogue for high-energy-consuming industries based on 
national or provincial green manufacturing standards, clearly classi
fying industry categories and process standards. In sectors such as steel 
and petrochemicals, adopting energy-saving equipment and technolo
gies is encouraged to reduce CE through green loan interest subsidies 
and fiscal rewards. In parallel, projects for vegetation restoration, 
delineating water conservation areas, and constructing ecological buffer 
zones should be implemented. To enhance accountability, a carbon sink 
enhancement list must be established, with implementation carried out 
via carbon sink cooperatives or corporate carbon neutrality 
commitments.

Second, this study reveals that ISO-ES coupling coordination exerts a 
spatial spillover effect on carbon emissions, indicating the need for a 
unified cross-regional governance response. The central government 
should lead the establishment of a unified Eco-Industrial Coordination 
Platform for the YRB. This platform should serve as a cross-regional 
governance mechanism. It should coordinate carbon reduction tasks, 
allocate ecological resources across regions, facilitate green technology 
diffusion, and support joint project implementation. To ensure effec
tiveness, the platform can be built upon existing bodies such as the YRB 
ecological protection office, and leverage national high-tech zones or 
green industry parks as pilot nodes for technology dissemination. The 
platform construction should rely on central fiscal support and local 
financial matching. Special attention must be paid to regional dispar
ities, weak technological absorption capacities, and administrative co
ordination obstacles in the process. It is recommended that training 
bases be built, fiscal transfer mechanisms be created, and government- 
business cooperation platforms be established to enhance the plat
form’s effectiveness. These measures can help strengthen regional green 
transition capacities and reduce development gaps.

Third, since the emission reduction effects of ISO-ES coupling coor
dination weaken over time, policymakers should adopt differentiated 
and dynamic management approaches instead of uniform policies. Local 
governments should implement tailored incentive schemes. Regions 

with strong early-stage reduction performance but declining marginal 
effects can receive continued support through green tax exemptions or 
bond interest subsidies. Regions with lagging reduction progress should 
adopt green transition task lists to strengthen governance and promote 
industrial upgrading. Environmental authorities should establish real- 
time CE monitoring platforms in key regions and industries. A phased 
implementation strategy is advised, starting with the deployment of 
carbon monitoring and early warning systems in key industrial parks or 
high-emission zones, followed by broader application. These tools can 
help dynamically evaluate changes in coupling effects and improve 
policy response speed and precision.

Lastly, considering the heterogeneity in emission reduction potential 
across regions, a regional carbon trading platform based on total emis
sion control should be established. The platform should be anchored in 
the national carbon market, implement a sub-regional quota allocation 
system, and be supported by a third-party accounting framework. The 
ISO-ES coupling coordination level should be incorporated as a key 
criterion for quota allocation to ensure the scientific determination of 
regional carbon emission limits. By establishing a carbon quota trading 
pool, the platform can guide the optimal cross-regional allocation of 
carbon resources. Upstream regions with strong emission reduction 
performance are allocated more transferable quotas and gain financial 
returns through trading. Downstream high-emission regions promote 
green transformation through quota purchases and fiscal subsidies, 
fostering a virtuous cycle of coordinated emission reduction between 
upstream and downstream areas.

6.3. Limitations and future directions

Although this study confirms the dynamic impact of ISO-ES coupling 
coordination on CE, the underlying mechanisms remain insufficiently 
explored. Future research could add mediating variables such as green 
credit, technological innovation capacity, and resource allocation effi
ciency to reveal the institutional, technological, and resource-based 
pathways. In addition, factors such as local governance capacity, mar
ket openness, and the stringency of environmental regulations may 
moderate the relationship between ISO-ES coupling coordination and 
CE. These moderating effects could be studied by including interaction 
terms in future analyses. Moreover, future studies are encouraged to 
broaden the research scope to other basins or regions. Particular atten
tion could be given to areas with intensive economic and ecological 
interactions, such as the Yangtze River Basin. Comparative analyses 
across regions would further enhance the findings’ external validity and 
policy relevance.
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