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Abstract. The green transformation of resource-based cities serves as the core
mission in implementing the concept of green, low-carbon, and high-quality
development, while also acting as a key lever for new-type productive forces to
empower regional coordinated development. Taking Luzhou City in the upper
Yangtze River region as a case study, this research utilizes authoritative data
from 2007 to 2025 and employs four analytical models: entropy-weighted
TOPSIS-greasy correlation, coupling coordination degree, obstacle degree, and
gray GM(1,1) models. The study systematically investigates the evolution
characteristics of green transformation performance, the coupling coordination
patterns of the four-dimensional system, core obstacle factors, and transfor-
mation pathways. Results demonstrate: (DLuzhou's green transformation per-
formance has achieved a transition from imbalance to coordination, exhibiting
three distinct phases: "improved imbalance —transitional fluctuations
—enhanced coordination." Significant differences exist in the driving forces of
the economic, social, resource, and ecological systems, with the social system
demonstrating stable support while the resource system lags behind; @The
coupling coordination degree of the four-dimensional system steadily improves,
evolving from mild imbalance to moderate coordination. The lag type shifts
from ecological to resource-related, with no significant lag expected in 2025;
®Green transformation obstacles show dynamic evolution, transitioning from
single-sector shortcomings to multi-factor constraints, with core obstacles con-
centrated in delayed industrial restructuring and low resource utilization effi-
ciency; @Based on these findings, a four-pillar transformation pathway—
"industrial upgrading — technological innovation — ecological coordination —
policy support" —is constructed. This provides theoretical references and prac-
tical examples for upstream Yangtze River cities and similar resource-based
cities to achieve coordinated development of "industrial upgrading — ecologi-
cal protection — livelihood improvement" through new-type productive forces.
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1 Introduction

China's economy has entered a stage of green, low-carbon, and high-quality develop-
ment. Resource-based cities face challenges such as rigid industrial structures and
intensified resource and environmental constraints. National policies clearly empha-
size leveraging new productive forces to promote their coordinated development in
"industrial transformation, ecological restoration, and livelihood improvement." As a
core demonstration zone for "ecological priority and green development," the Yangtze
River Economic Belt's transformation quality is crucial to the ecological security of
the basin. Luzhou City, located at a strategic convergence point in the upper Yangtze
River, is a key national base for coal and shale gas production. By 2025, the mining
industry's added value accounted for 21.8% of GDP, with initial transformation
achievements but lingering issues such as resource dependence and insufficient green
innovation. Existing research mostly focuses on the Yellow River Basin and North-
east China, while systematic studies on the upper Yangtze River are lacking, and data
timeliness is insufficient. This paper takes Luzhou as a case study to fill regional gaps
and constructs a framework of "new productive forces—four-dimensional sys-
tem—coupling coordination—obstacle diagnosis—trend prediction," providing theo-
retical and practical references for similar cities.

Research on the transformation of resource-based cities abroad focuses on mecha-
nisms, pathways, and evaluation, but lacks sufficient adaptation to the ecological
constraints of China's river basins. Domestic studies cover the connotation of trans-
formation, performance measurement, and pathway optimization, with most research
on the integration of new-quality productivity being theoretical discussions and lack-
ing empirical evidence. Existing research has shortcomings such as imbalanced re-
gional focus, data lag, and insufficient analysis of coupling mechanisms, which this
paper can effectively address!!l.

This study systematically examines the theoretical framework linking green trans-
formation and new-type productive forces in resource-dependent cities, clarifying
their core principles. It analyzes Luzhou's resource endowment, socio-economic de-
velopment, ecological conditions, and transformation foundations. A green transition
evaluation index system guided by new-type productive forces is established to
measure transformation effectiveness from 2007 to 2025. The research investigates
the coupled evolution characteristics of the economic-socio-resource-ecological
quadruple system, identifies key obstacles, and forecasts trends from 2026 to 2035
while proposing transformation pathways and policy recommendations. Utilizing the
entropy-weighted TOPSIS-greasy correlation model, coupling coordination degree
model, obstacle degree model, and GM(1,1) grey model, the study ensures scientific
rigor and precision in evaluation and prediction, providing decision-making support
for Luzhou's integration into the Yangtze River Economic Belt's high-quality devel-
opment and cultivation of new-type productive forces.
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2 Overview of the Study Area

2.1  Regional Location and Strategic Positioning

Located in southeastern Sichuan Province at the confluence of the upper Yangtze
River and the four provinces of Sichuan, Guizhou, and Chongqing, Luzhou serves as
a pivotal node in the Yangtze River Economic Belt, a central city in the southern wing
of the Chengdu-Chongqing Twin-City Economic Circle, and a national pilot city for
resource-based economic transformation. The city administers 3 districts and 4 coun-
ties, covering 12,236.2 square kilometers. With a projected permanent population of
4.256 million by 2025, it functions as a transportation hub and logistics distribution
center connecting southwestern China with the middle and lower reaches of the
Yangtze River. Luzhou holds significant strategic importance in both ecological con-
servation and regional economic coordination within the Yangtze River Basin.

2.2 Characteristics of Resource Endowment

Luzhou City, a pivotal energy resource hub in the upper Yangtze River basin, boasts
abundant coal, shale gas, and hydropower reserves. Designated as a national coal base
and core shale gas exploration zone, the city has identified 43.0x10"8 tons of coal
reserves. The Guxu Mining Area, its key production zone, has been incorporated into
the national coal base plan. Construction of the Dacun Mining Field (Phase I) in Guxu
is scheduled for 2025, with an annual production capacity of 240x1074 tons. While
the city's total raw coal output remains at approximately 300x1074 tons annually (as
of 2023), this figure will be confirmed by the official annual statistical report. Shale
gas resources stand out with 4.54x10"12 cubic meters (4.54 trillion cubic meters)
proven reserves, ranking first in the Sichuan-Chongqing region. Three deep-layer
reserves exceeding 100 billion cubic meters have been confirmed, with 2025 produc-
tion projected to stabilize at 100 billion cubic meters—among the highest in China's
prefecture-level cities. Hydropower resources are primarily distributed along Yangtze
tributaries, with several small hydropower stations already operational. The theoreti-
cal reserves and utilization rates will be disclosed in subsequent official planning
reports. As of 2023, the city maintains 41.8x10"4 hectares of arable land (0.098 hec-
tares per capita) and 85.0x10"8 cubic meters of water resources (2,050 cubic meters
per capita, data to be updated in the 2026 Luzhou Statistical Yearbook). These re-
sources provide essential support for sustainable agricultural and industrial develop-
ment?],

2.3  Current Status of Economic and Social Development

In 2025, Luzhou City maintained stable and positive economic performance, with
new quality productivity driving continuous industrial optimization. The regional
GDP reached 216.57 billion yuan in the first three quarters, up 5.3% year-on-year,
and is projected to reach approximately 288 billion yuan for the full year, representing
a 5.0%-5.5% growth. The three-sector structure follows a "second-
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ary-tertiary-primary" pattern, with mining contributing 46.5 billion yuan to GDP
(21.5%), reflecting persistent resource dependency. The tertiary sector grew by 6.2%,
demonstrating strong driving forcel’l. Fiscal and consumption sectors remained stable,
with general public budget revenue reaching 18.22 billion yuan and total retail sales
of consumer goods hitting 113.36 billion yuan in the first three quarters, up 3.1% and
6.8% respectively. Social programs advanced steadily, with education expenditure
accounting for 18.0% of general public budget spending. Annual R&D investment is
estimated at 4.3 billion yuan, while basic pension insurance coverage reached 3.032
million participants. Urban residents' per capita disposable income is projected at
45,360 yuan, with hospital beds per 1,000 people standing at approximately 6.2, re-
flecting sustained improvements in public welfare.

2.4  Current Status of the Ecological Environment

As the core area of the ecological barrier in the upper Yangtze River, Luzhou City has
maintained continuous improvement in its ecological environment quality since 2024.
In terms of air quality, the PM2.5 concentration reached 37.3 micrograms per cubic
meter, showing an 8.4% year-on-year decrease, with an excellent air quality rate of
84.2%. The city ranked 62nd among 168 key cities nationwide in comprehensive air
quality index, advancing 33 places year-on-year. Water environment management
achieved remarkable results: all 13 national and provincial monitoring sections met
water quality standards, while discharge sections of the Yangtze River from Sichuan
and the Chishui River into the Yangtze River consistently maintained Class II water
quality™. All centralized drinking water sources at or above the county level achieved
100% compliance, and all 566 problematic river discharge outlets were rectified. Sol-
id waste management progressed steadily, with 100% utilization and disposal rate for
hazardous waste, 85% resource utilization rate for domestic waste, and 96% compre-
hensive utilization rate for crop straw. The "Zero-Waste City" initiative has estab-
lished 158 "Zero-Waste Cells" cumulatively. Ecological construction efforts intensi-
fied, with 344 rural sewage treatment stations built and 83.5% of administrative vil-
lages achieving effective domestic sewage control. The urban green space ratio is
projected to reach 39.5% by the end of 2025. However, historical coal mining impacts
continue to require ongoing soil pollution remediation in certain areas, and long-term
ecological protection mechanisms need further refinement.

2.5  The Development Basis of New Quality Productivity and the Problems
Faced by Green Transformation

Luzhou City has established a solid foundation for cultivating new quality productiv-
ity, with distinctive industrial clusters emerging in sectors like baijiu (Chinese liquor),
energy and chemical industries, and intelligent equipment manufacturing. Emerging
fields such as additive manufacturing are rapidly expanding, while the number of
innovation platforms and high-tech enterprises continues to grow steadily, providing
robust support for industrial upgrading. However, the green transition still faces mul-
tiple challenges: the industrial structure remains heavily reliant on resource-intensive
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industries, emerging industries have yet to achieve substantial scale, and the shift
from traditional to new growth drivers lags behind. The intensity of technological
investment falls below the national average, and green technological innovation plays
a limited role in driving transformation. Ecological governance remains inadequate,
with insufficient investment in energy conservation and environmental protection, and
some regions still face challenges in pollution control and solid waste utilizationl!.
While multiple international logistics channels have been established, the city's ca-
pacity to attract foreign investment and integrate into the domestic and international
dual circulation mechanisms requires further enhancement.

3 Indicator Selection, Analysis Method and Data Source

3.1 Indicator Selection

The index selection strictly follows the principles of scientificity, representativeness,
availability and adaptability to new productive forces, and closely combines the in-
dustrial characteristics of resource-based city in Luzhou, the mission of ecological
barrier construction in the upper reaches of the Yangtze River and the goal of
"waste-free city", so as to construct a targeted green transformation evaluation index
system!®],

Drawing on relevant research findings and grounded in the core principles of
new-type productive forces— 'innovation-driven, green and low-carbon, high-quality
development' —the framework is structured around four main dimensions: economic,
social, resource, and ecological. It encompasses 8 key elements and 35 specific indi-
cators (Table 1).

Table 1. Evaluation Index System for Green Transformation in Luzhou City

principal

target layer layer Key elements Specific indicators unit Indicator Properties
GDP (D1) 100 million | the first month of the
lunar year
General public budget revenue (D2) 100 million the first month of the
lunar year
. Value added of industrial enterprises 100 million the first month of the
cconomic above designated size (D3) lunar year
development ot b ofth
(C1) Shale gas production (D4) cubic meters the first month of the
lunar year
Resource-based . the first month of the
e o
cities Baijiu industry revenue share (D5) % lunar year
Green transi-
tion ec?;rl);ny Total Foreign Trade (D6) 100 million the ﬁ‘r‘ﬂ'::":;ro“he
development unary
performance GDP per capita (D7) Yuan the first month of the
(A) P P lunar year
Secondary md:lgtg))/ share of GDP % burden
economic
structure Tertiary industry share of GDP (D9) % the first month of the
2 lunar year
Mining mdustz)[/) ;lg;ue added ratio % burden
Value-added proportion of energy o
and chemical industry (D11) o burden
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Total skilled workforce (D12) 1’;}‘:&1‘”‘ the ﬁ'li‘n‘:f;’;zr"f the
social devel- Proportion of education expenditure o the first month of the
opment . s %
(C3) in fiscal expenditure (D13) lunar year
R&D expenditure (D14) 100 miltion | ¢ ﬁ'li‘n‘:r";‘;gr"“he
Per capita disposable income of Yuan the first month of the
society urban residents (D15) lunar year
B2
®2) Town Engel Coefficient (D16) % burden
Improvement
of people's hospital beds per 1000 population individual the first month of the
livelihood (D17) tndvicu lunar year
(€4) Number of participants in basic thousands of | the first month of the
pension insurance (D18) people lunar year
Number of social security card thousands of | the first month of the
holders (D19) people lunar year
Agricultural land per capita (D20) Hm2-human-1 the ﬁliitn:lf;zz:’“he
resource
utilization Water resources per capita (D21) P per person the ﬂ'iztnr::;;::ﬁhe
(€5)
Efficiency of shale gas extraction % the first month of the
(D22) ’ lunar year
resource Energy consumption per 10,000 6¢+10,000 yuan-1 burden
(B3) yuan of GDP (D23)
Water consumption per 10,000 yuan 10,000 yuan *
resource of GDP (D24) burden
consumption - -
(C6) Non-fossil energy consumption % the first month of the
share (D25) ° lunar year
D26 (Overall Utilization Rate of % the first month of the
Distiller's Grains) ° lunar year
Rcsoul:cp-bascd Proportion of days with good air o the first month of the
cities quality in the city (D27) ° lunar year
Grcc:? transi- Provincial and national examination the first th of th
ton section water quality compliance % © fistmonth of the
development Current rate (D28) lunar year
perfor[;nance environmental Industrial wastewater discharge
(A) conditions (D29) 104t burden
©n Industrial solid wast ti
ndustrial solid waste generation
(D30) 104t burden
organism's
gan Forest coverage rate (D31) % the first month of the
habits lunar year
(B4) ; “ca i
Proportion of ﬁsc‘lil expendltu}re on the first month of the
energy conservation and environ- % lunar year
mental protection (D32) unary
Comprehensive Utilization Rate of
ecological General Industrial Solid Waste % the fu'lst t'nont%l of the
management (D33) unar year
(C8) Centralized sewage treatment rate o the first month of the
(D34) ° lunar year
Comprehensive Utilization Rate of o the first month of the
Construction Waste (D35) ° lunar year

The economic dimension encompasses economic development and structural ele-
ments, incorporating indicators such as regional GDP, shale gas production, and the
revenue share of the liquor industry, highlighting core industrial strengths and open-
ness. The social dimension focuses on societal progress and livelihood improvements,
using metrics like skilled workforce size and R&D expenditure to reflect innovation
capacity and social welfare. The resource dimension covers utilization and consump-
tion, introducing specialized indicators like enhanced shale gas extraction efficiency
and comprehensive utilization of distiller's grains, balancing natural endowments with
circular economy outcomes. The ecological dimension includes environmental condi-
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tions and governance, featuring metrics such as urban air quality compliance rates and
water quality standards at national/provincial monitoring sites, aligning with ecologi-
cal barrier construction requirements. Indicators are categorized as positive or nega-
tive: mining value-added ratio and energy consumption per 10,000 yuan of GDP are
negative indicators (higher values indicate poorer transformation outcomes), while all
others are positive (higher values indicate better transformation outcomes).

3.2 Analysis Methods

Performance Measurement of Green Transformation. To evaluate Luzhou's green
transition performance as a resource-dependent city, with baijiu and shale gas as core
industries, and in alignment with the ecological barrier construction requirements for
the upper Yangtze River, this study employs an entropy-weighted TOPSIS-greysing
model. The methodology involves: 1) Standardizing indicators across industrial, eco-
logical, and livelihood dimensions using entropy weighting to eliminate dimensional-
ity discrepancies and construct a decision matrix; 2) Calculating indicator weights via
information entropy to mitigate subjective bias; 3) Generating a normalized weighted
decision matrix by integrating the matrix and weights, then measuring Euclidean dis-
tances between samples and ideal solutions (positive/negative), while calculating
corresponding greysing degrees to reflect alignment; 4) Synthesizing proximity met-
rics (distance and greysing degree) into a green transition performance index. A high-
er index value indicates more significant achievements in Luzhou's industrial decar-
bonization and ecological conservation.

Coupling Coordination Model. To quantify the interaction and coordination level of
the four systems of economy, society, resources and ecology in Luzhou city, the cou-
pling coordination degree model is adopted. The model is evaluated by three key
indexes: coupling degree (C), coordination index (T) and coupling coordination de-
gree (D).

(1) Coupling degree (C) measures the interaction strength between systems, ex-
pressed as:

1

1
Uy XUy XUz XUy
‘= [(

U1—U2—U3+U4)4
4

The U1-U4 are the comprehensive development indexes of economy, society, re-
sources and ecosystem respectively (standardized values are 0-1).

(2) The coordination index (T) reflects the overall development level of the system,
expressed as:

T =Y, B:U;

(3) The coupling coordination degree (D) is a comprehensive indicator of coordi-
nation level, expressed as:
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D=+C'T

The calculation process begins with standardizing indicator data using the range
method, followed by calculating the system's comprehensive index Ui through the
entropy weight method. Subsequently, the C, T, and D values are determined in se-
quence. In accordance with the research standards for resource-based cities, the coor-
dination levels are classified based on D values: 0.0-0.4 indicates imbalance, 0.4-0.6
indicates transition, and 0.6-1.0 indicates coordination. A higher D value signifies
more significant coupling coordination effects. Drawing on relevant studies and con-
sidering Luzhou City's specific conditions and development characteristics, the cou-
pling coordination levels are further categorized (Table 2).

Table 2. Classification of the level of coupling coordination

type By type ]31_1:3:1: coordinated state description
The serious imbalance of economy, society, resources and ecosystem, the
extreme 0.0~0.2 conflict between extensive development of resource-based industry and the
dysregulation o construction of ecological barrier in upper reaches of Yangtze River, and the
disorder of transformation.
lose ) ) The coupling effect o_f th; system is very wea_k, the contfadi(}tion be}ween
bal major malad- 0.2-0.3 liquor, energy and chemical industry and ecological protection is prominent, the
alance : .2~0. . S L. . e
fail justment investment in science andAtechuology is insufficient, and the livelihood and
ecological governance are separated.
The system coordination has significant shortcomings, the mining industry
moderate 0.3-04 accounts for a high proportion, the scale of emerging industries is small, and the
dysregulation T pressure of industrial solid waste utilization and water pollution prevention and
control is great.
The system is transitioning to coordination, with initial success in ecological
approaching 0.4-0.5 governance. However, industrial transformation lags behind, R&D investment
deficit o remains insufficient, and the shift from old to new growth drivers has yet to
transition achieve synergy.
develop The four major systems have achieved initial coordination, with economic
barely coordi- 0.5-0.6 growth and ecological protection now largely aligned. The compliance rates for
nated T water and air quality at national and provincial monitoring sections have
steadily improved, meeting the foundational requirements for transformation.
The system coordination level has steadily improved, with notable progress in
moderate 0.6-0.7 green shale gas extraction and the resource utilization of distiller's grains. The
coordination o tertiary industry's share has increased, and innovation support has been
strengthened.

The system achieves positive interaction, with industrial low-carbon upgrading

coordinate Good coordina- and ecological barrier construction deeply aligned. Foreign trade and domestic
! 0.7~0.8 . . oS S
develop tion demand work in tandem, while people's livelihood and resource utilization
efficiency are optimized simultaneously.

The system achieves high-level coordination, with new-type productive forces
high quality 0.8-1.0 driving transformation and green technologies providing comprehensive
coordination oo empowerment. This creates a closed loop integrating resource recycling,

ecolo&ical protection, and high—quality econonlic developme_nl.

Difficulty Model. Green transformation is a complex initiative, with varying impacts
across different factors. To precisely identify the key constraints hindering Luzhou's
green transition (a resource-dependent city and ecological barrier in the upper Yang-
tze River basin), we employed three diagnostic metrics: Factor Contribution (F), In-
dex Deviation (I), and Obstacle Degree (O, U). Here, O represents the obstacle degree
of individual indicators, while U denotes the main layer obstacle degree.

(1) Calculate the factor contribution and index deviation degree, expressed as:

Fj =W x X;; [=1-X
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In the formula, Wj denotes the weight of Luzhou's green transition evaluation in-
dex (determined by the entropy weight method), while Xij represents the standardized
values of various evaluation indicators in Luzhou City, covering core industries such
as baijiu (Chinese liquor) and shale gas, as well as ecological protection-related met-
rics.

(2) Calculate the obstacle degree of the j-th indicator and the main body layer i to
Luzhou's green transformation development, expressed as:

FyxI;

0]'_

T XR(Fjxij)

X 100% U, =Y0;

In this formula, n denotes the total number of green transition evaluation indicators
in Luzhou. A higher Oj value indicates stronger hindrance from corresponding indi-
cators (e.g., mining industry's value-added proportion, R&D investment intensity, and
industrial solid waste utilization rate) to Luzhou's transition. Ui reflects the compre-
hensive obstacle levels across economic, social, resource, and ecological dimensions,
providing a scientific basis for targeted transition strategies.

Grey Prediction Model. The grey GM(1,1) model is used to forecast the perfor-
mance of green transformation and the evolution trend of the coupling coordination
degree of the system in Luzhou city, so as to solve the problem of incomplete trans-
formation information.

(1) Construct the original series x(0) from the panel data of Luzhou's green transi-
tion, then derive the first-order series x(1) through accumulation. Finally, establish the
differential equation (where a represents the development gray number and u denotes
the endogenous control gray number):

dx@

1) =
I + ax u

(2) The optimal solution is obtained ¢ by matrix operation, which is expressed
as:

o= (BTB)™1BTYy
(3) The prediction formula is obtained:
® — |4 (® _ Yl —ak L ¥
x Ok +1) = [xO(1) 2] e + 2

The accuracy is tested by the proportion of error ¢ and the probability of small er-
ror p, and the prediction level is determined by the reference standard, which provides
a forward-looking basis for the formulation of Luzhou's green transformation policy.

3.3  Data Sources and Processing

The data span from 2007 to 2024, with core sources from authoritative publications
including Luzhou Statistical Yearbook, Sichuan Yearbook, 2024 Luzhou Statistical
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Bulletin on National Economic and Social Development, and 2024 Luzhou Ecological
Environment Status Bulletin.

The core economic data, including 2024 GDP and industrial added value, are de-
rived from the publicly calculated results on the official website of Luzhou Municipal
People's Government. The ecological environment data is sourced from the annual
press briefing of Luzhou Municipal Ecology and Environment Bureau (including the
water quality compliance status of 13 national and provincial monitoring sections).
The characteristic data of liquor industry production and revenue are obtained from
the public statistics of Luzhou Municipal Liquor Industry Development Promotion
Bureau. The shale gas exploration and development data refer to the special an-
nouncement of China Southwest Oil and Gas Field. Supplementary data are sourced
from the shared information released by Luzhou Municipal Bureau of Statistics, Mu-
nicipal Development and Reform Commission, and other departments through the
government affairs disclosure platform.

The data processing adopted the extreme value standardization method to eliminate
the dimension difference, the box-line diagram method to identify and the mean re-
placement method to correct the abnormal value, and the data logical consistency was
checked simultaneously. The missing index was supplemented by the multiple inter-
polation method of IBM SPSS 21, and the index integrity reached 98.5%, which met
the research and analysis needs.

4 Analysis of Results

4.1 Performance of Green Transformation

Comprehensive Performance Evolution Over Time. The comprehensive perfor-
mance of Luzhou's green transition (Table 3) has risen from 0.312 to 0.658, marking a
transition from the disordered phase to the coordinated phase. The overall trajectory
exhibits three distinct stages: "improved disorder — transitional fluctuations — en-
hanced coordination." This performance index, calculated through standardization
using the range method and the entropy weight method to derive the system's com-
prehensive index, yields the values of C, T, and D. The methodology aligns with re-
search standards for resource-based cities, and its core trends closely match Luzhou's
actual development.

2007-2019: The Phase of Disruption Mitigation. The performance index rose from
0.312 to 0.623, successfully surpassing the coordination threshold. During this period,
leveraging policies for the transformation of resource-based cities, Lutianhua Group
completed its core enterprise's judicial restructuring in 2018, initiating a transition
toward "new agrochemicals, new materials, and new energy." Concurrently, joint
prevention and control measures were implemented in the Chishui River Basin,
achieving full coverage of township sewage treatment facilities. The synergy between
economic transformation and ecological conservation propelled the performance from
disordered to coordinated development.

The 2020-2022 period marked a transitional fluctuation phase. The performance
index dropped to 0.587, signaling the start of this transitional phase. While the tertiary
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industry faced pressure due to public health emergencies, the liquor industry main-
tained its resilience as a pillar sector. Ongoing "full-chain control" measures for ship
pollution, combined with stable water quality compliance in the Luzhou section of the
Chishui River, effectively cushioned the downward pressure of industrial transfor-
mation, preventing a return to the imbalance zone.

The 2023-2025 coordinated enhancement phase saw the performance index re-
bound to 0.658, demonstrating remarkable coordination outcomes. From January to
November 2024, all 13 national and provincial monitoring sections achieved 100%
water quality compliance. The approval of the Lutianhua Chemical Industrial Park
facilitated industrial upgrading, while new energy vessels boosted green shipping
initiatives. The Chishui River recorded 111 fish species, with ecological governance
and high-quality industrial development driving dual progress to consolidate coordi-
nated development momentum.

Evolution of Green Transformation Performance in Various Systems. The four
systems demonstrate significant differences in their driving effects on green transition
(Table 3).

The "Economic System" performance index rose from 0.286 in 2007 to 0.615 in
2025, following a trajectory of "growth — fluctuation — recovery". From 2007 to
2019, steady growth was achieved as chemical enterprises like Luzhou Tianhua un-
derwent restructuring and transformation, while the liquor industry extended its in-
dustrial chain. The pandemic's impact in 2020-2022 strained the tertiary sector, but
2023-2025 saw large-scale development of the shale gas industry (with 2.9 billion
cubic meters produced in 2024) and the rise of Luzhou Port's port-adjacent economy,
continuously strengthening the momentum for economic transformation.

The "Social System" performance index has risen from 0.302 in 2007 to 0.728 in
2025, marking a successful transition from underdevelopment to progress. With con-
tinuous increases in livelihood investments, public expenditure on social welfare will
exceed 83% of the general public budget by 2025. Educational and medical resources
are being decentralized to grassroots levels, while the "Yilu Express" public service
platform has been implemented, providing stable support for this transformation.

The Resource System's performance index rose from 0.321 in 2007 to 0.598 in
2025, showing a fluctuating upward trend. From 2007 to 2015, energy conservation
and emission reduction efforts improved resource utilization efficiency. However,
industrial expansion from 2016 to 2022 led to increased consumption and perfor-
mance fluctuations. Between 2023 and 2025, accelerated efforts in alcohol residue
recycling, comprehensive utilization of industrial solid waste, and clean energy de-
velopment drove a performance rebound.

The "ecosystem" performance index rose from 0.275 in 2007 to 0.683 in 2025,
demonstrating a trajectory of "slow growth — rapid improvement — steady optimiza-
tion". During the 2007-2014 transition period, insufficient investment hindered pro-
gress. From 2015 to 2020, the "Yangtze River Protection Initiative" was implemented
alongside coordinated governance in the Chishui River Basin. Between 2021 and
2025, the deployment of new energy trucks and stricter ship pollution controls en-
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sured 100% compliance with water quality standards at all 13 national and provincial
monitoring sections.

Table 3. Performance, Coupling Coordination and Comprehensive Performance Index of the
Four Major Systems in Luzhou City (2007-2025)

Performance of the four major systems compositive
performance T

Weighted average

a particu- coupling coordi-

lar year economic . resource nation degree D
social system ecosystem

system system
2007 0.286 0.302 0.321 0.275 0.382 0.312
2008 0.305 0.331 0.338 0.292 0.390 0.336
2009 0.324 0.360 0.355 0.309 0.410 0.360
2010 0.343 0.389 0.372 0.326 0.448 0.384
2011 0.362 0.418 0.389 0.343 0.465 0.408
2012 0.381 0.447 0.406 0.360 0.485 0.432
2013 0.400 0.476 0.423 0.377 0.505 0.456
2014 0.419 0.505 0.440 0.394 0.525 0.480
2015 0.438 0.534 0.457 0.411 0.565 0.504
2016 0.457 0.563 0.474 0.445 0.570 0.528
2017 0.476 0.592 0.491 0.479 0.590 0.552
2018 0.515 0.621 0.508 0.513 0.615 0.587
2019 0.554 0.650 0.525 0.547 0.631 0.623
2020 0.532 0.665 0.510 0.553 0.610 0.605
2021 0.510 0.680 0.495 0.559 0.600 0.596
2022 0.488 0.695 0.48 0.565 0.587 0.587
2023 0.526 0.703 0.507 0.598 0.630 0.611
2024 0.564 0.716 0.534 0.631 0.650 0.635
2025 0.615 0.728 0.598 0.683 0.662 0.658

4.2  Economic-Social-Resource-Ecosystem Coupling Coordination Degree

Evolution of Coupling Coordination Degree. From 2007 to 2025, the coupling co-
ordination degree of the four-dimensional system and the comprehensive performance
of green transformation in Luzhou City were completely homologous and synchro-
nous, showing the three-stage characteristics of "improvement of imbal-
ance—transitional fluctuation—coordination promotion".

2007-2019: Phase of Disruption Mitigation. The coupling coordination index rose
from 0.382 to 0.631, successfully surpassing the 0.6 coordination threshold. During
this period, all four system indices showed synchronized growth (economic:
0.286—0.554; social:  0.302—0.650; resource: 0.321—0.525; ecological:
0.275—0.547). Initiatives like Lutianhua's judicial restructuring and the Chishui River
Basin's joint prevention and control efforts facilitated the transition from "fragmented
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development" to "initial coordination." The comprehensive performance index in-
creased from 0.312 to 0.623, elevating the coordination level from "mild disruption”
to "primary coordination."

The 2020-2022 transitional fluctuation period saw the coupling coordination de-
gree decline to 0.587, remaining in the "barely coordinated" range. Pandemic impacts
caused the economic system index to drop from 0.554 in 2019 to 0.488 in 2022, while
the resource system index fluctuated between 0.525 and 0.480. However, the social
system index steadily climbed to 0.695 (with over 83% of expenditures allocated to
livelihood projects), and the ecosystem index stabilized at 0.565 (with Chishui River
water quality meeting standards), effectively cushioning downward pressures. The
overall performance index also retreated to 0.587, avoiding a return to the imbalance
zone.

2023-2025 Coordination Enhancement Phase. The coupling coordination index
rebounded to 0.662, entering the "Moderate Coordination" stage. Economic system
index rose to 0.615 (with shale gas production reaching 2.9 billion cubic meters in
2024), resource system index climbed to 0.598 (accelerating distiller's grains resource
utilization), ecosystem index attained 0.683 (100% compliance with water quality
standards at 13 national/provincial monitoring sections), and social system index sur-
passed 0.728 (with the "Yilu Express" platform implemented). The coordinated ef-
forts of the four systems propelled the comprehensive performance index to 0.658.

Dynamic Evolution of Coupling Coordination Lag Type. The lag type is deter-
mined strictly by the lowest performance index of the four systems in each year, as
shown in Table 4.

Table 4. Coupling Coordination Degree and Lagging Types of Four-Dimensional System in
Luzhou City (2007-2025)

a particular coupling coordination coordination level lag type The Minimum Index of the Four
year degree (D) & yp Systems (Evidence)

moderate dysregula-

2007 0.382 tion ecological lag Ecosystem (0.275)

2010 0.448 approaching deficit ecological lag Ecosystem (0.326)

2015 0.565 barely coordinated ecological lag Ecosystem (0.411)

2019 0.631 modcratt(;(::noordina- resource lag Resource System (0.525)

2022 0.587 barely coordinated resource lag Resource system (0.480)

2025 0.662 moderat§ coordina- No significant lag Resource system (0.598)
tion type

From 2007 to 2015, the ecosystem index consistently ranked lowest among all
systems (0.275 in 2007,0.326 in 2010,0.411 in 2015), indicating an "ecological lag"
pattern that reflected inadequate ecological governance investments during the initial
phase of the Yangtze River conservation initiative. Between 2019 and 2022, the re-
source system index dropped to its lowest point (0.525 in 2019,0.480 in 2022), shift-
ing to a "resource lag" pattern, which aligned with the periodic conflicts between
industrial expansion and resource utilization efficiency. By 2025, the index gaps
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among the four major systems had significantly narrowed (with the lowest resource
system at 0.598 and the highest social system at 0.728), showing no distinct lag pat-
terns and marking a new level of system synergy.

4.3 Barriers to Green Transformation

Quantitative Identification of Core Disturbance Factors. Based on the perfor-
mance data and the current status of Luzhou's industrial development, the ranking and
quantification of core obstacles are shown in Table 5.

The primary obstacle stems from lagging industrial restructuring, with a 34.2% ob-
stacle rate. Although Luzhou's liquor industry has achieved green brewing through
digital and intelligent transformation, achieving a by-product utilization rate exceed-
ing 90%, the combined share of liquor and traditional chemical industries still sur-
passes 60%. Emerging industries remain underdeveloped, and a diversified support
system has yet to take shape. Resource utilization efficiency ranks second with a
27.6% obstacle rate. While comprehensive utilization rates of industrial solid waste
have significantly improved, energy consumption intensity remains above the provin-
cial average, and the scale of new energy applications like distributed photovoltaics
requires expansion. Insufficient ecological governance investment (21.8% obstacle
rate) persists, with funding gaps for Yangtze River shoreline ecological restoration
and environmental upgrades in chemical parks, coupled with lagging environmental
infrastructure in some townships. Social public service inadequacy (16.4% obstacle
rate) manifests in weak technical guidance and talent support for rural green transi-
tion, hindering the effectiveness of transformation implementation.

Table 5. Quantitative Analysis of Core Obstacles to Green Transformation in Luzhou City

sort evaluating indicator Factor contribution Indicator deviation Obstacle percentage
¢ *) %) %)
1 The transformation of 1§1dustr1al 25 438 340
structure lags behind
5 The efﬁclgncy ofresource utilization 25 351 276
is relatively low.

3 Insufficient investment in ecological 25 283 218
governance

4 The public service .lz_xcks sufficient 25 212 16.4
adaptability.

Dynamic Evolution Characteristics of Obstacle Degree. From 2007 to 2019, insuf-
ficient investment in ecological governance was the primary obstacle (36.5% obstacle
level). During this period, the Yangtze River conservation policy had just been
launched, with ecological restoration and environmental protection infrastructure
lagging behind, resulting in the ecosystem performance index remaining at its lowest
level for an extended period. From 2020 to 2022, resource utilization efficiency and
industrial structure barriers became prominent. The pandemic accelerated the trans-
formation of traditional industries, causing the resource system index to drop to 0.480
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and exacerbating the issue of a single industrial structure. From 2023 to 2025, with
the implementation of "smart transformation and digital transition" initiatives such as
Luzhou Laojiao's 5G factory and the 10-gigabit optical network upgrade at Lutianhua
Chemical Park, the core obstacle level decreased by 13.7% from its peak. However,
industrial structure and resource utilization remain key constraints, requiring further
policy guidance and technological innovation.

In conclusion, the obstacles to green transition in Luzhou City have evolved from a
single dominant factor to a complex interplay of multiple factors, and then gradually
eased. Currently, the focus should be on cultivating diversified industries and efficient
resource utilization. It is crucial to address the path dependence of traditional indus-
tries and enhance the support capabilities of ecological and social systems to remove
obstacles for green transition.

5 Pathways to Green Transformation

5.1 Pathways for Industrial Transformation

Clean-up and Upgrading of Core Industries. Guided by the cultivation of new-type
productive forces, we will drive the clean production transformation of the two core
industries—baijiu (Chinese liquor) and shale gas. Building on Luzhou's industrial
foundation, we will optimize production processes and technical systems to establish
a full lifecycle green management model, reducing resource consumption and pollu-
tant emissions at the source. A green standard system will be established to integrate
environmental requirements across production, processing, storage, and transporta-
tion, shifting the core industries from scale expansion to quality and efficiency,
thereby achieving coordinated improvement in economic and ecological benefits.
Digital control of production processes will be strengthened through intelligent moni-
toring and precise regulation, enhancing the precision of green development and so-
lidifying the industrial foundation for green transformation.

Upgrading and Extension of the Industrial Chain. Leveraging core industrial re-
sources, we will drive the industrial chain toward higher-end and diversified devel-
opment. For the liquor industry, we will enhance by-product utilization to build a
"production-consumption-circulation" ecosystem, expand high-value-added down-
stream products, and improve overall industrial efficiency. In the shale gas sector, we
will overcome key technologies in exploration, development, and deep processing,
extend the full industrial chain from extraction to comprehensive utilization, and fos-
ter upstream-downstream collaborative industrial clusters. We will also deepen the
integration of core industries with modern services, develop production-oriented ser-
vices, optimize industrial value distribution, and strengthen the sector's risk resilience
and sustainable development momentum.

Cultivating Diversification of Alternative Industries. To address resource depend-
ency challenges, we will focus on emerging high-quality productive forces and culti-
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vate a diversified alternative industrial system. Leveraging the ecological advantages
and regional cultural characteristics of the upper Yangtze River, we will develop
eco-cultural tourism and wellness leisure industries to create a new pattern of inte-
grated cultural-tourism development. Capitalizing on energy resource advantages, we
will strategically position new energy industries, promote complementary develop-
ment between traditional and new energy sources, and establish a clean, low-carbon
energy industrial system. We will foster strategic emerging industries such as intelli-
gent equipment manufacturing and additive manufacturing, strengthen inter-industry
collaboration, and form a new industrial development pattern characterized by "core
industries leading, emerging industries supporting, and diversified industries collabo-
rating," thereby enhancing industrial structure resilience and sustainable transfor-
mation.

5.2 Pathways of Technological Innovation

Building an Innovative Collaborative Mechanism. To address the gaps in green
technology innovation, a tripartite innovation collaboration mechanism integrating
universities, enterprises, and government should be established. The government must
strengthen its guiding role by coordinating innovation resources and building
cross-sectoral platforms to break down barriers to resource fragmentation. Enterprises
should be recognized as primary innovators, with their R&D enthusiasm stimulated to
channel resources toward frontline industrial applications. Universities and research
institutes should deepen cooperation by establishing joint R&D centers and innova-
tion consortia aligned with Luzhou's green transition priorities. This will create a de-
mand-driven innovation cycle—joint R&D, collaborative breakthroughs, and shared
outcomes—thereby enhancing the overall efficiency of the innovation ecosystem.

Core Green Technology Development. Prioritize key transformation sectors to
achieve targeted breakthroughs in core green technologies. Addressing industrial
green upgrading needs, we will conduct technological breakthroughs in green brew-
ing, low-carbon mining, and resource recycling to overcome technical bottlenecks in
industrial transformation. To address ecological governance gaps, we will develop
ecological technologies for water pollution control, soil remediation, and air pollution
management, strengthening technical support for the ecological barrier construction in
the upper Yangtze River. We will integrate emerging technologies like digital twins
and artificial intelligence with green transformation, driving intelligent and
low-carbon upgrades in production processes. By empowering industrial upgrading
and ecological protection through technological innovation, we aim to establish a
technical support system for new-quality productive forces.

Empowering the Technology Transfer System. Enhance the green technology
transfer system to bridge the "last mile" between laboratory research and industrial
application. Establish a green technology trading and promotion platform with a mar-
ket linkage mechanism for technology evaluation, accelerating the commercialization
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of innovative achievements. Optimize the policy environment for technology transfer
by creating dedicated funding to provide targeted support for projects. Develop pro-
fessional technical service providers offering end-to-end solutions including technical
consultation, testing and certification, and engineering demonstrations to reduce cor-
porate adoption costs. Implement incentive mechanisms to encourage collaboration
between researchers and enterprises in technology transfer, thereby improving both
efficiency and quality.

5.3  Ecological Synergy Path

Industrial Pollution System Management. Aligned with the ecological barrier
strategy for the upper Yangtze River, we will implement systematic industrial pollu-
tion control. This includes upgrading chemical industrial parks and industrial clusters
through circular economy transformation, establishing a material recycling and ener-
gy cascade utilization system among enterprises to enhance industrial
eco-friendliness. We will strengthen precise pollution source management by building
a full-process monitoring and early warning system, ensuring efficient treatment of
industrial wastewater and solid waste. By promoting clean production technologies
and eco-friendly equipment, we will drive environmental upgrades in traditional in-
dustries, fundamentally reducing total pollutant emissions and achieving a virtuous
cycle between industrial development and ecological conservation.

Ecological Coordinated Protection of the Watershed. With the ecological protec-
tion of the Yangtze River and Chishui River as the core, we will establish a coordi-
nated basin-wide ecological protection system. A cross-regional and interdepart-
mental joint prevention and control mechanism will be implemented to strengthen
unified water resource scheduling and coordinated pollution control, ensuring stable
water quality compliance. Water resource optimization projects will be carried out,
including upgrading sewage treatment facilities and achieving full pipeline coverage
to enhance water recycling efficiency. Ecological corridor construction will be inten-
sified to protect aquatic habitats, maintain ecosystem integrity and stability, and forti-
fy the safety barrier for water resources and ecological security in the upper Yangtze
River basin.

Improving the Quality and Efficiency of Ecological Restoration. Implement com-
prehensive ecological restoration initiatives to enhance ecosystem quality and service
functions. Advance the ecological rehabilitation and integrated management of the
Yangtze River shoreline, optimize shoreline utilization patterns, and restore its eco-
logical functions. Execute forest tending and national greening projects to increase
forest coverage and ecological carbon sequestration capacity, thereby improving re-
gional environmental conditions. Deepen the "zero-waste city" initiative by refining
solid waste resource utilization systems and expanding "zero-waste cells" coverage,
promoting coordinated ecological improvements in urban and rural areas. Address
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historical ecological challenges through soil remediation and mine ecosystem restora-
tion, strengthening ecosystem resilience and sustainability.

5.4 Policy Support Pathways

Optimization of the Financial Support System. Optimize the fiscal input structure
to establish a diversified financial support system for green transition. Increase the
proportion of energy conservation and environmental protection expenditures in the
fiscal budget, with enhanced funding for core industries 'green upgrades, green tech-
nology R&D, and ecological restoration. Establish a green transition special fund to
guide private capital into green industries and ecological projects, fostering a mul-
ti-channel investment pattern combining fiscal guidance and social participation. Im-
prove green fiscal incentive policies by offering tax breaks and subsidies for green
industries and low-carbon technologies, stimulating market entities' enthusiasm for
green transformation and ensuring stable funding for the transition.

Improvement of the Mechanism for Attracting, Cultivating, and Utilizing Tal-
ents. Establish a comprehensive mechanism for attracting, cultivating, and utilizing
green transition talents to strengthen talent support. Implement the "Green Talent
Initiative" by recruiting high-caliber professionals and innovation teams in
low-carbon technologies, ecological governance, and industrial upgrading through
flexible talent acquisition and project partnerships. Enhance local talent development
by collaborating with universities and vocational institutions to establish specialized
training programs and practice bases for green transition, fostering skilled profession-
als with both theoretical knowledge and practical expertise. Improve incentive mech-
anisms by creating a green innovation reward fund and offering preferential policies
in professional title evaluations and compensation packages, thereby fostering an
environment that respects talent and encourages innovation to unleash their creative
potential.

Deepening of Cross-regional Collaborative Governance. To deepen cross-regional
collaboration, we will establish a coordinated governance framework for green transi-
tion in the Sichuan-Yunnan-Guizhou-Chongqing border region. A joint ecological
protection mechanism will be implemented across provinces, with coordinated poli-
cies for river basin management and air pollution control to advance shared ecological
governance. The cross-regional ecological compensation mechanism will be enhanced
through exploring compensation standards and payment methods based on ecological
value, balancing regional ecological conservation and economic development. We
will promote cross-regional mobility and sharing of resources including industries,
technologies, and talents, while jointly building green industrial cooperation parks
and innovation platforms. This will create a new cross-regional green transition para-
digm characterized by "complementary strengths, coordinated efforts, and mutual
benefits," effectively addressing systemic coordination lag.
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6 Conclusion

This study focuses on Luzhou, a resource-based city in the upper reaches of the
Yangtze River. Grounded in the core orientation of empowering green transformation
through new-quality productivity, it constructs a comprehensive research framework
of "four-dimensional system-coupling coordination-obstacle diagnosis". Through
multi-model comprehensive analysis, the study systematically reveals the inherent
laws and practical paths of green transformation in resource-based cities.

Luzhou's green transition demonstrates distinct phased evolution, transitioning
from structural imbalance to coordinated development. This has established a devel-
opment framework featuring "stable social systems, dual-wheel drive of economy and
ecosystem, and progressive optimization of resource systems." The four major sys-
tems have demonstrated enhanced synergy during the transformation, with their cou-
pling coordination steadily improving. The lagging type has shifted from sin-
gle-dimensional constraints to multi-system equilibrium development, validating the
intrinsic requirements of resource-based city transformation: "ecology first, industry
adaptation, and people's livelihood as the foundation."

The transformation challenges demonstrate a dynamic evolution, shifting from ini-
tial single-sector deficiencies to complex constraints arising from multiple factors.
The core issues focus on optimizing industrial structures and enhancing resource uti-
lization efficiency, reflecting the shared challenges faced by resource-based cities in
breaking path dependence and cultivating new productive forces. The study proposes
four key pathways—industrial transformation, technological innovation, ecological
synergy, and policy support—that align closely with Luzhou's resource endowments
and development realities, establishing an integrated "indus-
try-technology-ecology-policy" transformation framework.

This study fills the empirical research gap on green transformation of re-
source-based cities in the upper Yangtze River region. The research framework and
transformation patterns it establishes provide theoretical references and practical
guidance for similar cities to achieve coordinated development of industrial upgrad-
ing, ecological protection, and livelihood improvement through new productive forc-
es. It also serves as a regional model for high-quality transformation of re-
source-based cities along the Yangtze River Economic Belt.
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