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Under the “Dual Carbon” goal, the green transformation of “Specialized, So-
phisticated, Distinctive and Innovative (SSDI)” enterprises has become a core
driver for regional industrial low-carbon upgrading. This paper takes Wanhua
Chemical, the leading SSDI enterprise in Yantai City, as the typical case, and
constructs the “Precision Carbon Chain Innovation (PCCI)” theoretical frame-
work with four core dimensions: Precision, Carbon, Chain and Innovation. This
paper first sorts out the existing research on the green transformation of SSDI
enterprises through a literature review and clarifies the research gaps. On this
basis, it adopts the carbon emission decoupling model, super-efficiency SBM
model with undesirable outputs, Malmquist-Luenberger index and ecological
welfare performance model as the core research methods, selects the panel data
of Wanhua Chemical from 2019 to 2023 and the statistical data of Yantai City
from 2014 to 2023 for empirical analysis, and identifies the key driving factors
and existing bottlenecks of the green transformation of SSDI enterprises in
Yantai. Finally, combined with the empirical results, this paper constructs a
four-dimensional operable green transformation path under the PCCI frame-
work, and puts forward targeted countermeasures for enterprises and the gov-
ernment. This study makes up for the lack of existing research on the whole
industrial chain collaborative transformation of SSDI enterprises, and provides
a replicable practical model and theoretical reference for the green low-carbon
transformation of similar enterprises.
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1. Introduction

1.1. Research Background

In September 2020, China formally proposed the strategic goal of “achieving
carbon peaking by 2030 and carbon neutrality by 2060”, which has promoted
the comprehensive green low-carbon transformation of China’s economic and
social development. As an important industrial town in Shandong Province
and a key node of the Bohai Rim Economic Circle, Yantai has a large number
of SSDI enterprises, which are the core force to maintain the stability of the
industrial chain and supply chain and promote the high-quality development
of the regional economy (Yu, 2025). In 2024, the national fiscal work confer-
ence clearly stated that it will continue to promote the green low-carbon trans-
formation of key industries through policy tools, which has brought new op-
portunities and requirements for the green development of SSDI enterprises in
Yantai.

However, most SSDI enterprises are still facing multiple bottlenecks in the pro-
cess of green transformation: insufficient technological R&D and innovation ca-
pacity, limited industrial chain collaboration, weak digital and intelligent founda-
tion, and high pressure of short-term transformation costs (Dong & Li, 2021). Ex-
isting research has not yet formed a systematic transformation framework that fits
the development characteristics of SSDI enterprises, and there is a lack of targeted
empirical analysis and path design for regional SSDI enterprise clusters. In this
context, this paper constructs the “Precision Carbon Chain Innovation (PCCI)”
framework, takes Wanhua Chemical as a typical case, explores the green transfor-
mation path of SSDI enterprises in Yantai, and has important practical and theo-

retical value.

1.2. Paper Structure

The rest of this paper is organized as follows: Section 2 is the literature review and
theoretical foundation, which sorts out the existing research and constructs the
PCCI theoretical framework. Section 3 is the research design, which introduces
the research methods, sample selection and data sources. Section 4 is the empirical
results and case analysis, which carries out quantitative measurement and in-
depth case analysis based on the model. Section 5 constructs the green transfor-
mation path and countermeasures under the PCCI framework combined with the

empirical results. Section 6 is the conclusion and prospect.
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2. Literature Review and Theoretical Foundation
2.1. Literature Review

2.1.1. Research on Green Transformation of SSDI Enterprises

In recent years, the green development of Specialized, Sophisticated, Distinctive
and Innovative (SSDI) enterprises has become a key research focus. Scholars have
conducted in-depth discussions on the driving forces, dilemmas, and practical
paths of green transformation for such enterprises.

Cao et al. (2022) pointed out that innovation policies effectively improve the
innovation quality of SSDI enterprises, and green innovation constitutes the core
of their high-quality development. Hong & Zhang (2026) found that SSDI certifi-
cation significantly promotes technological innovation, yet most small and me-
dium-sized SSDI enterprises suffer from insufficient R&D investment and weak
innovation transformation capacity (Gui et al., 2026). Dong & Li (2021) summa-
rized the prominent dilemmas, including unclear transformation paths, insuffi-
cient technological innovation, and weak industrial chain collaboration.

From the perspective of industrial chain synergy and policy effects, Gao et al.
(2025) verified that supply chain dual synergy boosts green innovation of SSDI
enterprises. Han et al. (2024) proposed that SSDI certification generates signifi-
cant supply chain spillover effects. Zhao et al. (2023) indicated that SSDI develop-
ment helps SMEs consolidate their position in the industrial chain. Pang & Zhu
(2025) confirmed that innovation incentive policies drive green transformation,
while Zhu & Xiang (2025) revealed that the “little giant” policy improves enter-
prises” emission reduction and efficiency.

Regarding digital empowerment and enterprise cases, Jiang (2025) explored
digital upgrading models for SSDI enterprises. Yan & Wang (2025) argued that
digital transformation facilitates green technology innovation. Li & Ke (2024) em-
phasized the role of knowledge search and reconstruction in green technology in-
novation. Jia et al. (2024) proposed that green finance empowers digital transfor-
mation of SMEs. Chu et al. (2024), Liu (2024), Wang & Qiao (2024), and Wu &
Hou (2024) took Wanhua Chemical as an example to investigate green innovation
and transformation performance. Wang & Yin (2025) evaluated the economic
benefits of digital-enabled green transformation. Yu (2025) took Yantai as an ex-
ample to study green development of high-tech manufacturing, and Wang (2025)

analyzed green and low-carbon development in Shandong Province.

2.1.2. Research on Enterprise Green Transformation Path Under the
Dual Carbon Goal

Under the Dual Carbon goal, green transformation has become an inevitable
trend for industrial upgrading and sustainable development of enterprises. Exist-
ing studies have formed systematic insights into transformation paths, technolog-
ical empowerment, and efficiency improvement.

Domestic studies show that green transformation of enterprises relies on
technological innovation, digital empowerment, industrial chain synergy, and

policy support. For SSDI enterprises, digital transformation can optimize resource
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allocation, reduce energy consumption and carbon emissions, and provide tech-
nical support for green development (Yan & Wang, 2025). Meanwhile, industrial
chain synergy helps enterprises share transformation costs, break through bottle-
necks, and realize coordinated upgrading (Gao et al., 2025; Han et al., 2024).
Regional green development also provides an external foundation for enterprise
transformation. Yu (2025) and Wang (2025) provided a regional perspective for
green transformation of local enterprises. Wang et al. (2019) laid a theoretical ba-
sis for regional green collaborative development. Although existing studies have
laid a solid foundation, most lack a systematic framework integrating precision
management, carbon control, chain collaboration, and innovation drive for SSDI

enterprises, which is the gap this study aims to fill.

2.1.3. Literature Gaps

Through the combing of existing literature, it can be found that the current re-
search on enterprise green transformation has formed a rich theoretical founda-
tion, but there are still three research gaps: First, most of the existing research
focuses on large listed enterprises, and the research on the green transformation
of SSDI enterprises is relatively insufficient, and there is a lack of a systematic
transformation framework that fits the development characteristics of such enter-
prises. Second, the existing research on the transformation path is relatively single,
and there is a lack of in-depth research from the perspective of whole industrial
chain collaboration, which is difficult to match the development reality of SSDI
enterprise clusters. Third, there is a disconnection between quantitative analysis
and path design in existing research, and most of the countermeasures are not
supported by empirical results, which reduces the operability of the path (Pang &
Zhu, 2025). This study just makes up for the above research gaps.

2.2. Theoretical Foundation

2.2.1. Core Concept of “Precision Carbon Chain Innovation (PCCI)”
“Precision Carbon Chain Innovation (PCCI)” is a systematic green transfor-
mation framework constructed for SSDI enterprises under the Dual Carbon goal,
which includes four interrelated core dimensions:

Precision: Corresponding to the refinement and specialization in the conno-
tation of SSDI, it is the inherent requirement of enterprise green transformation.
It emphasizes lean management and efficient resource allocation, integrates green
development goals into all links of production and operation, and realizes precise
reduction of resource consumption and emissions through technological trans-
formation and a refined management system.

Carbon: Directly targeting the core of the Dual Carbon goal, it is the action guide
for enterprise green transformation. It promotes enterprises to carry out full-cycle
carbon emission management and clean energy structure optimization, makes
breakthroughs in carbon reduction and carbon sequestration technologies, estab-
lishes a carbon footprint management system, and strictly monitors the carbon emis-

sions of the whole life cycle from raw material procurement to product recycling.
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Chain: Reflecting the whole link collaboration of the supply chain, it is the
ecosystem of enterprise green transformation. It focuses on building a green sup-
ply chain, realizing upstream and downstream collaborative emission reduction,
and building a closed-loop industrial ecology from R&D, production to recycling
with chain-leading enterprises as the core, so as to share transformation costs and
realize the overall green upgrading of the industrial chain.

Innovation: Highlighting innovation leadership, it is the power source of en-
terprise green transformation. It drives green transformation through technolog-
ical, model and management innovation, carries out industry-university-research
cooperation to develop green process technologies, and tries new business models

to activate the endogenous power of transformation.

2.2.2. Basic Theories
This study is supported by three core theories:

Innovation-Driven Theory: This theory holds that technological innovation
and institutional innovation are the core drivers of economic growth and indus-
trial upgrading (Wang et al., 2019). For SSDI enterprises, innovation is their core
competitive advantage, and green technological innovation, management model
innovation and industrial chain collaboration innovation are the fundamental
driving forces to achieve green transformation.

Circular Economy Theory: This theory emphasizes the construction of a
closed-loop economic system of “resource-product-recycled resource”, which re-
quires enterprises to reduce resource consumption and pollutant emissions in the
whole production process, and realize the efficient recycling of resources. This is
consistent with the core connotation of the “Chain” dimension in the PCCI frame-
work, and provides a theoretical basis for the construction of industrial chain col-
laborative transformation path.

Stakeholder Theory: This theory holds that the development of enterprises is
affected by multiple stakeholders including the government, customers, suppliers,
financial institutions and the public. The green transformation of SSDI enterprises
is driven by the combined effect of external stakeholders such as government reg-
ulation, green credit and market demand, and internal stakeholders such as en-
terprise management and employees, which provides a theoretical basis for the

analysis of transformation driving factors in this study.

3. Research Design

3.1. Research Methods

This paper adopts a combination of quantitative empirical analysis and case study,

and the core research methods (Wang & Yin, 2025) are as follows:

3.1.1. Carbon Emission Decoupling Model
This paper combines the OECD decoupling index model and Tapio model to con-
struct a decoupling elasticity model to examine the relationship between economic

growth and carbon emissions in Yantai City and sample enterprises, and judge
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the decoupling state between economic development and carbon emissions. The
core formula is:
AC/C,

HCC)=75/s,

@
where t(C,G) is the decoupling elasticity index of carbon emissions and re-
gional GDP (or enterprise operating income); AC and AG are the changes in
carbon emissions and GDP (operating income) during the study period; C, and
G, are the base-period values of carbon emissions and GDP (operating income),
respectively. Before the analysis, the data are standardized to eliminate the dimen-
sional difference between variables. According to the value of the decoupling elas-
ticity index, the decoupling state is divided into three categories: negative decou-

pling, decoupling and coupling, and eight sub-levels.

3.1.2. Super-Efficiency SBM Model with Undesirable Outputs and
Malmquist-Luenberger (ML) Index

This paper adopts the super-efficiency SBM model with undesirable outputs to
measure the static green development efficiency of sample enterprises, which can
effectively solve the problem of input-output slack and include undesirable out-
puts (such as pollutant emissions and carbon emissions) into the evaluation sys-
tem, so as to more accurately reflect the actual green transformation efficiency of
enterprises. On this basis, the ML index is used to decompose the dynamic change
of enterprise total factor productivity, which is decomposed into green technology
efficiency change (EC) and green technology progress change (TC) so as to iden-
tify the core drivers of enterprise green efficiency change.

3.1.3. Ecological Welfare Performance Model

This paper uses the ecological welfare performance model to quantify the com-
prehensive effectiveness of the sample enterprises’ green transformation, which
measures the ratio of economic and social output brought by unit ecological input,
and can effectively reflect the decoupling degree between enterprise development

and ecological environment pressure. The formula is:

F

where SD denotes ecological welfare performance, F denotes the economic and
social function output of the enterprise (measured by operating income, tax pay-
ment and employment scale), and E denotes the ecological environmental foot-
print of the enterprise (measured by total carbon emissions, energy consumption

and water consumption).

3.1.4. Case Study Method

This paper takes Wanhua Chemical, the leading SSDI enterprise in Yantai, as a
typical case, conducts an in-depth analysis of its green transformation practice
under the PCCI framework, summarizes its successful experience, and verifies the

applicability of the PCCI framework, so as to provide a practical reference for
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other SSDI enterprises.

3.2. Sample Selection and Data Sources

3.2.1. Sample Selection
This paper selects two levels of samples for research:

Regional level: Yantai City, Shandong Province, with the research period from
2014 to 2023, to analyze the overall decoupling state between economic growth
and carbon emissions in the region, and clarify the macro background of enter-
prise green transformation.

Enterprise level: Wanhua Chemical Group Co., Ltd., the leading SSDI “little
giant” enterprise in Yantai, with the research period from 2019 to 2023, to conduct
in-depth empirical measurement and case analysis of its green transformation ef-

ficiency and practice.

3.2.2. Data Sources
The data used in this paper mainly come from the following channels:

Regional statistical data: Shandong Statistical Yearbook (2015-2024), Yantai
Statistical Yearbook (2015-2024), the official website of Shandong Provincial Bu-
reau of Statistics and Yantai Municipal Bureau of Statistics.

Enterprise data: Wanhua Chemical’s annual reports, ESG reports, social re-
sponsibility reports and official announcements from 2019 to 2023, as well as the
first-hand data obtained from the team’s field research on the enterprise.

Literature data: Relevant research results at home and abroad collected from
CNKI, Web of Science and other academic databases.

3.3. Variable Setting

For the super-efficiency SBM model, this paper sets the input, expected output
and undesirable output variables as follows:

Input variables: Total assets (million yuan), total energy consumption (10,000
tons of standard coal), number of employees (person), total fresh water consump-
tion (10,000 m?).

Expected output variables: Operating income (million yuan), net profit (mil-
lion yuan).

Undesirable output variables: Total carbon emissions (10,000 tons of COe),

solid waste generation (10,000 tons).

4. Empirical Results and Case Analysis

4.1. Decoupling Analysis of Economic Growth and Carbon Emis-
sions in Yantai City

Based on the carbon emission decoupling model, this paper calculates the decou-
pling elasticity index between GDP and carbon emissions in Yantai City from
2014 to 2023, and the results are shown in Table 1.

It can be seen from the results that the economic growth of Yantai City has

basically achieved decoupling from carbon emissions during the study period.
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Since 2017, it has entered a state of strong decoupling for many years, which in-
dicates that the green low-carbon transformation of the regional economy has
achieved remarkable results, and the industrial development has gradually got rid
of the dependence on high carbon emissions (Zhu & Xiang, 2025). This provides
a good macro environment for the green transformation of SSDI enterprises in
Yantai, and also puts forward higher requirements for the low-carbon develop-

ment of enterprises.

Table 1. Decoupling state between economic growth and carbon emissions in Yantai city
(2014-2023).

GDP Carbon Emission

Year Growth Growth Rate De.co.upling Decoupling State
Rate (%) %) Elasticity Index
2014-2015 8.4 3.2 0.38 Weak Decoupling
2015-2016 8.1 1.7 0.21 Weak Decoupling
2016-2017 7.2 0.9 0.13 Weak Decoupling
2017-2018 6.6 -0.5 -0.08 Strong Decoupling
2018-2019 5.5 -1.2 -0.22 Strong Decoupling
2019-2020 3.6 -2.1 -0.58 Strong Decoupling
2020-2021 8.0 1.1 0.14 Weak Decoupling
2021-2022 5.1 -0.8 —-0.16 Strong Decoupling
2022-2023 55 -1.4 -0.25 Strong Decoupling

4.2. Green Transformation Efficiency Measurement of Wanhua
Chemical

4.2.1. Static Efficiency Measurement Based on Super-Efficiency SBM
Model

This paper uses MaxDEA software to calculate the green transformation efficiency
of Wanhua Chemical from 2019 to 2023 based on the super-efficiency SBM model

with undesirable outputs, and the results are shown in Table 2.

Table 2. Green transformation efficiency of Wanhua chemical (2019-2023).

Year Super-Efficiency SBM Value Efficiency Ranking
2019 0.782 5
2020 0.845 4
2021 0.913 3
2022 1.056 2
2023 1.124 1

The results show that the green transformation efficiency of Wanhua Chemical

has shown a continuous upward trend from 2019 to 2023, and the efficiency value
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exceeded 1 for the first time in 2022, reaching the effective frontier of production
(Wu & Hou, 2024). This indicates that the green transformation measures of
Wanhua Chemical under the PCCI framework have achieved significant results,
and the enterprise has realized the coordinated improvement of economic bene-

fits and environmental benefits.

4.2.2. Dynamic Efficiency Decomposition Based on ML Index
This paper further decomposes the ML index of Wanhua Chemical’s green total

factor productivity, and the results are shown in Table 3.

Table 3. ML index and its decomposition of Wanhua chemical (2019-2023).

Technology Efficiency ~ Technology Progress

Year ML Index Change (EC) Change (TC)
2019-2020 1.087 1.032 1.053
2020-2021 1.102 1.041 1.059
2021-2022 1.135 1.058 1.073
2022-2023 1.152 1.064 1.083

Annual Average 1.119 1.049 1.067

The results show that the average annual ML index of Wanhua Chemical from
2019 to 2023 is 1.119, which means that the green total factor productivity of the
enterprise has increased by an average of 11.9% per year. From the decomposition
results, both the technology efficiency change and technology progress change
have maintained a growth trend, and the contribution rate of technology progress
change (6.7%) is slightly higher than that of technology efficiency change (4.9%).
This indicates that the improvement of Wanhua Chemical’s green transformation
efficiency is driven by both the improvement of resource allocation and manage-
ment efficiency, and the breakthrough of green technology, among which techno-

logical innovation is the core driver (Liu, 2024).

4.3. Ecological Welfare Performance Evaluation of Wanhua Chemical

Based on the ecological welfare performance model, this paper calculates the eco-
logical welfare performance of Wanhua Chemical from 2019 to 2023, and the re-

sults are shown in Table 4.

Table 4. Ecological welfare performance of Wanhua chemical (2019-2023).

Year Ecological Welfare Performance (SD) Year-on-Year Growth Rate (%)
2019 0.652 -
2020 0.718 10.12
2021 0.795 10.72
2022 0.883 11.07
2023 0.976 10.53
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The results show that the ecological welfare performance of Wanhua Chemical
has maintained a steady growth during the study period, with an average annual
growth rate of more than 10%. This indicates that the enterprise has realized the
continuous improvement of economic and social output under the premise of con-
trolling the ecological environment footprint, and the green transformation has re-

alized the win-win of economic benefits, social benefits and ecological benefits.

4.4. In-Depth Case Analysis of Wanhua Chemical’s Green
Transformation Practice

Combined with the empirical results, this paper conducts an in-depth analysis of
Wanhua Chemical’s green transformation practice under the PCCI framework,
and summarizes its core experience as follows:

Precision: Lean management to achieve precise emission reduction: Wan-
hua Chemical integrates green development goals into all links of production and
operation, optimizes the production process through refined management, and
realizes the precise control of energy consumption and emissions. For example,
the company has built an intelligent energy consumption monitoring system,
which reduces the unit product energy consumption by 20% compared with the
base year through process optimization and new catalyst application, and the wa-
ter cycle utilization rate has reached more than 98% (Wang & Qiao, 2024).

Carbon: Full-cycle carbon management to anchor the Dual Carbon goal:
Wanhua Chemical has set the goal of “carbon peaking no later than 2030 and car-
bon neutrality by 20487, which is 12 years ahead of the national goal. The com-
pany has built a full life cycle carbon footprint management system, actively laid
out new energy projects such as offshore wind power and photovoltaic, and is
expected to achieve 100% clean power coverage in Chinese parks by 2030. At the
same time, it has built a CCUS platform to promote the resource utilization of
carbon dioxide, with an annual carbon dioxide recovery of 150,000 tons.

Chain: Industrial chain collaboration to build a green ecological closed loop:
As the “chain leader” of Yantai’s green chemical industry chain, Wanhua Chemi-
cal gives full play to its innovation advantages, outputs low-carbon process pack-
ages to 30 downstream enterprises, and drives the carbon intensity per unit output
value of supporting enterprises to decrease by 18%. At the same time, it has estab-
lished a collaborative hazardous waste disposal center for the industrial chain,
with a resource recycling rate of 90%, realizing the collaborative emission reduc-
tion of the whole industrial chain.

Innovation: Technological innovation to activate the endogenous power of
transformation: Wanhua Chemical has always taken technological innovation as
its core competitiveness, with a R&D team of more than 2,800 people, and has
made a number of breakthroughs in green chemical technology. For example, the
MDI waste brine circulation technology developed by the company reduces car-
bon emissions by about 700,000 tons per year, and the chlorination hydrogen ox-

idation cycle technology saves 710 million kWh of electricity per year. The
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company has also established a “school-enterprise 4 + 1 model” with a number of
universities to cultivate professional technical talents for the whole industrial
chain (Chu et al., 2024).

4.5. Bottlenecks of Green Transformation of SSDI Enterprises in
Yantai

Combined with the empirical results and field research, this paper summarizes
the core bottlenecks faced by SSDI enterprises in Yantai in the process of green
transformation:

Insufficient technological innovation transformation capacity: Most small
and medium-sized SSDI enterprises have limited R&D investment, and it is diffi-
cult to break through the core green technology bottleneck. Compared with lead-
ing enterprises such as Wanhua Chemical, the contribution rate of technological
progress to green efficiency is low, and the innovation achievements are difficult
to transform into actual emission reduction benefits.

High pressure of transformation cost and financing constraints: The green
transformation of enterprises requires a large amount of upfront investment in
equipment renewal and technological transformation, and the return cycle is long.
Most SSDI enterprises have limited financing channels, and it is difficult to obtain
sufficient green financial support, which restricts the implementation of transfor-
mation measures.

Insufficient industrial chain collaborative capacity: Most SSDI enterprises
are in the middle and lower reaches of the industrial chain, and it is difficult to
participate in the collaborative emission reduction of the whole industrial chain.
The green supply chain system has not been fully constructed (Han et al., 2024),
and the transformation cost cannot be shared through industrial chain collabora-
tion, resulting in a high single transformation cost of enterprises.

Weak digital and refined management foundation: Many small and medium-
sized SSDI enterprises have not yet built a complete intelligent energy consumption
and carbon emission monitoring system, and the refined management level is in-
sufficient. It is difficult to achieve precise control of the whole process of emissions,

and the management efficiency of green transformation needs to be improved.

5. Optimization Paths and Countermeasures of Green
Transformation Under the PCCI Framework

Combined with the empirical results and the identified transformation bottle-
necks, this paper constructs a four-dimensional green transformation path under
the PCCI framework for SSDI enterprises in Yantai, and puts forward targeted

countermeasures for enterprises and the government.

5.1. Green Transformation Paths Under the PCCI Framework

5.1.1. Technological Innovation Drive: Opening up the Green Track with
“Innovation”

Technological innovation is the core engine of green transformation, which is the
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key to solving the bottleneck of insufficient innovation capacity of SSDI enter-
prises. First, enterprises should increase R&D investment in green technologies,
focus on key areas such as low-carbon materials, energy-saving technology and
CCUS, and break through technical bottlenecks through industry-university-re-
search collaborative research with universities and research institutions. Second,
enterprises should learn from the experience of Wanhua Chemical, establish a
sound talent training and incentive mechanism, introduce professional technical
talents, and cultivate the internal innovation team. Third, enterprises should ac-
tively carry out technological transformation around the key links of energy con-
servation and emission reduction, promote the application of mature green tech-
nologies, and transform technological innovation achievements into actual emis-
sion reduction benefits (Li & Ke, 2024).

5.1.2. Industrial Upgrading Leadership: Building a Symbiotic Ecology
with “Chain”

Industrial chain collaboration is an effective way for SSDI enterprises to share
transformation costs and achieve collaborative emission reduction (Gao et al.,
2025). First, give full play to the leading role of chain-leading enterprises such as
Wanhua Chemical, build a green supply chain standard system, drive the green
upgrading of upstream and downstream supporting enterprises through green
procurement, technology output and resource sharing, and form a “PCCI indus-
try community”. Second, SSDI enterprises should actively integrate into the green
industrial chain, strengthen the collaborative cooperation with upstream and
downstream enterprises, jointly build environmental protection infrastructure
such as hazardous waste disposal and energy sharing, and reduce the single trans-
formation cost. Third, promote the construction of low-carbon circular industrial
parks, realize the sharing of green technology and environmental protection facil-
ities among enterprises in the park, and build a closed-loop industrial ecology of
“R&D-production-recycling” (Zhao et al., 2023).

5.1.3. Energy Structure Optimization: Navigating the Low-Carbon
Revolution with “Carbon”

Optimizing the energy structure is the core measure to achieve the Dual Carbon
goal and reduce the carbon emission intensity of enterprises. First, enterprises
should accelerate the replacement of clean energy, expand the application propor-
tion of renewable energy such as wind power and photovoltaic, and build a diversi-
fied clean energy system of “nuclear, wind, solar and energy storage” by combining
the regional advantages of Yantai as a northern clean energy center. Second, en-
terprises should carry out energy-saving transformation of high-energy-consuming
equipment, eliminate backward production capacity, optimize the production pro-
cess, and reduce energy consumption per unit product. Third, enterprises should
establish a full life cycle carbon footprint management system, realize the precise
monitoring and accounting of carbon emissions in all links, and incorporate car-

bon emission control into the whole process of production and operation.
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5.1.4. Green Responsibility Commitment: Building the Ecological Bottom
Line with “Precision”

Refined management is the foundation to ensure the effective implementation of
green transformation measures. First, enterprises should elevate green develop-
ment to the core strategic level, incorporate green transformation goals into the
medium and long-term development planning, and establish a sound green per-
formance evaluation system. Second, enterprises should accelerate the digital
transformation, introduce intelligent monitoring systems such as the Internet of
Things and Al, build an intelligent energy consumption and carbon emission
management platform, and realize the precise control of resource consumption
and emissions in all links. Third, enterprises should actively assume social respon-
sibility for environmental protection, strengthen the disclosure of ESG infor-
mation, enhance the brand image through green development, and transform en-
vironmental protection costs into economic benefits through carbon sink trading

and other models.

5.2. Targeted Countermeasures

5.2.1. For Enterprises: Building Core Capabilities for Green
Transformation

Strengthen the strategic leadership of green development, integrate the PCCI

framework into the enterprise’s development strategy, clarify the phased carbon

emission reduction targets and transformation roadmap, and balance the short-

term cost and long-term benefit of transformation.

Increase R&D investment in green technologies, establish industry-university-
research cooperation alliances, accelerate the transformation of innovation
achievements, and take technological innovation as the core driver of green trans-
formation.

Actively integrate into the green industrial chain, strengthen the collaborative
cooperation with upstream and downstream enterprises, participate in the con-
struction of green supply chain standards, and share transformation costs through
industrial chain collaboration.

Accelerate digital transformation, improve the level of refined management,
build an intelligent carbon emission monitoring system, and realize the precise

control of the whole process of emissions.

5.2.2. For the Government: Improving the Supporting System for
Transformation

Strengthen policy guidance and incentives, formulate targeted special support
policies for the green transformation of SSDI enterprises, set up special subsidies
and green transformation risk pools, and reduce the upfront investment pressure
of enterprises.

Improve the green financial service system, encourage financial institutions to
innovate green financial products such as green credit and green bonds, establish
a credit evaluation system for the green transformation (Jia et al., 2024) of enter-

prises, and reduce the financing threshold for SSDI enterprises.
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Build a public service platform for green transformation, provide integrated
services such as technical consultation, carbon footprint accounting and achieve-
ment transformation for SSDI enterprises, and promote the popularization and
application of mature green technologies.

Promote the construction of industrial collaborative ecology, support leading
enterprises to drive the collaborative transformation of the industrial chain, pro-
mote the construction of low-carbon circular industrial parks, and create a good

external environment for the green transformation of SSDI enterprises.

6. Conclusion and Prospect

6.1. Research Conclusion

This paper takes SSDI enterprises in Yantai City as the research object, constructs
the “Precision Carbon Chain Innovation (PCCI)” theoretical framework, takes
Wanhua Chemical as a typical case, uses a variety of quantitative models to carry
out empirical analysis, explores the green transformation path of SSDI enterprises
under the PCCI framework, and draws the following main conclusions:

First, the PCCI framework integrating the four dimensions of “Precision, Car-
bon, Chain and Innovation” is highly compatible with the development charac-
teristics of SSDI enterprises, and can provide a systematic theoretical guidance for
the green transformation of such enterprises. The four dimensions are interrelated
and mutually supportive, forming a complete closed-loop system of green trans-
formation.

Second, the economic growth of Yantai City has basically achieved strong de-
coupling from carbon emissions, which provides a good macro environment for
the green transformation of SSDI enterprises. The empirical results show that the
green transformation efficiency, green total factor productivity and ecological
welfare performance of Wanhua Chemical have maintained a continuous upward
trend from 2019 to 2023, and its transformation practice under the PCCI frame-
work has achieved remarkable results, which verifies the applicability of the PCCI
framework.

Third, the green transformation of SSDI enterprises in Yantai is still facing four
core bottlenecks: insufficient technological innovation transformation capacity,
high financing constraints, insufficient industrial chain collaborative capacity, and
weak refined management foundation. The four-dimensional transformation path
constructed under the PCCI framework can effectively solve these bottlenecks, and

has strong replicability and popularization value for similar SSDI enterprises.

6.2. Research Prospect

This study constructs the PCCI theoretical framework and carries out empirical
analysis with typical cases, but there are still some limitations. In the future, fur-
ther research can be carried out in the following aspects: First, expand the research
sample, include more SSDI enterprises in different industries for comparative anal-

ysis, and explore the heterogeneity of green transformation paths of enterprises in
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different industries. Second, construct a long-term dynamic evaluation system for
the effectiveness of green transformation, and conduct a follow-up study on the
long-term transformation effect of enterprises. Third, further deepen the research
on the industrial chain collaborative transformation mechanism, and explore the
benefit distribution and risk sharing mechanism in the collaborative transfor-

mation of the industrial chain.
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