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How can China’s manufacturing industry achieve
better development? A carbon resilience
perspective based on the system GMM model
Lin Liang1,2✉, Yuewen Guo1, Yan Li3,4✉ & Dongheng Han5

Under China’s “double carbon” goals, which are to achieve carbon peak (CO2 emissions peak

by 2030) and carbon neutrality (net-zero CO2 emissions by 2060), the manufacturing

industry is facing the dilemma of low-carbon transition. Enhancing the industry’s resilience to

these challenges is crucial for improving the quality of its development. This article introduces

a new concept of “carbon resilience”, based on resilience theory. Carbon resilience refers to

the endogenous dynamic capability of the manufacturing industry to respond to the long-

term heightened demands and short-term constraints imposed by relevant low-carbon

emission reduction policies, exemplified by the “double carbon” goals. Then, using industry

data for 25 manufacturing sectors from 2011 to 2020, we explore the impact of overall

carbon resilience, as well as carbon resilience of manufacturing industries with different

carbon emission intensities, on the quality of industry development. We also explore the

mediating role of resource allocation efficiency in these relationships. Finally, we conduct a

predictive analysis of the relationship between carbon resilience and the quality of industry

development from 2024 to 2030. The results indicate a significant positive correlation

between carbon resilience and the quality of industry development. The impact of carbon

resilience on development quality is greatest in high-carbon emission industries, followed by

medium-carbon emission industries, and weakest in low-carbon emission industries. Addi-

tionally, in the manufacturing industry and high-carbon emission industries, resource allo-

cation efficiency plays a sufficiently mediating role between carbon resilience and the quality

of industry development. However, in medium- and low-carbon emission industries, resource

allocation efficiency does not mediate between the two. Notably, further predictions reveal

that carbon resilience will have a negative impact on the quality of industry development

between 2024 and 2030. Based on these findings, policymakers should actively shape carbon

resilience, optimize the production process through technological innovation, promote the

industrial chain’s extension into high-tech industries, and optimize the efficiency of resource

allocation, thus comprehensively promoting the quality of industry development.
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Introduction

In today’s world, the importance of environmental protection is
growing across all countries (Kudlak, 2017). In response to
this, China announced its “Double Carbon Goals” in Sep-

tember 2020. The goals explicitly state that carbon dioxide
emissions will peak before 2030 and aim to achieve carbon
neutrality by 2060 (Li et al., 2023), with the objective of pro-
moting a comprehensive green transformation of economic and
social development (Chen et al., 2020). By examining the gov-
ernance of China’s manufacturing development, we aim to pro-
vide valuable insights for the governance of manufacturing in
other countries. In fact, China’s manufacturing industry is facing
serious challenges due to its development model characterized by
high investment, high energy consumption, and high emissions
(Li et al., 2020). In particular, the traditional rough manu-
facturing development mode is no longer sustainable for
achieving the “double carbon” goals. Consequently, reducing
carbon emissions and implementing green transformation have
become essential strategies for enhancing the development quality
of China’s manufacturing industry (Beraud et al., 2022). How-
ever, several factors pose challenges to China’s manufacturing
industry, including rising environmental protection costs, fluc-
tuating raw material prices and declining international competi-
tiveness in product pricing. These factors have severely
constrained the low carbon transformation of the manufacturing
industry and the quality of its development. Therefore, how to
improve the quality of industry development in the context of the
“double carbon” goals has become an urgent issue for China to
explore.

In particular, with the introduction of the “double carbon”
goals, China has put forward many new requirements for the low-
carbon transformation of the manufacturing industry, which will
significantly impact the industry’s original development path.
Resilience, as the ability of a system to withstand external shocks,
contributes to the system actively respond to crises, overcome
difficulties, bounce back and achieve sustainable improvement
(Meerow et al., 2016). This concept provides a new perspective
and approach for the manufacturing industry to cope with the
low carbon transition and enhance development quality. There-
fore, this paper proposes the new concept of carbon resilience,
drawing on the general system evolution connotation of resi-
lience. Carbon resilience is defined as a set of endogenous sta-
bilizing, adaptive and evolutionary capacities within an industry.
The shaping and enhancement of carbon resilience will determine
the extent by which industry accepts and adapts to the “double
carbon” development logic. Carbon resilience can serve as the
underlying governance logic for the manufacturing industry in
the “double carbon” era, with governance solutions for the
manufacturing industry being proposed based on carbon resi-
lience monitoring (Jin et al., 2021). The scientific interpretation
and accurate measurement of carbon resilience in existing studies
still require further exploration. It is also unclear whether carbon
resilience affects the quality of industry development and whether
its impact varies at different levels of carbon emissions.

Additionally, the “double carbon” goals will force the manu-
facturing industry to continuously enhance quality, increase
operational efficiency, reduce production costs, and shorten cycle
times through the deep integration of green energy technologies
and the new generation of smart technologies. This integration
will catalyze the accelerated formation of new business modes,
such as green manufacturing, intelligent manufacturing and
service-oriented manufacturing, while also instigating a profound
shift in resource allocation. Therefore, does carbon resilience
contribute to resource allocation efficiency, thereby influencing
the quality of industry development? Previous studies have
mainly explored the impact of environmental policies or

environmental regulations on resource allocation (Najjar and
Cherniwchan, 2021; Walker, 2011). Some scholars have also
explored the role of resource allocation efficiency on the quality of
industry development (Marin and Vona, 2021) or production
efficiency (Peters, 2020). However, there is currently no clear
answer regarding whether resource allocation efficiency affects
the relationship between carbon resilience and the quality of
industry development.

To fill this gap, this paper introduces a new concept of carbon
resilience, and constructs a carbon resilience monitoring system.
On this basis, this study explores the impact of carbon resilience
as a whole, as well as carbon resilience of high-, medium- and
low-carbon emission industries, on the quality of industry
development. The mediating role of resource allocation efficiency
is also explored. In addition, the relationship between carbon
resilience and the quality of industry development is further
predicted. This paper aims to answer the following questions: (1)
How to scientifically explain the dynamic composition of carbon
resilience in the manufacturing industry? How to accurately
measure carbon resilience? (2) Does carbon resilience affect the
quality of industry development? Are there differences in the
impact of carbon resilience on the quality of industry develop-
ment in different industries? (3) Does resource allocation effi-
ciency play a mediating role in the above relationship? (4) Taking
the current state of manufacturing development as an example,
how will carbon resilience affect the quality of industry devel-
opment as China realizes its 2030 carbon peak target?

This paper provides some theoretical contributions to the
existing literature. First, this paper proposes a new concept of
carbon resilience, informed by the unique context of the “double
carbon” goals and drawing on resilience theory. The characteristic
dimensions of carbon resilience are deconstructed, and a mon-
itoring system for carbon resilience in the manufacturing industry
is proposed. Unlike existing studies that mainly explore carbon
risks (Patrick and Marcin, 2021), we investigate carbon resilience,
which is the ability to withstand external shocks. Our work not
only broadens the application scope of resilience theory, but also
provides new theoretical support for the low-carbon transfor-
mation of the manufacturing industry. Second, this paper finds
that carbon resilience positively impacts the quality of industry
development. However, higher levels of carbon resilience do not
necessarily translate to better outcomes. In future development,
an excessive emphasis on enhancing carbon resilience may hinder
improvements in the quality of industry development. Current
research focuses on improving the quality of industry develop-
ment from the perspectives of environmental regulation (Popp,
2006) and technological innovation (Presley et al., 2000). This
paper takes carbon resilience as an entry point to explore its
impact on the quality improvement of manufacturing develop-
ment, providing empirical evidence for using carbon resilience to
improve the quality of industry development. It also provides a
balanced perspective for understanding the effects of carbon
resilience. Third, this paper finds that resource allocation effi-
ciency fully mediates the relationship between carbon resilience
and the quality of industry development. Existing studies mainly
explore the relationship between resource allocation efficiency
and the quality of industry development (Ji et al., 2023). We
incorporate “carbon resilience - resource allocation efficiency -
industry development quality” into a unified analytical frame-
work. Our research provides a new perspective for understanding
the relationship between carbon resilience and the quality of
industry development, and expands the internal mechanism
between the two. Our work also expands the antecedents of
resource allocation efficiency. Finally, by further exploring the
differences in the direct and indirect impacts of carbon resilience
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on the development quality of high, medium and low carbon
emission sectors, this study provides an important reference for
the precise design of governance strategies to enhance the
development quality of different types of sectors.

The remainder of this paper is organized as follows: Section 2 is
literature review. Section 3 describes the theoretical construction
and hypothesis formulation. Section 4 outlines the research
method. Section 5 presents the results. Section 6 presents the
conclusions and implications.

Literature review
The purpose of this paper is how to improve the quality of
manufacturing development. To this end, this paper first reviews
the literature on the quality of industry development. In addition,
by combing the resilience-related theories, this paper proposes a
new concept of carbon resilience and its characteristic dimen-
sions. Given the limited existing studies on the relationship
between carbon resilience and the quality of industry develop-
ment, this paper also reviews closely related literature.

Quality of industry development. Scholars have explored the
factors influencing manufacturing development, primarily
focusing on external environmental regulation, technological
innovation, and green and low carbon. Specifically, (1) Envir-
onmental regulation. Environmental regulation may impose a
“push-back” effect, as the external pressure it exerts may force
firms to innovate, allocate resources more rationally, and over-
come organizational inertia, thereby enhancing productivity.
Wang and Shen (2016) pointed out that the stricter the envir-
onmental regulations, the stronger the profitability of the cleaning
industry, thereby widening the profit gap between clean and
polluting industries. Popp (2006) argued that environmental
regulation can drive innovation and facilitate the diffusion of
existing technologies, thus improving the quality of development.
(2) Technological innovation. Scholars have mainly explored the
impact of green technologies on the quality of the manufacturing
development. Hart (1995) found that green manufacturing
technologies have a significant mitigating effect on environmental
pollution. These technologies not only help companies reduce
environmental costs, but also play an effective role in balancing
economic development with environmental protection. In 1996,
the Society of Manufacturing Engineers (SME) published the
“Green Manufacturing” Blue Book, which combined green
manufacturing with sustainable development as an innovative
model of mechanical engineering aimed at addressing environ-
mental pollution and resource shortages in the context of rapid
industrialization. Presley et al. (2000) believed that the efficiency
of process innovation and manufacturing capability can be
improved by strengthening theoretical research on intelligent
process innovation and effectively applying its findings. Cao et al.
(2021) pointed out that China’s green credit policy helps stimu-
late enterprises’ environmental protection behaviors and helps
alleviate the capital chain risks caused by the mismatch of
investment and financing terms. Furthermore, it can resolve the
contradiction between environmental protection and economic
development. (3) Green and low carbon. Green and low carbon
has become the future direction of manufacturing. Especially in
the context of the “double carbon” goals, the green and low-
carbon transformation of the manufacturing industry must bal-
ance economic, ecological and social benefits. By optimizing the
industry’s structure and continuously innovating in green tech-
nologies, we can promote a dual-cycle approach and enhance the
industry’s international competitiveness (Cai et al., 2019; Dube
et al., 2011; Huang, 2022). Scholars have found that green low-
carbon transition can reduce energy consumption intensity and

carbon emissions through green innovation (Tariq et al., 2022),
thereby improving economic efficiency and the quality of
development.

Carbon resilience
Definition of carbon resilience. Early research on resilience can be
traced back to two seminal papers by Staw, Dutton (1981) and
Meyer (1982). In recent years, with the increase of external
threats to the system, the concept of resilience has been given new
theoretical life. As a result, how to make systems more resilient
has become an important topic in management practice (Long-
staff and Yang, 2008). Existing scholars have primarily defined
the concept of resilience from a capability perspective. For
example, Kahn et al. (2016) considered resilience as the ability to
absorb stress, and maintain or improve function in the face of
adversity. Weick (1993) believed that resilience emphasizes not
only the ability to adapt, but also the ability to respond proac-
tively and creatively to crises in an uncertain environment.
Sahebjamnia et al. (2018) argued that resilience enables systems
to adapt positively and return to their original state despite
experiencing negative events. Ma et al. (2018) identified resilience
as the ability of systems to survive, adapt, recover and even
prosper in the face of unexpected events. Burnard and Bhamra
(2019) saw resilience as the ability to reduce vulnerability in the
face of systemic crises.

By analyzing existing definitions of resilience, it is found that
resilience consists of two key elements: external shocks and
positive adaptation to shocks. The concept of “carbon resilience”
proposed in this article can be understood as the endogenous
dynamic capability of the manufacturing industry to respond to
the long-term higher requirements and short-term constraints
brought about by low-carbon development. Carbon resilience is
distinct from general resilience. It pays special attention to the
shocks arising from the unique context of green and low-carbon
attributes. Carbon resilience is more targeted and better aligns
with development scenarios. It takes the complex changes in
economics, technology, and institutions faced during low-carbon
development and green transformation as external stimuli. The
shaping and enhancement of carbon resilience will influence the
manufacturing industry’s acceptance of and adaptation to the
logic of green transformational development. By proposing the
concept of carbon resilience, we can help the global manufactur-
ing industry adopt more effective measures when facing shocks
related to green and low-carbon development. Liang and Guo
(2024), based on the “double carbon” goals, consider the impact
of external environmental changes on institutional, technological,
and economic aspects as external catalysts for the formation of
carbon resilience. Specifically, institutional changes mainly refer
to China’s ongoing exploration of a “double carbon” policy
system. Under the overarching framework of the national “carbon
neutral” strategy, various ministries, industry associations and
local governments have successively issued implementation plans,
industrial strategies and supporting policies. In addition,
technological changes mainly involve China’s efforts to establish
a self-reliant and controllable system for green and low-carbon
technologies, while accelerating their widespread application. The
key technologies include low-carbon energy substitution, emis-
sions reduction in industrial processes, waste recovery and
recycling, intelligent grid-connected technologies, and energy
storage. However, in the process of innovative technology
development and application, green and low-carbon technologies
still suffer from problems, such as large initial investment, high
cost and slow returns. Finally, economic shocks mainly refer to
the ongoing advancement of industrialization and urbanization in
China, which is expected to persist in the foreseeable future,
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resulting in sustained high levels of energy consumption and
carbon emissions. In the short term, stricter carbon reduction
targets may exacerbate economic shocks, posing challenges to
manufacturing costs, financing, and overall economic perfor-
mance (Liang and Li, 2023).

Taken together, drawing on the general system evolution
connotation of resilience, this study proposes a new concept of
carbon resilience. This paper views the complex changes in
economic, technological and institutional changes centered on the
“double carbon” goals as an external catalyst for change.
Moreover, this paper also considers the increased demands and
short-term constraints on manufacturing arising from the
“double carbon” goals. Based on the above research, carbon
resilience is defined as the endogenous dynamic capability of the
manufacturing industry to show stability, adaptability, and
reconfiguration evolution in response to the shocks of low-
carbon development and green transition.

Composition of carbon resilience. At different shocks stages, the
dynamic properties of resilience will change. Resilience shows
predictability before a shock occurs, defensiveness during the
shock, and growth after a shock occurs. Somers (2009) incorpo-
rated the concept of anticipation into his resilience framework.
He believed that resilience involves not only the ability to survive,
but also the ability to identify potential risks and take proactive
measures to address them. Only by recognizing early signs of a
crisis can the system react quickly enough to avoid escalation.
Raetze et al. (2022) pointed out that resilience is a composite with
multiple attributes, of which (anticipatory, defensive, and growth)
all play an important role in the composition of resilience. Only
in combination can a system respond effectively to shocks from
adverse events. Scholars have mainly evaluated resilience in terms
of resilience action processes, structure and capacity (Sharma
et al., 2020). In addition, it has been shown that the process of
developing resilience involves three stages: passive resistance,
active coping and reflective learning. These stages correspond to
the three dynamic capabilities of the system: perception, adjust-
ment, and evolution. Therefore, carbon resilience can also be
understood as the core dynamic capacity of the manufacturing
industry to cope with the higher long-term requirements and
short-term constraints imposed by the “double carbon” goals,
encompassing stabilizing, adaptive and evolutionary capacities.

(1) Stabilizing capacity
Stabilizing capacity is fundamental to resist external risks
and maintain stability. It is reflected in the speed of
response to take urgent action during an external crisis
(Massari et al., 2023). The introduction of the “double
carbon” goals has placed greater demands on the develop-
ment of high carbon-emitting manufacturing industries,
along with short-term constraints (Ivanov and Rozhkov,
2020). In light of the “double carbon” goals and the
implementation of policies across various sectors, low
carbon technology innovation has become a key way to
maintain industry stability and product structure, and
steadily promote the transformation and upgrading of high
carbon-emitting manufacturing industries.

(2) Adaptive capacity
Adaptive capacity is the ability of a system to accept new
information, explore new approaches and cope with change
in response to external shocks, resolving internal conflicts
and other challenging issues (Woods, 2015). Only by
accurately understanding and quickly adapting to changes
in the external environment can enterprises maintain
resilience and sustainable development in the complex
and changeable market environment.

(3) Evolutionary capacity

Evolutionary capacity is a key capability for systems to survive,
develop and grow over time in complex and changing environ-
ment (Moya and Goenechea, 2022). It is the ability to recover and
even surpass previous states through self-learning and other
means, facilitating sustainable survival and long-term growth in
an ever-changing environment. This capacity is expressed as the
learning summary of the response to the impact process and the
adaptation of existing strategies (Beermann, 2011). The greater
the evolutionary capacity of the system, the greater its ability to
autonomously renew, change the structure of the original
production experience, and adopt new development models and
strategies, thereby enhancing its carbon resilience. The evolu-
tionary capacity of a system can be well represented by examining
the manufacturing low carbon development initiatives and low
carbon development strategic planning.

Measurement of carbon resilience. Existing scholars have mainly
evaluated system resilience in terms of resilience action processes,
structure and capacity. For example, Li and Zhu (2021) proposed
system resilience indicators including dynamic equilibrium,
compatibility, high mobility, flatness, buffering power, and
redundancy. Patriarca et al. (2017) evaluated resilience from the
perspective of the resilience action process, identifying four
dimensions: monitoring, response, prediction and learning.
Mcinroy and Longlands (2010) proposed a four-dimensional
resilience evaluation system, comprising infrastructure and eco-
systems, economy and society, leadership and strategy, and health
and well-being. Ahern (2011) proposed indicators of urban
resilience, including multifunctionality, redundancy and mod-
ularity, eco-social diversity, multi-scale network connectivity, and
adaptive planning and design. Schlör et al. (2018) proposed urban
resilience indicators that include productivity, infrastructure,
quality of life, equity, and environmental sustainability. Burton
(2014) proposed indicators of community resilience, including
social, institutional, economic, and infrastructure.

The monitoring of resilience values based on resilience
characteristics is a new quantitative way of measuring the
development of social-ecological systems, with the quantification
of these characteristics serving as a key method for portraying
resilience values. Meanwhile, resilience value monitoring acts as a
“bridge” between resilience science and quantitative governance
solutions for manufacturing. Therefore, drawing from the
resilience characteristics proposed by scholars and the composi-
tion of carbon resilience described above, we believe that carbon
resilience comprises three dimensions: stability, adaptability and
evolvability.

(1) Stability reflects the inherent conditions and endowments
of the manufacturing industry. It is the most essential
characteristic of resisting risks and maintaining system
integrity. The more stable the system is, the less likely it will
be affected by shocks (Liang and Guo, 2024). The strength
of stability depends on the system’s inherent endowments,
with a well-endowed system being better equipped to
withstand the impact of external shocks (Massari et al.,
2023). There are four indicators for measuring stability in
the manufacturing industry, namely total energy consump-
tion, carbon dioxide emissions, number of industrial waste
gas treatment facilities, and operating costs of industrial
waste gas treatment facilities (Qian, 2021).

(2) Adaptability reflects the internal adjustment of the
manufacturing industry to external environment changes.
Adaptability is the system’s acceptance of new information,
exploration of new methods, and response to new changes
when dealing with external shocks, thus driving the
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recovery of the system’s functional level and promoting
proactive adjustment (Desjardine et al., 2019). There are
two indicators for measuring adaptability in the manufac-
turing industry, namely the rate of change in CO2
emissions and the rate of change in the number of green
patent citations (Linnenluecke, 2017).

(3) Evolvability reflects the survival, development and long-
term growth of the manufacturing industry in a complex
and ever-changing environment. Evolvability refers to the
process of optimizing elements and reconfiguring structures
through self-learning and self-adaptation after external
shocks, which is manifested in the continuous improve-
ment of resilience values (Jin et al., 2021). There are two
indicators for measuring evolvability in the manufacturing
industry, namely the state of low carbon development
institutional development and the state of low carbon
development strategic planning.

Carbon resilience and the quality of industry development.
There is a dearth of existing research on the relationship between
carbon resilience and the quality of industry development. Closely
related to this literature, some scholars have explored manu-
facturing resilience, focusing mainly on both measurement and
influencing factors. (1) Regarding the measurement of manu-
facturing resilience, Li and Liu (2021) and Liu and Zhang (2021)
calculated the actual potential growth rate and counterfactual
potential growth rate based on the labor productivity of the
manufacturing industry by using the HP filtering method, and
took the difference between the two as an indicator to measure
manufacturing resilience. Martin and Sunley (2014), Fingleton
et al. (2012), and Doran and Fingleton (2017) refined the resi-
lience measurements based on the core variable approach, time
series models, and causal structure models. (2) Most research on
the factors influencing manufacturing resilience and industry
resilience have used manufacturing as a sample, analyzing resi-
lience from the perspective of the supply chain associated with
manufacturing. Soni et al. (2014) used an explanatory theory
model to analyze the factors influencing supply chain resilience
and their interrelationships. This analysis was also conducted
using an explanatory structural modeling approach, which con-
cluded that supply chain collaboration capability and agility are
the key factors affecting supply chain resilience. Junaid et al.
(2020) selected supply chain resilience, supply chain agility and
supply chain robustness as criteria for supply chain risk man-
agement through a case study of the automotive industry. The
analysis yielded that supply chain resilience is the most important
criterion for managing supply chain risk. Rajesh (2021) and
Agarwal and Ussif (2022) found that flexible business strategies,
lean production and technological innovation help to improve
manufacturing resilience.

Taken together, there is a dearth of existing research on carbon
resilience and the quality of industry development. Therefore, this
paper proposes the connotation of carbon resilience and its
characteristic dimensions drawing on the connotation of general
system resilience. It also empirically analyzes the relationship
between carbon resilience and the quality of industry develop-
ment by constructing a carbon resilience monitoring system.

Theoretical framework and hypotheses development
The impact of carbon resilience on the quality of industry
development. The signing of agreements like the Paris Agree-
ment (Schleussner et al., 2022) and the introduction of low car-
bon emission reduction policies, such as the “double carbon”
goals, will lead to a more unstable external environment for the
manufacturing industry (Jabbour et al., 2021). The low carbon

transformation of manufacturing industry is subject to more
short-term constraints and long-term requirements (Sun et al.,
2022). In the short term, the manufacturing industry faces the
impact of rising environmental costs, fluctuating raw material
prices, and declining international competitiveness of product
prices during low carbon transformation, which in turn affects
the quality of industry development (Johansson et al., 2021). In
the long term, the “double carbon” goals will inevitably force the
manufacturing industry to continually enhance the quality of its
development through a low carbon transition.

Carbon resilience can effectively measure the manufacturing
industry’s ability to withstand the impacts of low-carbon emission
reduction policies and its capacity for low-carbon transformation.
However, since carbon resilience is a newly introduced concept in
this article, there is a lack of existing research on the relationship
between carbon resilience and the quality of industry develop-
ment. Therefore, this study delves into areas closely related to
manufacturing carbon resilience, including resilience theory
(Burnard and Bhamra, 2019), green and low-carbon manufactur-
ing, environmental regulation (Wang and Shen, 2016), and
theoretical frameworks such as environmental sustainability and
labor economics. It delves into the connotation of carbon
resilience in manufacturing and its connection to the quality of
industry development. Through the literature review, this paper
finds that scholars generally agree that resilience can effectively
promote the improvement of manufacturing development quality
(Sun et al., 2022). In view of this, combined with practical
scenarios, this paper analyzes the relationship between carbon
resilience and the quality of industry development. Optimal
resource allocation and the enhancement of innovation capabil-
ities are considered key factors in improving production
efficiency and competitiveness. Similarly, enterprises need to
adopt green production methods, optimize resource utilization,
and reduce environmental pollution to achieve sustainable
development. Carbon resilience, based on the above theoretical
foundations, promotes the improvement of manufacturing
development quality. This requires that the manufacturing
industry, while responding to low-carbon policies, not only
optimize resource allocation and enhance innovation efficiency,
but also pay attention to environmental protection and sustain-
able development.

Firstly, manufacturing industries with carbon resilience can
promptly perceive and gain insights into potential external threats
and opportunities. They are adept at swiftly adjusting their
strategies to optimize resource allocation, seizing future develop-
ment opportunities to enhance innovation efficiency rapidly
(Colberg, 2022). Additionally, they are proficient in promoting
the integration of internal and external resources to enhance
resource allocation efficiency, thereby mitigating the adverse
impacts of unforeseen negative events (Larsson et al., 2016).
Secondly, manufacturing industries with carbon resilience
inherently possess diversified industrial structures and rich
resource reserves, which can further invigorate the industries’
vitality (Salmanzadeh-Meydani et al., 2023). Lastly, manufactur-
ing industries with carbon resilience also exhibit a higher demand
for education, R&D, and innovative elements. The availability of
high-level knowledge talent and advanced production technolo-
gies serves as a catalyst for driving the green development of these
industries (Multan and Sobotka, 2022).

In conclusion, with the help of carbon resilience, the process of
low carbon transformation in manufacturing industry is improv-
ing. The quality of industry development will continue to
improve with the advancement of low carbon transformation.
Based on the above analysis, the first hypothesis is formulated:

H1: carbon resilience has a positive impact on the quality of
industry development.
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Differences in the impact of carbon resilience on the quality of
manufacturing industry development with different carbon
intensity. Considering the huge differences in carbon emissions
across various manufacturing sub-sectors, there will inevitably be
notable differences in the governance strategies adopted by
manufacturing industries with different carbon emission inten-
sities. Additionally, differences in carbon emission intensities
within the manufacturing sector may exert an influence on the
correlation between carbon resilience and the quality of industry
development. Consequently, this paper categorizes the manu-
facturing industry into high-carbon emission industries, medium-
carbon emission industries, and low-carbon emission industries,
based on the carbon emission intensity calculations for Chinese
manufacturing sub-sectors conducted by Fu et al. (2021).
Industries with a carbon intensity ranging from 0.91 to 4.47 tons
are categorized as high carbon-emitting, those with a carbon
intensity ranging from 0.21 to 0.61 tons as medium carbon-
emitting, and those with a carbon intensity of less than 0.2 tons as
low carbon-emitting. Utilizing the carbon emission inventory and
energy inventory sourced from the China Emission Accounts and
Datasets (CEADs), alongside revised Chinese carbon emission
factors, Fu et al. (2021) calculated the carbon emissions of
manufacturing sub-sectors. The findings revealed that the average
emission intensity of high-carbon emission industries is 1.99 tons
per 10,000 yuan, which is 5.9 times that of medium-carbon
emission industries (0.34 tons per 10,000 yuan), and 19.9 times
that of low-carbon emission industries (0.10 tons per 10,000
yuan). In summary, this paper examines the Chinese manu-
facturing industry from the perspectives of high-carbon emission
industries, medium-carbon emission industries, and low-carbon
emission industries.

High-carbon emission sectors are subject to more stringent
access thresholds and U.S. Energy Information Administration
policies compared to medium and low carbon emission sectors
(Liao et al., 2022). For example, high-carbon emission industries
represented by ferrous metal smelting and rolling processing
industries are the top priority for carbon peak efforts (Mujjuni
et al., 2021). China has clearly defined carbon peak tasks for these
key industries, and formulated relevant policy documents to form
industry carbon emission standards (Wang, Li, 2022). These
industries face a more volatile external environment and require
the capability of carbon resilience to withstand external shocks
(Ates and Bititci, 2011). Manufacturing industries with carbon
resilience can gain timely insights into the external situation,
guide enterprises to integrate internal and external resources, and
strengthen independent R&D. It also improves energy utilization
efficiency and reduces carbon emission intensity, thus enhancing
the quality of industry development (Su et al., 2014). Further-
more, compared to high-carbon emission industries, medium-
carbon emission industries have experienced a reduction in
carbon emission intensity. Their resource allocation has become
more rational and better aligned with the demands of green and
low-carbon development. Low-carbon emission industries are
characterized by “low consumption and low emissions”. Com-
pared to high-carbon and medium-carbon emission industries,
the external environment for low-carbon emission industries is
relatively stable, and the impact of carbon resilience on the
quality of their development is relatively limited (Aldieri et al.,
2021).

In conclusion, from the perspective of sub-sectors, carbon
resilience may have a greater impact on the development quality
of high-carbon emission industries, followed by medium-carbon
emission industries, and the weakest low-carbon emission
industries. Based on the above analysis, the following hypothesis
is formulated:

H2: the impact of carbon resilience on development quality
differs across manufacturing industries with varying carbon
emission intensities.

Mediating effect of resource allocation efficiency on carbon
resilience and the quality of industry development. The
improvement of resource allocation efficiency depends on the free
flow of production factors. Carbon resilience, as a kind of ability
of manufacturing industry to withstand external shocks, is con-
ducive to optimizing resource allocation and promoting the
rational flow of production factors. Thus, carbon resilience can
improve resource allocation efficiency.

Specifically, resource redundancy is a fundamental factor in
shaping carbon resilience (Soikkeli et al., 2023), similar to the way
humans store energy in their bodies. Sufficient energy reserves
allow the body to take measures to cope with shocks. Similarly,
resources can help the manufacturing industry cope with
unexpected situations and control events from shifting towards
adverse trends, ensuring reduced volatility and stabilizing
operations in the face of shocks (Stevenson et al., 2016). This
helps to reduce the manufacturing industry’s dependence on
capital and labor production factors, and optimize the operation
modes of various production factors, thus enhancing resource
allocation efficiency. In addition, the adaptation function is a key
factor in the formation of carbon resilience (Ten Broeke et al.,
2017). It enables the manufacturing industry to quickly adjust
resources within the system, manage the flow of elements, and
facilitate information transfer. This adaptability allows the
industry to respond rapidly and proactively, ensuring the
continuity of normal system operations. The manufacturing
industry can also develop new operational models for production
factors during adaptation adjustments (Nelson et al., 2007), and
quickly allocate labor, capital, and other production factors, thus
effectively improving resource allocation efficiency. Finally,
strategy is the core factor in the formation of carbon resilience,
playing a holistic and long-term role in planning and organiza-
tion. In the low-carbon development of the manufacturing
industry, the formulation of strategies will take into account
various aspects, such as institutional construction and strategic
planning. The synergistic effect of the three elements of resource
redundancy, adaptive function and strategy can promote the free
flow of elements within the system, improve the synergistic effect
between various production factors, and enhance resource
allocation efficiency (Cai et al., 2019).

The improvement of resource allocation efficiency contributes
to the quality of industry development (Ji et al., 2023).
Specifically, resource allocation efficiency helps to realize
efficiency transformation. Efficiency transformation is one of
the important changes for high-quality development. Meanwhile,
improving resource allocation efficiency is an important way to
realize efficiency transformation. It has been shown that
optimizing resource allocation can significantly improve produc-
tivity in China (Shao et al., 2013; Gai et al., 2015). Additionally,
the impact of resource allocation efficiency on the quality of
industry development is reflected in the variability of all
production factors (Aamir et al., 2022). The manufacturing
industry can choose clean energy to replace its original
production factors, and change the production input combina-
tion, thereby affecting the cost function. In the long term, changes
in the cost function may impact the quality of industry
development either negatively or positively, depending on the
efficiency of the emission reduction input factors replacing the
original production factors (Peng et al., 2023). Finally, the gradual
optimization of resource allocation efficiency influenced by
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carbon resilience can also raise industry entry barriers. Under the
influence of carbon resilience, the manufacturing industry invests
certain human and material resources in pollution control and
emission reduction to meet regulatory goals. After complying
with the regulations, costs for new entrants will increase. These
additional costs mainly stem from purchasing, installing, and
maintaining pollution control equipment, which may deter new
entrants from entering the market.

Furthermore, the paper further takes into account the
differences in the inherent conditions of various types of
manufacturing industries. According to H2, the carbon resilience
of high-carbon emission industries is likely to have the greatest
impact on the quality of development, followed by the medium-
carbon emission industries, and the weakest impact in the low-
carbon emission industries. In the process where carbon
resilience affects the quality of industry development through
resource allocation efficiency, there will also be differences. The
high pollution and energy consumption associated with high-
carbon emission industries will lead to its resource allocation
being inherently high-carbon. Thus, in the process of pursuing
the optimization of resource reallocation, the carbon resilience of
high-carbon emission industries has the greatest effect in
significantly improving the quality of industry development
through improving resource allocation efficiency. Moreover, in
contrast to high-carbon emission industries, medium- and low-
carbon emission industries, due to their resource endowments,
have more low-carbon resource allocation characteristics, and
their energy consumption and pollution levels are inherently
lower. These industries require less adjustment. As a result, the
impact of carbon resilience in medium- and low-carbon emission
industries on improving development quality through resource
allocation efficiency will correspondingly attenuate. Based on this
comprehensive analysis, the following hypothesis is proposed:

H3: carbon resilience influences the quality of industry
development through resource allocation efficiency. However,
the role of resource allocation efficiency differs under varying
carbon emission intensities Fig. 1.

Research method
Model setting. Firstly, after analyzing the meaning of carbon
resilience and the quality of industry development, we find that
the development logic of the quality of industry development is
path dependent and lagging. Static panel model fails to reflect the
dynamic process of change in the quality of industry development

under the “double carbon” policy. Liang and Guo (2024) employs
the Generalized Method of Moments (GMM) for analysis.
Adopting a dynamic panel model can better address endogeneity
issues and observe the dynamic effects on the quality of industry
development. The following measurement model is constructed:

QIDit ¼ α0 þ α1CRit þ α2QIDi;t�n þ∑βZit þ εit ð1Þ
In Eq. (1), i denotes industry and t denotes time. QDI indicates
the quality of industry development. CR denotes the carbon
resilience. The parameter α1 depicts the impact of carbon resi-
lience on the quality of industry development. QIDi;t�n denotes
the quality of industry development lagging n periods. Z is a set of
control variables, including Industry Structure (IS), Social Con-
tribution (SC) and Degree of Government Intervention (DGI). εit
is the random disturbance term.

Incorporating IS, SC, and DGI as control variables aims to
more accurately explore the impact of carbon resilience on the
quality of industry development. IS significantly influences
carbon emissions due to differences in production and technol-
ogy. Serving as a control variable helps isolate the interference of
industry characteristics on carbon emissions (Gan, 2020). SC
reflects the comprehensive performance of enterprises, especially
the importance of sustainable development. As a control variable,
it helps distinguish enterprises that actively adopt measures to
reduce emissions and enhance resilience (Han and Ren, 2020).
DGI reflects the impact of policies on carbon emissions and
enterprises performance. Serving as a control variable helps
exclude the potential interference of government policies on the
relationship between carbon resilience and the quality of industry
development (Han and Ren, 2020). Collectively, these three
variables enhance the robustness and reliability of the findings.

To examine whether carbon resilience can contribute to the
quality of industry development by improving resource allocation
efficiency, with reference to Baron and Kenny (1986), this paper
uses a three-step method to build a mediating effect model, as
follows:

Resmisit ¼ γ1 þ α3CRit þ α4Resmisit�n þ∑βZit þ εit ð2Þ

QIDit ¼ γ2 þ α5Resimisþ α6CRit þ α7QIDit�n þ∑βZit þ εit
ð3Þ

Where Resmis represents the mediating variable, while the
meanings of other variables are consistent with those in Eq. (1).
Equation (2) describes the impact of carbon resilience on resource

Resource allocation efficiency

Carbon resilience in high-carbon 
emissions manufacturing 

industries

Carbon resilience in medium-
carbon emissions manufacturing 

industries

Carbon resilience in low-carbon 
emissions manufacturing 

industries

Carbon resilience in  
manufacturing 

Quality of industry development

H1

H2

H3

Fig. 1 The research model of the study. In addition, H1, H2, and H3 in the figure represent research hypotheses. As they are relatively easy to understand,
no special explanations are provided.
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allocation efficiency, and Eq. (3) indicates the mediating role of
resource allocation efficiency on carbon resilience and the quality
of industry development.

Variable selection and description
Explained variables. This section presents the Quality of Industry
Development (QID). Based on the 14th Five-Year Plan and the
outline of visionary goals, the quality of industry development
evaluation index system is determined, as shown in Table 1.

(1) Output efficiency
For the evaluation of industry output efficiency, existing
scholars have adopted a variety of ways to measure it. Such
as, Kuan et al. (1988) used industrial total factor
productivity to analyze industry output efficiency. Zhuang
(2022) and Chen et al. (2018) took into account environ-
mental ecological issues when measuring total factor
productivity, added environmental factors and used green
total factor productivity (GTFP) for output efficiency
analysis. Therefore, drawing on the development quality
evaluation index system constructed by Liu (2018) and
Rasheed and Ion (2022), this paper chooses to measure the
output efficiency dimension of industry development
quality from four aspects: GTFP, asset-liability ratio, return
on total assets, and cost-profit ratio.

(2) Technological innovation
Regarding the measurement of technological innovation,
existing scholars mainly use indicators such as patents,
R&D intensity, and innovation output as measurement
standards (Archibugi and Planta, 1996; Chi et al., 2021;
Freeman and Soete, 2009; Liu et al., 2022; Nam et al., 2014).
Therefore, combined with the current situation of innova-
tion development of China’s manufacturing industry, this
paper mainly measures the technological innovation
dimension of industry development quality from four
aspects: R&D personnel equivalent, R&D expenditure, the
number of R&D projects (topics), and the number of
effective invention patents.

(3) Product upgrading
In existing studies, some scholars believe that the improve-
ment of industry development quality is influenced by
products, and conduct research on the improvement of
product supply quality and enterprise brand building
(Bevilacqua et al., 2017). Product upgrading is a concrete

manifestation of the quality improvement in industry
development. New product development and the industry’s
emphasis on it are essential elements of quality improve-
ment in industry development (Lalic et al., 2017). Thus, this
paper measures the product upgrading dimension of
industry development quality in terms of the number of
new product development projects and new product
development expenditures.

(4) Industry size

Industry size is the most direct indicator of industry
development quality. By measuring industry size, we can gain
insights into changes in industry development and the economic
level of the industry (Bosman et al., 2020). Therefore, this paper
mainly measures the industry size dimension of industry
development quality from two aspects: the economic level of
the industry and the scale of industrial assets.

Core explanatory variable. In this section, the core explanatory
variable Carbon Resilience (CR) is presented. Based on the pre-
vious analysis, this paper constructs and finalizes the carbon
resilience evaluation index system in accordance with the prin-
ciples of objectivity, feasibility, and data availability, as illustrated
in Table 2.

After constructing an indicator system for measuring carbon
resilience, the next step is to calculate a comprehensive evaluation
index of carbon resilience using the TOPSIS entropy weight
method. This approach offers the advantage of standardizing the
index and determining weights objectively based on variation,
thus minimizing the influence of human factors. The specific
calculation process is presented as follows:

The first step is to standardize the selected indicators. The
standardization methods for positive and negative indicators are
expressed in Eq. (4) as follows:

eij ¼
aij�minðaijÞ

maxðaijÞ�minðaijÞ ; aij is a positive indicator
max aij�aij

maxðaijÞ�minðaijÞ ; aij is a negative indicator

8<
: ð4Þ

Where, i represents the year. j represents each underlying
measure. aij and eij represent the original and standardized
changed indicator values, respectively. max(aijÞ and min(aijÞ
represent the maximum and minimum values, respectively.

The second step involves calculating the information content of
the indicator. Cj denotes the amount of information of the jth

Table 1 Evaluation index system of industry development quality.

Level 1 indicators Level 2 indicators Literature source Data sources

Output efficiency GTFP (Zhuang et al., 2022) MAXDEA Software calculation
Asset-liability ratio (Liu et al., 2018; Rasheed and Ion,

2022)
China Industrial Statistics Yearbook

Return on total assets (Liu et al., 2018; Rasheed and Ion,
2022)

China Industrial Statistics Yearbook

Cost-profit ratio (Liu et al., 2018; Rasheed and Ion,
2022)

China Industrial Statistics Yearbook

Technological innovation R&D personnel equivalent (Li et al., 2020) China Science and Technology Statistical
Yearbook

R&D expenditure (Li et al., 2020) China Economic Network database
Number of R and D projects (topics) (Li et al., 2020) China Economic Network database
Number of effective invention patents (Li et al., 2020) China Economic Network database

Product upgrading Number of new product development
projects

(Bevilacqua et al., 2017) China Economic Network database

Number of new product development
expenditures

(Lalic et al., 2017) China Economic Network database

Industry size Economic level of the industry (Bosman et al., 2020) China Industrial Statistics Yearbook
Scale of industrial assets (Bosman et al., 2020) China Industrial Statistics Yearbook
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indicator. Cj ¼ δj ∑
m
t¼1 1� rtj

� �
, where δj represents the standard

deviation of index j and rtj represents the correlation coefficient
between index j and index t.

The third step focuses on calculating the weight of the jth
indicator, as follows:

wj ¼ Cj= ∑
m

j¼1
Cj ð5Þ

The fourth step is to construct a weighting matrix of indicators,
as follows:

Y
¼ λij

j k
n ´m

ð6Þ
The fifth step is to select the optimal and inferior solutions, as

follows:

Zþ
j ¼ ðmax λi1; max λi2; � � � ; max λimÞ
Z�
j ¼ ðmin λi1; min λi2; � � � ; min λimÞ

ð7Þ

The sixth step calculates the distance of the measurement
object from the optimal and inferior solutions, as follows:

Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

j¼1 ðZþ
j � λijÞ2

q
; D�

i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

j¼1 ðZ�
j � λijÞ2

q
ð8Þ

Finally, we calculate the comprehensive index of carbon
resilience (CR), as follows:

CR ¼ D�
i =ðD�

i þ Dþ
i Þ ð9Þ

However, this paper acknowledges that carbon resilience varies
across different industries. Therefore, to ensure the pertinence
and accuracy of the evaluation, separate calculations are
conducted for each industry. In addition, since carbon resilience
encompasses three dimensions of stability, adaptability, and
evolvability, each of which further includes multiple secondary
indicators, a step-by-step and dimension-by-dimension strategy
is adopted in calculating carbon resilience.

The specific calculation process is as follows: Firstly, a single
dimension within a single industry is calculated, and the weights
and scores of the stability, adaptability, and evolvability of the
industry are determined in sequence. Subsequently, a compre-
hensive calculation is conducted on the data of these three
dimensions to obtain the final carbon resilience value. This
process ensures the accuracy and rigor of data calculation.

Mediating variable. The resource allocation efficiency discussed in
this text is measured using industry productivity dispersion,
drawing on the studies of Li and Sheng (2018). The alleviation of
resource misallocation is specifically characterized by a sustained
decline in the productivity dispersion of firms within an industry.

To measure industry productivity dispersion, the paper first
calculates firm total factor productivity (TFP) using the OP

method, denoted as lnTFPipft. It then takes the standard deviation
of the logarithmic values of firm productivity within the same four-
digit industry code, represented as TFPdisipt = sd(lnTFPipft).

In robustness tests, productivity dispersion is measured using
the Gini coefficient, Theil index, coefficient of variation, and
interquartile range. The industry’s productivity is calculated using
the OP method. Due to the lack of actual industrial added value
data, this paper compares the current value of industrial total
output with its actual value to obtain a price deflator index. The
actual industrial added value is then calculated by dividing the
firm’s nominal industrial added value by the price deflator index.
The actual capital stock is represented by the average annual
balance of the net value of fixed assets, labor is measured as the
average annual number of employees in the firm, and the current
investment is defined as the increase in capital stock minus the
depreciation of fixed assets.

This approach reflects a rigorous methodology that assesses
productivity and resource allocation efficiency within an industry
by approximating the actual economic input and output of the
enterprise. This paper utilizes multiple metrics to ensure that its
measures are robust and can withstand scrutiny, which strength-
ens the credibility of its findings.

Control variables. Three control variables are selected for this
paper. Firstly, the industry structure (IS) is measured using the
Theil index, drawing on Gan and Yu (2020). The specific formula

is TL ¼ Yit
Yt

� �
ln Yit=Lit

Yt=Lt

� �
, where Yit represents the output value of i

industry in t year, Lit represents the employment of i industry in t
year, Yt represents the total output value of the 25 manufacturing
i industries in t year, and Lt represents the total employment of
the 25 manufacturing i industries in t year. The social contribu-
tion (SC) is represented by the ratio of the average number of
employees in an industry to the total number of employees (Han
and Ren, 2020). The specific formula is SCit ¼ ANEit

TNEit
, where SCit

denotes the social contribution index, ANEit denotes the average
number of employees in i industry in t year, and TNEit denotes
the total number of employees in i industry in t year. The degree
of government intervention (DCI) is measured by the proportion
of total assets of state-owned holding enterprises to total assets
(Han and Ren, 2020). The specific formula is DCIit ¼ SHEit

TAit
, where

DCIit denotes the degree of government intervention index, SHEit
denotes the total assets of state-owned holding enterprises, and
TAit denotes the total assets.

Data collection. The data selected in this paper span from 2011
to 2020, due to significant gaps identified in the data for certain
key industries for the years 2021 and beyond during the data
screening process. Specifically, data for industries such as

Table 2 Carbon resilience evaluation indicator system.

Level 1 indicators Level 2 indicators Literature source Data sources

Stability Total energy consumed (Beraud et al., 2022) China Economic Network database
Carbon dioxide emissions (Beraud et al., 2022) CSMAR
Number of industrial waste gas treatment facilities (Beraud et al., 2022) CSMAR
Operation cost of industrial waste gas treatment
facilities

(Beraud et al., 2022) CSMAR

Adaptability Rate of change in carbon dioxide emissions (Eaton et al., 2020) CSMAR
Rate of change of green patent references (Eaton et al., 2020) CSMAR

Evolvability Low-carbon development system development (Cheng et al., 2022) Industry association website disclosure of policy
documents

Low-carbon development strategic planning (Cheng et al., 2022) Industry association website disclosed industry
trends
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agricultural and sideline food processing, tobacco manufacturing,
other manufacturing, special equipment manufacturing, metal
products, machinery and equipment repair, and waste resource
comprehensive utilization were incomplete or not published after
2021. The missing data from these industries is crucial for a
comprehensive analysis of the development status of the manu-
facturing sector. In summary, to ensure the accuracy and com-
prehensiveness of the findings, we have decided to use data from
the period 2011 to 2020. The original data are sourced from
various reliable and valid resources in academic research,
including the “China Statistical Yearbook”, “China Science and
Technology Statistical Yearbook”, “China Environment Statistical
Yearbook”, “China Energy Statistical Yearbook”, “China Indus-
trial Statistical Yearbook”, “China Economic Information Net-
work (CEINET)”, and the CSMAR. Internet data are employed to
effectively compensate for the deficiencies of traditional statistical
data, such as time lags and lower accuracy.

To further ensure accuracy and comparability, this paper
adjusts the manufacturing sector based on the “Classification of
National Economic Industries of the People’s Republic of China”
(2011 and 2017 versions). Fu et al. (2021) analyzed the carbon
emission intensity of China’s manufacturing industry in 2017 and
concluded that there are significant differences in carbon
emission intensity among various manufacturing industries.
Based on carbon emission intensity, we further classify the 25
sub-industries into three categories: high-carbon emission
industries, medium-carbon emission industries, and low-carbon
emission industries. The primary reason for classifying manu-
facturing industries is that high-carbon emission industries
typically exhibit high energy consumption and large emissions,
exerting significant pressure on the environment and resources.
Medium-carbon emission industries fall into an intermediate
category, with carbon emission intensities lying between those of
high-carbon and low-carbon industries. Low-carbon emission
industries, typically have low energy consumption and minimal
emissions, resulting in a relatively smaller environmental impact.
This classification not only helps to clearly define industry
boundaries, but also provides strong support for policy formula-
tion, enterprise strategic adjustment and resource allocation
optimization, thereby promoting the overall transformation of the
manufacturing industry towards low-carbon, green and sustain-
able development. The refined sub-sectors of manufacturing after
adjustment are presented in Table 3, and all industries referred to
in this paper are based on this table.

Results
Measurement results of the carbon resilience and industry
development quality. The measured results of carbon resilience
and quality of industry development from 2011–2020 are shown
in the Table 4 and Table 5, respectively.

As can be seen from Tables 4 and 5, carbon resilience and
industry development quality have fluctuated upward. The
reasons for these fluctuations are related to the changing market
environment in China. To achieve low-carbon development,
China has adjusted the manufacturing industry’s development
model. The introduction of relevant environmental regulatory
policies has caused turbulence in the external environment for
manufacturing operations, resulting in the above fluctuations
(Chen et al., 2020).

As can be seen from Table 4, the carbon resilience of various
manufacturing industries experienced minimal fluctuations
between 2011 and 2014. This is because during this period, the
Chinese government and the industry itself did not pay much
attention to low carbon emission reduction. After 2015, the
carbon resilience values of various industries began to fluctuate

significantly. This paper suggests that this volatility is related to
external market shocks. For example, in 2015, China set a target
for carbon emissions reduction to be achieved by 2030. In 2016,
178 countries around the world signed the Paris Agreement
(Schleussner et al., 2022). The occurrence of these events
highlighted the importance of low-carbon development. The
increasing resource and environmental constraints on manufac-
turing development led to more significant fluctuations in carbon
resilience values (Li et al., 2020). After 2017, the manufacturing
industry gradually adapted to changes in the external environ-
ment, and the carbon resilience growth situation once again
returned to a relatively stable state.

As can be seen from Table 5, the quality of industry
development in all sectors follow a relatively stable upward trend
from 2011–2020. However, there was a fluctuating situation
around 2016. After that, the quality of industry development
accelerated. This paper argues that fluctuations in the quality of
industry development occur later than fluctuations in carbon
resilience due to policy lags. But this volatility is also related to
changes in the external market environment due to low-carbon
emission reduction policies. With the introduction of the “double
carbon” goals in 2019, the external environment for the
manufacturing industry became more unstable. The green and
low-carbon transformation of the manufacturing industry will be
subject to more long-term requirements and short-term con-
straints (Johansson et al., 2021). As can be seen from the carbon
emission path of developed countries, it takes a long process to
achieve carbon peak and carbon neutrality. These countries
reached a natural peak by the 1970s and 1980s, experienced a
long plateau in carbon emissions, and then gradually entered a
phase of decline. Compared to developed countries, China has
reached a lower peak level of carbon emissions, and the transition
time from peak to neutrality is shorter, lacking an intermediate
period. With the increasing impact of the “double carbon” goals,
the importance of building carbon resilience in the manufacturing
sector will also be emphasized, while the quality of industry
development will deteriorate due to changes in the external
environment (Su et al., 2014). Therefore, continuous dynamic
measurement of carbon resilience and development quality in the
manufacturing sector should be carried out over a longer period
of time to achieve long-term dynamic monitoring.

Descriptive statistics for each variable. To differentiate and
discuss the types of manufacturing industries according to their
carbon emissions, the descriptive statistics of the variables are
classified. These statistics are shown in Table 6.

Benchmark regression. Table 7 presents the baseline regression
results. In column (1) of Table 7, the regression coefficient of
carbon resilience on the quality of industry development is sig-
nificantly positive at the 1% level. The results indicate that carbon
resilience significantly improves the quality of industry develop-
ment. In other words, enhancing carbon resilience is a necessary
way to improve the quality of industry development, validating
H1. The possible explanation is that external environmental sti-
muli are a prerequisite for resilience to work. Carbon resilience, as
a dynamic capability to withstand external shocks, can help the
manufacturing industry analyze external shocks and take effective
countermeasures in a timely manner, thus realizing the quality
improvement of industry development (Sun et al., 2022).

By comparing the regression results in columns (2)–(4), it can
be found that the impact of carbon resilience on the quality of
industry development varies across industries with different
carbon intensities. Carbon resilience has the greatest impact on
the quality of industry development in the high-carbon emission
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industries, followed by the medium-carbon emission sectors, and
the lowest in the low-carbon emission industries. Therefore, H2 is
validated. The signing of agreements like the Paris Agreement
and the introduction of environmental regulation, such as the
“double carbon” goals, will lead to increased instability in the
external environment for the manufacturing industry (Jabbour
et al., 2021). Compared with medium- and low-carbon emission

industries, high-carbon emission industries are significantly
affected by their pronounced high-energy and high-emission
development patterns. High-carbon emission industries with
carbon resilience can adjust quickly, promote the integration of
internal and external resources, and improve resource allocation
efficiency, thus promoting the quality of industry development.
Consequently, carbon resilience has the greatest impact on the

Table 3 List of industry classification.

Assortment Industry code Industry name

High-carbon emission industries C31 Ferrous metal smelting and rolling processing industry
C30 Non-metallic mineral products industry
C25 Oil, coal and other fuel processing industries
C26 Chemical raw materials and chemical products manufacturing industry
C32 Non-ferrous metal smelting and rolling processing industry

Medium-carbon emission industries C17 textile industry
C22 Paper-making and paper-products industry
C28 Chemical fiber manufacturing industry
C29 Rubber and plastic products industry
C33 Metal products industry
C14 Food manufacturing

Low-carbon emission industries C15 Wine, beverage, and refined tea manufacturing industry
C27 Pharmaceutical manufacturing
C20 Wood processing and wood, bamboo, grass products industry
C34 General-purpose equipment manufacturing industry
C23 Printing and record media reproduction industry
C19 Leather, fur, feathers and their products and footwear
C21 Furniture manufacturing
C18 Textile and clothing, clothing industry
C36 automotive industry
C37 Railway, ship, aerospace and other transport equipment manufacturing
C38 Electrical machinery and equipment manufacturing industry
C24 Culture and education, industrial beauty, sports and entertainment products manufacturing

industry
C40 Instrumentation and manufacturing industry
C39 Computer, communications, and other electronic equipment manufacturing industries

Table 4 Measurement results of carbon resilience.

Industries 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

High-carbon emission industries C31 0.188 0.116 0.171 0.212 0.562 0.608 0.569 0.720 0.692 0.746
C30 0.001 0.156 0.164 0.138 0.278 0.341 0.412 0.433 0.702 0.764
C25 0.120 0.017 0.039 0.262 0.313 0.610 0.714 0.624 0.522 0.764
C26 0.088 0.128 0.145 0.393 0.443 0.682 0.705 0.672 0.76 0.674
C32 0.325 0.379 0.367 0.260 0.404 0.342 0.344 0.556 0.549 0.629

Medium-carbon emission industries C17 0.013 0.056 0.195 0.240 0.207 0.313 0.407 0.724 0.760 0.999
C22 0.287 0.197 0.101 0.290 0.266 0.435 0.493 0.524 0.745 0.841
C28 0.187 0.194 0.138 0.279 0.429 0.494 0.414 0.494 0.641 0.999
C29 0.251 0.282 0.276 0.186 0.332 0.600 0.562 0.715 0.989 0.683
C33 0.159 0.071 0.092 0.210 0.333 0.416 0.420 0.496 0.875 0.771
C14 0.145 0.087 0.057 0.370 0.463 0.242 0.470 0.311 0.414 0.607

Low-carbon emission industries C15 0.107 0.065 0.199 0.436 0.370 0.217 0.465 0.617 0.886 0.611
C27 0.107 0.084 0.103 0.114 0.122 0.426 0.459 0.843 0.724 0.665
C20 0.024 0.036 0.070 0.166 0.194 0.317 0.428 0.546 0.636 0.902
C34 0.001 0.226 0.258 0.270 0.290 0.326 0.451 0.470 0.603 0.844
C23 0.424 0.308 0.188 0.122 0.285 0.281 0.634 0.454 0.713 0.696
C19 0.343 0.093 0.285 0.411 0.349 0.457 0.403 0.577 0.931 0.901
C21 0.195 0.166 0.370 0.314 0.507 0.127 0.395 0.598 0.470 0.547
C18 0.531 0.169 0.306 0.315 0.586 0.284 0.451 0.433 0.508 0.466
C36 0.064 0.270 0.127 0.264 0.519 0.599 0.686 0.881 0.947 0.549
C37 0.001 0.349 0.451 0.552 0.512 0.616 0.540 0.671 0.796 0.757
C38 0.398 0.258 0.243 0.366 0.514 0.509 0.758 0.676 0.812 0.55
C24 0.294 0.105 0.113 0.092 0.355 0.185 0.478 0.406 0.672 0.852
C40 0.073 0.159 0.092 0.377 0.322 0.392 0.466 0.728 0.872 0.727
C39 0.116 0.001 0.134 0.105 0.209 0.286 0.528 0.547 0.674 0.829
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quality of development in high-carbon emission industries (Ates
and Bititci, 2011).

Robustness Tests. To verify the reliability of the results, the
following methods were used for robustness testing. The results
are shown in Table 8.

(1) Gradually increasing control variables
To address the potential bias of omitted variables and
ensure that the baseline regression results are not driven by
the selection of control variables, we followed the practices
of Oster (2019) and adopted the method of gradually
adding control variables. Specifically, we first constructed a
parsimonious model containing only core explanatory
variables and then sequentially incorporated additional
control variables. As shown in Table 8, in all specifications,
the coefficients of the key variables remain statistically
significant and stable. The results are consistent with the

baseline regression results, indicating that the conclusions
are robust.

(2) Replacement models

To further validate robustness, we re-estimated the key
relationships using three alternative models: Ordinary Least
Squares (OLS) with clustered standard errors (Bertrand et al.,
2004); Fixed Effects (FE) models to account for unobserved
heterogeneity (Wooldridge, 2010); and Difference Generalized
Method of Moments (Diff-GMM) to mitigate endogeneity
concerns in dynamic panel settings (Arellano and Bond, 1991).
As demonstrated in Table 9, the results are still consistent with
Table 7, further indicating the robustness of our conclusions.

Mechanism analysis. Table 10 presents the empirical results
regarding the mediating role of resource allocation efficiency. In
column (1) of Table 10, we report the overall effect of carbon
resilience on the quality of industry development. The estimated

Table 5 Measurement results of industry development quality.

Industries 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

High-carbon emission industries C31 0.153 0.266 0.320 0.379 0.239 0.292 0.453 0.595 0.708 0.776
C30 0.256 0.152 0.245 0.320 0.382 0.538 0.595 0.511 0.533 0.572
C25 0.323 0.262 0.301 0.267 0.349 0.40 0.550 0.655 0.553 0.643
C26 0.256 0.152 0.245 0.320 0.382 0.538 0.595 0.511 0.533 0.572
C32 0.325 0.250 0.275 0.315 0.330 0.464 0.519 0.542 0.610 0.720

Medium-carbon emission industries C17 0.283 0.273 0.391 0.477 0.531 0.581 0.536 0.397 0.462 0.560
C22 0.239 0.221 0.234 0.273 0.362 0.541 0.636 0.617 0.582 0.695
C28 0.306 0.177 0.184 0.246 0.301 0.449 0.575 0.625 0.705 0.680
C29 0.286 0.304 0.385 0.396 0.422 0.510 0.522 0.498 0.612 0.759
C33 0.330 0.364 0.423 0.462 0.474 0.576 0.514 0.484 0.536 0.572
C14 0.309 0.368 0.422 0.472 0.549 0.656 0.602 0.564 0.605 0.575

Low-carbon emission industries C15 0.251 0.351 0.280 0.367 0.288 0.433 0.590 0.694 0.743 0.768
C27 0.321 0.331 0.394 0.420 0.496 0.594 0.663 0.593 0.581 0.674
C20 0.344 0.382 0.422 0.447 0.494 0.577 0.609 0.537 0.607 0.622
C34 0.341 0.285 0.350 0.410 0.442 0.506 0.549 0.494 0.626 0.671
C23 0.270 0.258 0.297 0.378 0.449 0.517 0.565 0.536 0.669 0.691
C19 0.216 0.206 0.406 0.409 0.480 0.579 0.595 0.503 0.605 0.717
C21 0.204 0.205 0.245 0.264 0.288 0.421 0.513 0.602 0.769 0.779
C18 0.294 0.370 0.467 0.504 0.539 0.670 0.643 0.608 0.673 0.658
C36 0.215 0.227 0.242 0.299 0.281 0.385 0.493 0.552 0.597 0.774
C37 0.405 0.355 0.419 0.553 0.552 0.60 0.547 0.458 0.464 0.542
C38 0.296 0.276 0.337 0.388 0.442 0.565 0.593 0.572 0.636 0.690
C24 0.254 0.277 0.316 0.368 0.434 0.553 0.596 0.584 0.649 0.682
C40 0.209 0.204 0.272 0.329 0.339 0.408 0.493 0.531 0.671 0.802
C39 0.248 0.294 0.366 0.386 0.405 0.470 0.583 0.571 0.591 0.709

Table 6 Descriptive statistics for each variable.

Industry subdivision Variable Observed value Mean Median Standard deviation Minimum Maximum

High-carbon emission industries QID 50 0.421 0.382 0.163 0.152 0.776
CR 50 0.447 0.413 0.247 0.000 0.901
IS 50 0.586 0.641 0.349 0.000 0.999
SC 50 0.004 0.004 0.002 0.001 0.008
GI 50 0.382 0.392 0.132 0.177 0.588

Medium-carbon emission industries QID 60 0.462 0.475 0.145 0.177 0.759
CR 60 0.418 0.366 0.242 0.013 0.999
IS 60 0.595 0.725 0.327 0.000 0.999
SC 60 0.003 0.003 0.002 0.001 0.008
GI 60 0.098 0.094 0.034 0.046 0.159

Low-carbon emission industries QID 140 0.471 0.475 0.156 0.204 0.802
CR 140 0.415 0.408 0.243 0.000 0.947
IS 140 0.508 0.522 0.314 0.000 0.999
SC 140 0.004 0.003 0.003 0.001 0.012
GI 140 0.178 0.152 0.166 0.008 0.649
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coefficient of carbon resilience is positive and statistically sig-
nificant at the 1% level, indicating that carbon resilience can
effectively contribute to the quality of industry development. In
column (2) of Table 10, we investigate the impact of carbon
resilience on resource allocation efficiency. The estimated coeffi-
cient of carbon resilience is positive and statistically significant at
the 5% level, suggesting that carbon resilience can significantly
contribute to resource allocation efficiency. In column (3) of
Table 10, we investigate the impact of carbon resilience on the
quality of industry development by promoting resource allocation
efficiency. The estimated coefficient of carbon resilience is
insignificant, while the estimated coefficient of resource allocation
efficiency is positive and statistically significant at the 1% level.
The results suggest that resource allocation efficiency plays a
sufficiently mediating role between carbon resilience and the
quality of industry development. That is, carbon resilience pro-
motes the quality of industry development by promoting resource
allocation efficiency.

In terms of sub-sectors, in the high-carbon emission industries,
the coefficient for carbon resilience on the quality of industry
development is 0.018, and it does not pass the significance level
test. The coefficient for resource allocation efficiency on the
quality of industry development is 0.330, and it passes the
significance test at the 5% level. This suggests that carbon
resilience does not have a statistically significant impact on the
quality of industry development in the high-carbon emission
industries, while resource allocation efficiency significantly affects
it. Therefore, it can be concluded that resource allocation
efficiency fully explains the impact of carbon resilience on the
quality of industry development in the high-carbon emission
industries. In the medium-carbon emission industries, as shown
in columns (7) - (9) of Table 10, the impact of carbon resilience
on resource allocation efficiency does not pass the significance
level test. This indicates that in the medium-carbon emission
industries, resource allocation efficiency does not play a
mediating role. In the low-carbon emission industries, as shown
in columns (10) - (12) of Table 10, the impact of carbon resilience
on resource allocation efficiency also does not pass the

Table 7 Baseline regression results.

Manufacturing
as a whole

High-
carbon
emission
industries

Medium-
carbon
emission
industries

Low-
carbon
emission
industries

QID y y y y

L.QID 0.868*** 0.717*** 0.832*** 0.831***
(7.26) (6.34) (14.15) (16.01)

CR 0.257*** 0.160*** 0.105*** 0.092***
(3.65) (2.67) (2.94) (2.85)

IS 0.016 −0.038 0.089*** 0.042**
(0.33) (−1.14) (3.80) (2.55)

SC −1.020 −1.299 2.778 1.300
(−0.08) (−0.16) (0.64) (0.78)

GI −0.181 −0.048 0.197 −0.062**
(−0.84) (−0.35) (0.87) (−2.00)

constant 0.135* 0.125 −0.018 0.066***
(1.90) (1.24) (−0.38) (3.25)

Sargan
test

0.997 0.235 0.005 0.248

AR2 0.353 0.043 0.009 0.239
sample
capacity

225 45 54 126

The values in parentheses are t-values.
***р < 0.001; **р < 0.01; *р < 0.05.
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significance level test. This means that in the low-carbon emission
industries, resource allocation efficiency likewise does not play a
mediating role. The above results suggest that resource allocation
efficiency primarily plays a complete mediating role in the high-
carbon emission industries. In other words, only in the high-
carbon emission industries can carbon resilience fully affect the
quality of industry development through resource allocation
efficiency.

Based on the analysis of the aforementioned results, the primary
reason can be attributed to the differences in inherent conditions
among various types of manufacturing industries (Peng et al.,
2023). The carbon resilience of high-carbon emission industries
may exert the greatest impact on their development quality,
followed by medium-carbon emission industries, with low-carbon
emission industries experiencing the weakest impact. Due to the
characteristics of high-carbon emission industries with high
pollution and energy consumption, under the influence of low-
carbon emission reduction policies such as the “double carbon”
goals, their adjustment potential is the greatest, and the
transformation of resource allocation is also the most significant
(Mujjuni et al., 2021). Thus, the impact of carbon resilience on
resource allocation efficiency is greatest in these industries.
Furthermore, resource allocation efficiency primarily serves as a
complete mediator in high-carbon emission industries. In contrast
to high-carbon emission industries, medium- and low-carbon
emission industries inherently possess relatively lower levels of
energy consumption and pollution due to their resource endow-
ments, and their resource allocations tend to be more low-carbon.
Consequently, they do not require extensive adjustments, meaning
that carbon resilience does not significantly enhance development
quality through resource allocation efficiency. As a result, resource
allocation efficiency does not play a mediating role in medium- and
low-carbon emission industries. Thus, Hypothesis 3 is validated.

Further analysis. With the introduction of the “double carbon”
policy, there is an increasing urgency for green development in
manufacturing industry (Li et al., 2020). The “double carbon” goals
will significantly reshape the energy structure and production
technologies of manufacturing over the next 40 years, accelerating
its transition towards sustainability. Despite the various measures
already taken by the manufacturing industry to promote green
transformation, it is evident that the “double carbon” goals will
have long-term implications on its future development (Beraud
et al., 2022). Thus, predicting future trends in this sector based on
current circumstances can help manufacturing swiftly adapt to
changes in underlying operational logic caused by “double carbon”
goals. Through strategic planning and proactive management of
potential future challenges, we can achieve sustainable improve-
ment in both quality and longevity of manufacturing development
(Jin et al., 2021). The Grey model GM(1, 1) was used to predict
carbon resilience, yielding predicted values of carbon resilience and
the quality of industry development from 2024 to 2030.

Predicted results analysis. Figure 2 indicates that the average
carbon resilience and the average quality of industry development
will exhibit an upward trend over the next seven years. With the
proposal of “double carbon” goals, reducing carbon emissions has
become essential for achieving high-quality sustainable develop-
ment in the manufacturing industry (Chen et al., 2020). However,
due to the high emission, pollution and energy consumption
associated with traditional manufacturing, along with the indus-
try’s own lack of motivation for green development and gov-
ernment environmental regulation, this may lead to a more
volatile environment for the manufacturing industry’s future
development (Li et al., 2020). As a result, it is important for theT

ab
le

9
R
eg

re
ss
io
n
re
su
lt
s
fo
r
th
e
re
pl
ac
em

en
t
m
od

el
s.

M
an

uf
ac
tu
ri
ng

as
a
w
ho

le
H
ig
h-
ca
rb
on

em
is
si
on

in
du

st
ri
es

M
ed

iu
m
-c
ar
bo

n
em

is
si
on

in
du

st
ri
es

Lo
w
-c
ar
bo

n
em

is
si
on

in
du

st
ri
es

FE
O
LS

D
if
fe
re
nt
ia
l

G
M
M

FE
O
LS

D
if
fe
re
nt
ia
l

G
M
M

FE
O
LS

D
if
fe
re
nt
ia
l

G
M
M

FE
O
LS

D
if
fe
re
nt
ia
l

G
M
M

Q
ID

y
y

y
y

y
y

y
y

y
y

y
y

L.
Q
ID

0
.3
51
**

0
.5
35

**
*

0
.7
4
2*
**

0
.8
9
6
**
*

(2
.4
2)

(4
.6
2)

(9
.9
5)

(1
4
.2
1)

C
R

0
.4
6
0
**
*

0
.4
4
6
**
*

0
.4
4
4
**
*

0
.3
8
7*
**

0
.4
32

**
*

0
.2
70

**
*

0
.4
74

**
*

0
.3
8
9
**
*

0
.1
8
3*
**

0
.4
73

**
*

0
.4
54

**
*

0
.0
8
7*
*

(1
4
.0
4
)

(1
5.
12
)

(4
.0
1)

(5
.0
0
)

(7
.4
3)

(3
.5
8
)

(6
.0
6
)

(6
.0
3)

(3
.4
6
)

(1
2.
38

)
(1
2.
0
6
)

(2
.3
8
)

IS
0
.0
74

**
*

0
.0
50

**
0
.0
59

−
0
.1
0
1*
*

−
0
.0
8
9
*

−
0
.0
71
*

0
.1
38

**
*

0
.1
26

**
*

0
.1
18
**
*

0
.1
17
**
*

0
.1
0
4
**
*

0
.0
56

**
*

(3
.2
4
)

(2
.2
8
)

(1
.0
7)

(−
2.
0
8
)

(−
1.
9
6
)

(−
1.
9
2)

(3
.0
1)

(2
.6
7)

(3
.9
7)

(3
.8
2)

(3
.5
9
)

(2
.8
7)

SC
−
17
.7
56

−
1.
38

7
27

.7
4
6

−
13
.4
37

−
24

.4
**

39
.2
51

4
0
.3
6
7

8
.9
29

−
14
.0
77

−
6
.4
35

1.
6
4
3

4
1.
24

**
*

(−
1.
10
)

(−
0
.5
1)

(0
.4
0
)

(−
0
.4
2)

(−
2.
31
)

(1
.4
8
)

(1
.1
4
)

(0
.9
3)

(−
0
.4
1)

(−
0
.2
7)

(0
.5
3)

(2
.6
7)

G
I

−
0
.5
39

−
0
.1
70

**
*

0
.5
74

−
2.
32

3*
**

−
0
.4
8
2*
**

−
1.
9
4
2*
**

1.
36

6
0
.2
36

1.
31
2*
*

−
0
.0
71

−
0
.1
6
6
**
*

0
.0
39

(−
1.
6
0
)

(−
4
.0
3)

(0
.3
7)

(−
4
.2
7)

(−
2.
9
3)

(−
3.
8
6
)

(1
.5
2)

(0
.4
5)

(2
.2
7)

(−
0
.1
6
)

(−
3.
0
1)

(0
.1
5)

co
ns
ta
nt

0
.4
0
0
**
*

0
.2
8
3*
**

1.
25

1*
**

0
.5
6
6
**
*

−
0
.0
8
3

0
.1
72

*
0
.2
53

*
0
.2
53

**
*

(3
.9
2)

(1
2.
0
6
)

(4
.5
7)

(5
.3
0
)

(−
0
.4
7)

(1
.8
4
)

(1
.7
4
)

(9
.2
5)

FE
Y
es

N
o

N
O

Y
es

N
o

N
O

Y
es

N
o

N
O

Y
es

N
o

N
O

Sa
rg
an

0
.9
8
9

0
.0
77

0
.0
73

0
.1
0
6

A
R
2

0
.3
6
5

0
.2
8
4

0
.2
18

0
.2
9
3

N
25

0
25

0
20

0
50

50
4
0

6
0

6
0

4
8

14
0

14
0

11
2

R
-s
qu

ar
ed

0
.5
6
0

0
.4
9
3

0
.7
76

0
.6
9
0

0
.5
0
2

0
.4
13

0
.6
0
5

0
.5
50

T
he

va
lu
es

in
pa
re
nt
he

se
s
ar
e
t-
va
lu
es
.

**
*р

<
0
.0
0
1;
**
р
<
0
.0
1;
*р

<
0
.0
5.

ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-025-05564-7

14 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |         (2025) 12:1202 | https://doi.org/10.1057/s41599-025-05564-7



manufacturing sector to have the capacity to withstand shocks. In
conjunction with the realistic situation and market environment
of future manufacturing development, and considering the for-
mation process of resilience, it is imperative to acknowledge that
the manufacturing industry cannot be disregarded in the pursuit
of the “double carbon” goals. The manufacturing industry will
continue to face ongoing challenges and must develop carbon
resilience to promptly assess external environmental conditions
and implement effective countermeasures. Simultaneously, car-
bon resilience helps to seize potential development opportunities
and use these opportunities to further enhance carbon resilience
(Jin et al., 2021). Consequently, these findings align with the
prediction results presented in Fig. 2, affirming the continuous
upward trajectory of the carbon resilience value over the next
seven years (2024 to 2030).

Manufacturing industries with carbon resilience are able to
perceive potential external threats and opportunities in a
timely manner, quickly adjust resource allocation, and grasp
future development prospects to mitigate the adverse impacts
of unexpected negative events (Wang, Li, 2022). To summar-
ize, with the help of carbon resilience, the process of green and
low-carbon transformation of the manufacturing industry has
been continuously improved. As this transformation pro-
gresses, the quality of industry development will continue to
improve.

However, Fig. 2 shows that carbon resilience is growing faster
than the quality of industry development. Whether the mismatch
in growth rates displayed in the forecast results will have an
impact on the relationship between carbon resilience and
industry development quality remains to be explored.

Table 10 Mechanism verification.

Manufacturing as a whole High-carbon emission
industries

Medium-carbon emission
industries

Low-carbon emission industries

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

QID Resmis QID QID Resmis QID QID Resmis QID QID Resmis QID
L.QID 0.868*** 0.549*** 0.717*** 0.408*** 0.832*** 0.629*** 0.831*** 0.680***

(7.26) (7.26) (6.34) (3.58) (14.15) (6.02) (16.01) (9.42)
L.Resmis 0.883*** 0.931*** 0.976*** 0.903***

(16.70) (12.95) (12.22) (6.12)
CR 0.257*** 0.155** 0.033 0.160*** 0.170** 0.018 0.105*** 0.024 0.028 0.092*** 0.101 0.038

(3.65) (2.27) (0.40) (2.67) (1.97) (0.37) (2.94) (0.30) (0.53) (2.85) (0.49) (0.72)
Resmis 0.170** 0.330*** 0.135* 0.081**

(2.60) (5.93) (1.94) (2.05)
IS 0.016 0.725 −0.300 −0.038 0.025 0.251 0.089*** 1.023 −4.121 0.042** 1.096 0.245

(0.33) (0.96) (−0.15) (−1.14) (0.02) (0.32) (3.80) (0.24) (−1.39) (2.55) (0.19) (0.47)
SC −1.020 0.552 0.766 −1.299 −0.718 0.283 2.778 0.079 −1.708* 1.300 1.239 0.381

(−0.08) (0.18) (0.78) (−0.16) (−0.64) (0.48) (0.64) (0.06) (−1.89) (0.78) (0.31) (1.52)
GI −0.181 −0.195 0.031 −0.048 −0.059 −0.056 0.197 0.084 −0.126 −0.062** −0.061 0.027

(−0.84) (−0.55) (0.21) (−0.35) (−0.22) (−0.37) (0.87) (0.23) (−0.49) (−2.00) (−0.12) (0.69)
constant 0.135* 0.089 0.096** 0.125 0.097 0.100 −0.018 0.084 0.163*** 0.066*** 0.051 0.099***

(1.90) (1.55) (2.31) (1.24) (0.78) (1.35) (−0.38) (1.64) (3.28) (3.25) (0.45) (4.11)
Sargan test 0.997 0.710 0.524 0.235 0.738 0.351 0.005 0.527 0.031 0.248 0.125 0.198
AR2 0.353 0.048 0.008 0.043 0.041 0.033 0.009 0.240 0.080 0.239 0.080 0.370
sample
capacity

225 225 225 45 45 45 54 54 54 126 126 126

The values in parentheses are t-values.
***р < 0.001; **р < 0.01; *р < 0.05.
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Fig. 2 Prediction results carbon resilience and manufacturing development quality.
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Prediction results of the relationship between carbon resilience and
the quality of industry development. Table 11 presents the
regression results of the relationship between carbon resilience
and the quality of industry development over the next seven
years. The results show that carbon resilience has a negative
impact on the quality of industry development.

Compared with the regression results of the data from 2011 to
2020, this discrepancy primarily stems from the continuous
turbulence in the external environment brought about by the
“double carbon” goals. To ensure smooth operations, the industry
has chosen to adopt various measures to prioritize resilience
enhancement over efficiency (Soikkeli et al., 2023). However, this
has led to resource redundancy and a complicated system
structure, resulting in increased investment and decreased
efficiency (Stevenson et al., 2016). A fundamental prerequisite
for improving the quality of industry development is efficient
growth, which is precisely the reason why carbon resilience has a
negative impact on its overall quality. Therefore, in the future
development, the “priority” of resilience and efficiency improve-
ment may become a dilemma faced by the development of
manufacturing industry.

Discussion
Carbon resilience, as a key capability for the manufacturing
industry to navigate the low-carbon transition in response to the
“double carbon” goals, holds great significance in promoting
high-quality development of the industry. Therefore, this paper
firstly proposes a new concept of carbon resilience, that is, the
endogenous dynamic capacity of the manufacturing industry to
cope with the long-term requirements and short-term constraints
brought about by the low-carbon transition. It includes three
dimensions: stability, adaptation and evolution. Our results dee-
pen the theoretical framework of resilience and provide new ideas
for the manufacturing industry to address the challenges and
opportunities of decarbonization.

Secondly, the evaluation index system of carbon resilience and
the quality of industry development are constructed, respectively.
By measuring and analyzing the evaluation index system, we find
that carbon resilience of the manufacturing industry and the
quality of industry development are both an upward trend.
However, there are significant differences in their development
trends over time.

Thirdly, we find that carbon resilience has a significant positive
impact on the quality of industry development. The results are
consistent with previous scholars’ views that resilience can
improve the quality of industry development (Sun et al., 2022).
However, this impact varies among the three types of industries
with differing carbon intensities. The carbon resilience of high-
carbon emission industries has the greatest impact on the quality
of industry development, followed by medium-carbon emission
industries, while low-carbon emission industries exhibit the
weakest influence. The results provide guidance for the govern-
ment to accurately formulate industry development policies to
promote industrial upgrading.

Fourth, the empirical results of the mediating effect model
show that resource allocation efficiency serves as a significant
mediator between carbon resilience and the quality of industry
development. In other words, carbon resilience promotes the
quality of industry development by improving resource allocation
efficiency. Our results are partly consistent with previous scho-
lars’ views that resource allocation efficiency can improve the
quality of industry development (Ji et al., 2023). However, for
industries with three different carbon intensities, the role of
resource allocation efficiency in the relationship between carbon
resilience and the quality of industry development varies. In high-
carbon emission manufacturing, carbon resilience promotes the
improvement of industry development quality through resource
allocation efficiency. Conversely, in medium- and low-carbon
emission manufacturing, carbon resilience does not promote the
improvement of industry development quality through resource
allocation efficiency. Our research provides implications for dif-
ferent types of industries to use carbon resilience to improve the
quality of industry development.

Finally, we further predict and analyze the carbon resilience
and the quality of industry development from 2024 to 2030. The
results show that over the next seven years, carbon resilience is
expected to have a negative effect on the quality of industry
development. This result is consistent with the previous scholars’
view that overemphasizing resilience may bring about potential
negative impacts (Liang and Guo, 2024).

Conclusion and implications
Conclusion. This study investigates the impact of carbon resi-
lience on the quality of industry development and its underlying
mechanisms using panel data from 25 manufacturing sectors

Table 11 Regression results for carbon resilience and quality of development in manufacturing, 2024–2030.

QID QID QID QID QID QID

Carbon resilience −0.228*** −0.098* −0.112* −0.125* −0.125* −0.120*
(−3.47) (−1.54) (−1.74) (−1.95) (−1.95) (−1.85)

IS −5.669*** −6.000*** −7.328*** −7.441*** −7.593***
(−5.63) (−5.83) (−5.87) (−5.25) (−5.32)

SC −0.857 −0.732 −0.726 −0.425
(−1.37) (−1.17) (−1.16) (−0.60)

DCI 0.233* 0.229* 0.195
(1.85) (1.79) (1.47)

TC −0.006 −0.023
(−0.17) (−0.59)

ED −0.126
(−0.94)

Constant 1.516*** 1.458*** 1.488*** 1.417*** 1.423*** 1.443***
(21.24) (22.23) (21.64) (18.08) (16.50) (16.21)

N 175 175 175 175 175 175
R-squared 0.951 0.960 0.961 0.962 0.962 0.962

The values in parentheses are t-values.
***р < 0.001; **р < 0.01; *р < 0.05.
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(2011–2020) and the system GMM approach. The results show
that carbon resilience has a significant positive impact on the
quality of industry development. However, this impact varied
across the three sectors with different carbon intensity. Resource
allocation efficiency acts as a mediating mechanism, but only in
high-carbon emission manufacturing. Notably, forecasts suggest
that carbon resilience may negatively affect the quality of industry
development during 2024–2030.

Practical insights. The findings of this paper have a number of
practical implications for the industry sector and policy makers.
First, from the perspective of sub-industries, high-carbon emis-
sion industries are highly dependent on high-energy, high-emis-
sion, and high-pollution resources. However, the huge potential
for low-carbon transformation does exist. Governments should
enforce stringent environmental standards and emission limits,
offer fiscal subsidies and tax incentives, and encourage green
credit and investment projects. Industries must eliminate out-
dated capacity, identify new growth areas, prioritize technological
innovation, and introduce advanced fuel technologies and energy
management systems. Especially for high-carbon emission
industries, through dual adjustments at both the industry and
government levels, it is crucial to prioritize optimizing resource
allocation efficiency, continuously eliminating outdated produc-
tion capacity, and accelerating the transition to green energy. By
implementing these measures, resource allocation efficiency can
be enhanced, thereby achieving a significant improvement in
development quality. Medium-carbon emission industries have
relatively high carbon footprints, but they have better pollution
control. Governments should establish eco-friendly market
mechanisms, strengthen carbon trading markets, and provide
education and training on sustainability and environmental
protection. Industries should focus on technological innovation,
optimize production processes, develop high-tech industries, and
design eco-friendly products. Low-carbon industries have mini-
mal carbon emissions and contribute significantly to green eco-
nomic development. Governments should formulate forward-
looking policies, such as fiscal and tax incentives, support low-
carbon technology R&D, establish green manufacturing demon-
stration projects, and promote international cooperation. Indus-
tries should consolidate low-carbon advantages, pursue higher
environmental standards and efficiency, introduce advanced
technologies for intelligent manufacturing, enhance brand
competitiveness, and convey eco-friendly practices through
marketing.

Second, to balance manufacturing development and carbon
emission reduction, governments and industries are required to
synergize efficiency improvement with carbon resilience cultiva-
tion. On the one hand, it is essential to facilitate structural
adjustments in manufacturing by supporting high-tech and
emerging industries, promoting green technological innovation,
and improving the institutional framework for green and low-
carbon development. This includes accelerating the R&D, and
implementation of industrial decarbonization technologies
related to carbon capture and storage, or converting fuels to
hydrogen or biomass, with government guidance and support
combined with enterprises’ own efforts to achieve industrial
decarbonization. On the other hand, we should scientifically and
orderly promote the industrial carbon peak targets for different
industries and regions. With technological innovation as the core
driving force, we should promote structural adjustments,
transformation, and upgrading, and continuously advance the
green transformation of industries. Furthermore, the advance-
ment of carbon reduction governance and green low-carbon
technologies will inevitably trigger dynamic changes in the labor

market. Taking decarbonization technologies as an example, with
the popularization and application of these technologies, the
demand for professionals in related fields is increasing. This
requires governments to make corresponding adjustments and
play a leading role in cultivating new talents to meet the needs of
new technologies. Industries should also strengthen relevant
education and training, adjust employment structures and
compensation systems, and ensure that the skills of the labor
market talent pool match market development.

Research limitations and future prospects. While this study
makes many contributions, it also has some limitations. First, this
study selected the sample range from 2011 to 2022 and used the
GMM model to explore the relationship between carbon resi-
lience and the quality of industry development in China. As the
“double carbon” targets was introduced in 2019, there is little
time to analyze the response of the manufacturing sector to the
specific impact of the “double carbon” target. Therefore, future
research should continuously monitor the relationship between
carbon resilience and the quality of industry development.
Moreover, the GM(1, 1) model has the limitations of inaccurate
prediction and large error. Therefore, this model is not suitable
for approximating nonlinear functions. Future studies could
adopt other models to further explore the nonlinear relationship
between the two. Second, this paper only preliminarily discusses
the mediating effect of resource allocation efficiency on the car-
bon resilience and industry development quality of manufactur-
ing industry with different carbon emission intensity. However,
due to space limitations, the reasons for the differences across
industries are not explored in depth. The underlying mechanisms
for this variation can be further studied in the future. Moreover,
other intermediary mechanisms, such as labor market dynamics
and industrial structure adjustment, can also be explored in the
future. Finally, this paper primarily discusses carbon resilience
within the context of “double carbon” goals. Future research
could explore the novelty and significance of carbon resilience in
the context of labor investment efficiency.

Data availability
The data that support the findings of this study are available from
CSMAR database, Wind database, China Research Data Service
Platform (CNRDS), but restrictions apply to the availability of
these data, which were used underlicence for the current study,
and so are not publicly available. Data are, however, available
from the authors upon reasonable request and with permission of
these databases.
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