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Abstract. Against the backdrop of global carbon neutrality goals and urban low-carbon
transformation, the coupling of green infrastructure and carbon emission performance has become
a core issue. This paper aims to systematically analyze and discuss the low-carbon city construction
research influencing green infrastructure (GIl) and urban carbon emission performance, taking
Kunming as an example. Through research and analysis, Gl, as a key low-carbon infrastructure,
operates through a dual pathway of "carbon sequestration" and "emission reduction." Carbon
sequestration can be achieved through plant photosynthesis, while emission reduction can reduce
urban carbon intensity by regulating microclimate, guiding green transportation, and replacing grey
infrastructure. Taking Kunming as an example, by implementing the concepts of "nature integration"
and "nature governance," it was found that treating Gl as "natural capital" is a powerful support for
urban carbon neutrality and resilient development, and a key to achieving long-term low-carbon
benefits. Kunming will continue to improve its low-carbon development model, promote the
coordinated construction of carbon neutrality and resilient cities, and contribute to high-quality
development in society, ecology, and economy.
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1. Introduction

Human activities have led to an increase in greenhouse gas emissions, which has amplified the
greenhouse effect and brought about climate change problems, which have attracted great attention
from around the world. In order to promote the process of climate protection, the EU and other radical
leaders have continuously introduced new regulations on green and low-carbon development, leading
the global carbon neutrality process. Urban areas are key areas for climate mitigation and adaptation,
because urban residents are responsible for and respond to changes in biogeochemical cycles from
local to global scales [1]. As the world's largest carbon emitter, how to achieve emission reduction
while maintaining economic growth and promote the "dual-carbon strategy" is a hot topic in the
country's development today. In recent years, green infrastructure (GI) has gradually attracted
attention. Nature-based solutions (NbS) have gradually become an important way to deal with
complex environmental and social challenges that are widely recognized by the international
community [2]. The green upgrading of infrastructure is closely related to the realization of China's
"dual-carbon" goals. The important indicator for measuring the relationship between carbon
emissions and economic output is the urban carbon emission performance (CEP), which is measured
by carbon emission intensity and carbon efficiency index. China's carbon reduction policy has moved
from "energy conservation and emission reduction" to dual-carbon goals. It provides new possibilities
for cities to achieve low-carbon transformation. However, the current academic research on green
infrastructure is mostly limited to the description of environmental aesthetics or macro-ecological
effects, and there is a lack of empirical testing on how it can improve carbon emission performance.
This paper takes Kunming as a case study to analyze the impact of green infrastructure on carbon
emission performance and emphasizes the important significance of the "dual-carbon strategy" . In
terms of studying the impact of green technology innovation on carbon emission performance and
the impact on carbon emission efficiency of tourism, Chinese researchers analyzed the carbon
emission performance measurement results of the past ten years. The Northeast region showed a trend
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of first rising steadily and then falling. The Northeast region must optimize its industrial structure,
reduce its dependence on resources, and, under the guidance of the concept of green and low-carbon
development, promote the transformation of traditional old industries to low-carbon direction through
industrial transfer and optimization [3]. At the same time, from the perspective of 30 provinces in
China, green technology innovation in the eastern and western regions has promoted the increase of
carbon emissions, while the central region has failed to play a role in carbon reduction. Studies have
shown that urban green infrastructure can significantly reduce urban carbon emission intensity and
propose to address different types of cities, resource-based and non-resource-based cities and regions,
as well as the central and western regions and the eastern region, to adapt to local conditions [4]. Most
existing studies have confirmed the "existence effect," but there is insufficient analysis of the relative
contribution rates of multiple paths and their interactions. In addition, most studies focus on the
natural sciences and neglect how social, economic and management factors affect the realization of
the coupling mechanism. Foreign studies have gradually shifted from isolated "green spaces" or single
"carbon sinks" to understanding GI as a "social-ecological coupling system." For example, the impact
of the Global Innovation Index (GII) on urban carbon emissions has been studied from the perspective
of time lag and threshold effect [5]. Studies have also become more refined, using i-Tree series models
and Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) carbon modules to conduct
urban-scale carbon sink accounting and mapping. The shift in research thinking in countries other
than China has rationalized the nonlinearity, feedback loop and emergence characteristics of the
coupling mechanism and regarded human behavior and institutional decisions as the intrinsic
components of the coupling system. At the same time, combined with the prospects of urban
development, the specificity of the mechanism in different social forms, economic, cultural and
geographical environments is emphasized. However, there is insufficient integration of how it affects
the coupling mechanism. In addition, foreign studies are mostly concentrated in developed regions,
such as North America and Europe, and there is less research on the coupling mechanism of cities in
Asia, Africa and South America. Therefore, the research objective of this paper is to systematically
reveal the multidimensional coupling mechanism between green infrastructure and urban carbon
emission performance. Through research on ecological development and construction in Kunming,
combined with the theoretical basis of green infrastructure and carbon emission performance, this
paper discusses the reasons for China's and international emphasis on green development and its
development trends.

2. Relevant Concepts and Theoretical Basis

First, the present study this paper will outline green infrastructure and carbon emission
performance separately, and then analyze their coupled concepts. Green infrastructure is a
strategically planned, designed, and managed network of natural and semi-natural ecosystems. GI is
a proactively planned ecological network framework that emphasizes corridor connectivity between
ecological patches. As an ecological network system, green infrastructure mainly consists of natural
and semi-natural areas, encompassing elements such as forests, wetlands, and parks, forming
complementary ecosystems. The planning and implementation of green infrastructure needs to
balance ecological benefits with urban development needs. Urban carbon emission performance
refers to the efficiency, effectiveness, and impact of urban systems in achieving economic and social
development goals, in terms of carbon inputs and outputs. From a decoupling perspective, the ideal
state of "strong decoupling" is sustained economic growth while carbon emissions remain stable or
even decline, representing the highest level of performance. This dimension primarily examines the
coupling relationship between economic growth and carbon emission growth. Urban carbon emission
performance, in essence, is a key path to achieving low-carbon transformation by quantitatively
assessing urban carbon emission efficiency and the relationship between economic development and
emissions over a specific period. In this study, a simple, unidirectional causal relationship exists
between the two systems: the green infrastructure system and the urban carbon metabolism system.
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Genetic Energy (GI) directly absorbs carbon dioxide through photosynthesis. The two systems also
have a bidirectional impact. GI can regulate microclimates and reduce building energy consumption,;
simultaneously, carbon emissions leading to climate change also affect GI. The two systems co-
evolve, influencing cities' progress towards low-carbon development. This research has a strong
theoretical foundation. Analyzing from the perspective of ecosystem services and natural capital
theory, GI, as an important form of natural capital, is essential for sustainable urban development and
the formation of resilient cities. GI plays a crucial role in carbon sequestration and climate regulation,
hydrological regulation, and spatial purification, possessing regulatory value. Human society and
natural ecosystems are deeply coupled; human prosperity cannot exist independently of nature.

3. Mechanism Analysis

Green infrastructure can improve carbon emission performance through a combination of carbon
sequestration and emission reduction mechanisms. The core idea is that green infrastructure, as a
functional system, enhances carbon emission reduction through these mechanisms. The present study
this paper will first analyze carbon sequestration and emission reduction mechanisms separately, then
combine them to analyze their synergistic effects and overall benefits. Carbon sequestration can be
achieved through plant photosynthesis. Vegetation in green infrastructure absorbs carbon dioxide
through photosynthesis, converting it into organic matter, thus fixing carbon in biomass. Urban
forests, for example, possess vast above-ground and below-ground biomass, as well as abundant soil
carbon pools. Soil carbon pools, as soil carbon sequestration mechanisms, promote carbon cycling,
transferring carbon from transient plant matter to make it more stable, and are key to long-term carbon
sequestration. Emission reduction mechanisms generally unfold through four dimensions, directly
impacting carbon emission performance. From an energy perspective, energy conservation can
regulate microclimate and reduce building energy consumption. Green transportation is the main
mechanism at the transportation level. From a materials and engineering perspective, it involves
building natural systems to replace high-carbon gray infrastructure. From a resource recycling
perspective, it promotes on -site waste recycling to foster green cycles. These four dimensions lay the
foundation for reducing "carbon intensity." Carbon intensity is a key performance indicator for
assessing the level of green and low-carbon development of a country, region or industry. It lays the
foundation for the ultimate realization of dual carbon. The two mechanisms work together, and green
infrastructure continuously optimizes the urban carbon metabolism process and improves carbon
emission performance. In addition, the development of green infrastructure can promote the
development of low-carbon industries, such as energy-saving and environmental protection industries,
green manufacturing industries, and low-carbon service industries. As an environmental governance
policy, the low-carbon city pilot policy can effectively reduce the total carbon emissions of the city;
secondly, the low-carbon city policy significantly improves the city's total energy level, accelerates
the city's energy transformation, promotes urban green and low-carbon innovation, and changes the
city's employment structure [6]. Urban green spaces and water bodies can alleviate the urban heat
island effect, thereby reducing carbon emissions and energy consumption. While building GI, it is
also necessary to raise residents' environmental awareness and adopt a low-carbon lifestyle in daily
life. In building GI, technological support is also particularly important, such as smart grid technology,
which can improve energy utilization efficiency. Urban green infrastructure can not only directly
reduce CO2 in the atmosphere through photosynthesis of plants, but also alleviate the intensity of
urban heat islands and reduce building energy consumption through shading and evapotranspiration,
thereby indirectly achieving the goal of reducing carbon emissions [2]. GI and urban carbon emission
management systems work together to achieve a shift from single emission reduction to systemic
carbon reduction through the combined effects of ecology, technology, industry, and society,
ultimately promoting the achievement of dual carbon goals.
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4. Problems and Challenges

While establishing a coupling mechanism between green infrastructure (GI) and urban carbon
emission performance is of significant value to Kunming's low-carbon development and ecological
construction, a series of unresolved issues and challenges remain in the specific research and practice.
First, Kunming's complex geographical landscape, characterized by the integration of mountains,
water, and city, results in highly spatial heterogeneity of GI elements (such as Dianchi wetlands,
urban mountain forests, and park green spaces), making accurate monitoring of their ecosystem
services, such as carbon sinks, difficult. Second, challenges exist in cross-departmental collaboration
and benefit integration at the planning, management, and policy implementation levels. Currently,
Kunming's GI planning largely falls under the jurisdiction of the landscaping and greening
departments, while carbon emission management falls under the development and reform and
environmental departments. These inter-departmental functional barriers may lead to a lack of a
"carbon perspective" in GI planning decisions. Transforming the research findings on the coupling
mechanism into operable planning guidelines and collaborative governance policies that can
coordinate ecological, low-carbon, and social benefits is the key bottleneck in ultimately realizing the
transformation of theoretical value into practical value. In addition, nearly half of the industries in
Kunming are still high-consumption industries, and the proportion of high-tech industries is less than
1/3. The high resource consumption and serious environmental pollution caused by the low
technological content of the industries are severely testing Kunming's comparative advantage [7].

5. Overview of the Case City

Kunming is of great value for studying the coupling mechanism between green infrastructure GI
and urban carbon emission performance. Kunming is known as the "Spring City of China". The
"Spring City" is not only a synonym for pleasant climate, but also a model of ecological livability,
low carbon and high efficiency. Based on the value of ecological environment and ecosystem services,
Kunming has the pattern of "city relying on water and water surrounding city". Kunming is located
at the northern end of Dianchi Basin. The terrain is high in the north and low in the south, with
mountains and lakes spreading in the north and south. Kunming is surrounded by mountains on three
sides and borders Dianchi Lake in the south, with a good natural environment of mountains and water.
The construction of modern new Kunming starts from the natural ecological environment of Kunming
and makes full use of its unique natural landscape features of "three sides surrounded by mountains
and one side facing water" to construct its "one lake (Dianchi Lake) four urban spatial pattern" [8].
Dianchi Lake, as a vital water source for Kunming's urban industrial water use, plays a crucial role
in maintaining the ecosystem and purifying the environment. Dianchi boasts abundant biological
resources and a suitable climate, situated in the subtropical plateau monsoon climate zone with small
temperature differences between winter and summer. These unique geographical and climatic
conditions have enabled the Geographical Indication (GI) to improve the quality of life and health of
Kunming residents, bringing significant social benefits. Kunming has established a 62,900-mu
(approximately 4,867 hectares) ecological belt around Dianchi Lake, primarily composed of wetlands,
enhancing the city's carbon sequestration capacity and protecting the ecosystem. The Dianchi
Greenway exemplifies the GI's function in constructing an ecological barrier around the lake. Based
on its landscape and tourism value, Kunming has vigorously promoted the construction of a park city,
building over 1,000 parks of various types, combining natural scenery with cultural landscapes to
promote tourism development. While developing various related industries, Kunming also
emphasizes the ecological protection and restoration of green infrastructure construction. Based on
its cultural and social value, Kunming is known as a "Charming City of Biodiversity," with Baofeng
Wetland and Fuli Palace becoming part of the UN Convention on Biological Diversity. The
permanent exhibition site for the 15th Conference of the Parties (COP15) has significantly enhanced
Kunming's influence both nationally and internationally. COP15, with its emphasis on cultural and
social values, is a milestone event in the history of global biodiversity governance. The Kunming
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Declaration, adopted at the conference, clearly states that "protecting biodiversity is a shared
responsibility of all humanity." The conference also affirms that "biodiversity conservation and
economic development are inseparable," promoting a green and low-carbon transformation of global
industrial structures and consumption patterns. Furthermore, the "Kunming-Mongolia Framework"
provides policy direction for green infrastructure construction. Kunming has deeply integrated green
infrastructure into sponge city construction, implementing the concepts of "nature integration" and
"nature governance." Through the systematic layout of riverside green corridors and community parks,
the high-carbon costs of gray infrastructure have been effectively avoided. With the implementation
of ecological civilization construction and the concept of green and low-carbon development, the
future still needs to be guided by a green and low-carbon development model, coordinating pollution
reduction and carbon reduction efforts to drive changes in industrial structure, energy structure, and
other aspects. The transportation structure is continuously optimized and adjusted in order to achieve
the coupling and coordination effect of pollution reduction, carbon reduction and green development
as soon as possible and stabilize at a high-quality and coordinated development level, so as to promote
the high-quality development of Kunming's social economy [9].

6. Policy Recommendations and Implications

The "14th Five-Year Plan" period is a critical period and window of opportunity for carbon
peaking. It is necessary to enhance the ecological carbon sink capacity, strengthen the planning and
control of land use, effectively leverage the carbon sequestration role of forests, grasslands, wetlands,
oceans, soils and permafrost, and increase the incremental carbon sink of the ecosystem [10]. It is
crucial to transform the systematic effectiveness of the two major mechanisms of "increasing carbon
sinks" and "reducing emissions" into policy actions that can be implemented and assessed. Policy
actions can be analyzed from both macro and micro perspectives. From the perspective of market
structure and coverage, the mandatory market based on "total quota control" is the core, and the
voluntary market that is "in line with international standards" serves as a supplement to enable China
to establish cooperative connections with other global carbon markets. Currently, China's carbon
market only covers the power generation industry. The micro-level measure is to continuously expand
the carbon market coverage from power generation to steel, cement, aluminum smelting, etc. In
addition, it is also crucial to incorporate GI into the carbon neutrality strategy. Its core is to incorporate
GI into the carbon budget and dual control system, and promote the development of "gray
infrastructure" into a green and low-carbon life system. This approach is a manifestation of achieving
"harmonious coexistence between man and nature". Cross-departmental collaborative governance,
the construction of green infrastructure involves multiple departments such as housing and
construction, environmental protection, and transportation, and it is necessary to break down
departmental barriers and form a joint force. This will enhance urban resilience and optimize carbon
emission performance. Promoting the experience of the East, the experience of eastern cities in terms
of capital investment, governance capacity and social mobilization can provide reference for central
and western cities. It is the core path for China to achieve balanced green development. Central cities
should carry out innovative transformation, focusing on the development of rain-fed and drought-
resistant GI, while eastern cities should play a leading role in demonstration and continuously
improve the national carbon emission performance. In terms of green technology innovation,
compared with traditional technological innovation aimed at improving the monetary value-added
efficiency of production and service organizations, green technology innovation with energy
conservation, emission reduction and pollution control as its core objectives is more in line with the
requirements of the new development stage and is included in technological innovation [11]. At
present, the research on direct carbon sink path is the most mature, and the research focus has also
become more diversified. For example, quantifying different greening strategies, optimizing the
spatial layout of GI, and evaluating the net carbon benefits of nature-based solutions compared with
gray infrastructure. Existing research has not yet fully solved the "black box", and more research is
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needed in the future on the interaction of multiple paths and path analysis. Kunming City, in its
"Kunming City Pollution Reduction and Carbon Reduction Synergistic Efficiency Enhancement
Implementation Plan," clearly outlines the goal of building a synergistic system for pollution
reduction and carbon reduction. Based on this, it strengthens emission reduction control in the
transportation sector and promotes low-carbon travel. It encourages and promotes urban
redevelopment and the application of sponge city technologies, such as rain gardens and permeable
paving. It also promotes the construction of sponge parks and ecological embankments, and conducts
dynamic assessment research on ecosystem carbon sinks.

7. Conclusion

There is a deep coupling relationship between green infrastructure and urban carbon emission
performance. Green infrastructure (GI) is not an isolated carbon sink, but a "key low-carbon
infrastructure" that profoundly reshapes urban metabolic processes through direct and indirect means.
The carbon reduction benefits of GI have a density threshold; only after exceeding this threshold will
its systemic synergistic benefits significantly increase. National policies regarding a series of green
development goals are needed, and land policies and community participation directly influence the
spatial layout and feasibility of GI. Viewing GI as natural capital represents a strategic low-carbon
investment with positive long-term returns. Understanding the coupling mechanism between green
infrastructure and urban carbon emission performance is key to unlocking urban low-carbon
resilience. As cities continue to develop, green infrastructure has become a "core green engine"
supporting their sustainable development. Future research will focus not only on economics and
technology, but also on ecological governance and the competition of green development capabilities.
Research perspectives should emphasize the dual role of direct carbon sequestration and indirect
emission reduction by nitrogen oxides (NbS). As the capital city of Yunnan Province, Kunming has
an advantageous geographical environment and has actively developed green infrastructure
construction, built an ecological civilization city, developed related technologies for sponge cities,
introduced relevant policies to promote green city development, and reached a consensus on low-
carbon and green development with countries other than China, becoming a model for China's "dual-
carbon strategy". However, Kunming still has problems with incomplete development and needs to
be continuously developed and improved.
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