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[T I N R

Abstract: As a designated national low-carbon pilot city, Nanjing faces the challenge of reducing
energy consumption and carbon emissions while experiencing rapid economic growth. This study
developed a localized Long-range Energy Alternatives Planning System (LEAP) model specifically
for Nanjing and constructed four different development scenarios. By utilizing the Log Mean Divisia
Index (LMDI) decomposition, the Tapio decoupling elasticity coefficient, and comparing the emission
reduction effects of individual measures and their cross-elasticity of carbon reduction, this study
investigated the key factors and their carbon reduction path characteristics in Nanjing toward its
carbon peak target by 2030. The results indicate that: (i) Nanjing could reach its peak carbon target
of about 3.48 million tons by 2025 if carbon reduction measures are strengthened; (ii) The main
elements influencing Nanjing’s carbon peak include controlling industrial energy consumption,
restructuring the industry, promoting the construction of a new power system, and developing green
transportation; (iii) Controlling industrial energy consumption and changing industrial structure have
a greater impact on reducing carbon emissions than other measures, and both have a synergistic effect.
Therefore, Nanjing should prioritize these two strategies as the most effective methods to reduce
carbon emissions. Additionally, to slow down the growth of urban carbon emissions, policies aimed
at reducing the energy intensity and carbon intensity of energy consumption should be formulated.
For instance, the integration and innovation of green industries within the city region, such as new
energy vehicles, new energy materials, and big data, should be accelerated, and the proportion
of clean energy consumption in urban areas should be increased. The LEAP (Nanjing) model has
successfully explored Nanjing’s low-carbon pathway and provided policy guidance for the optimal
transformation of industrial cities and early carbon peaking.

Keywords: carbon peaking; Nanjing city; reduction pathways; LEAP (Nanjing) model

1. Introduction

To achieve the “double carbon” target, China’s national “14th Five-Year Plan” pro-
poses supporting qualified localities to take the lead in reaching peak carbon emissions
and developing action plans to reach this goal by 2030. Cities are major contributors to
greenhouse gas emissions and primary administrative units for developing a low-carbon
economy and achieving green transformation [1]. In 2018, the total carbon emissions
from 288 Chinese cities were 13.7 billion tons CO, (Figure 1). Cities with high CO,
emissions are predominantly located in the north, northeast, and coastal areas of China.
For instance, Beijing, Tianjin, Tangshan, Ordos, Shanghai, and Nanjing had emissions
exceeding 150 million tons, making them crucial areas for carbon reduction efforts.
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Figure 1. Spatial map of total CO, emissions in 288 cities in China.

Nanjing is the capital of Jiangsu Province, a vital economic center in East China, near
Shanghai, with over eight million residents. The city has a heavy chemical industry with
traditional energy consumption, resulting in rapid carbon emissions growth, leading it to
be classified as a national low-carbon pilot city [2]. Despite promoting upgrading of the
heavy chemical industry and innovation of production technology and processes in recent
years, Nanjing is confronting constraints such as investment, cost, and market, and there is
significant pressure on energy conservation and emission reduction in traditional industries.
Specifically, the steel, petrochemical, and electric power industries have emerged as large
comprehensive emitters. Additionally, many energy-consuming industries consume a
considerable amount of energy with low energy consumption per unit of output. The six
high energy-consuming industries, including the production of chemical raw materials and
products, waste metal and mineral products, ferrous and nonferrous metal smelting and
rolling, petroleum processing, smelting and nuclear fuel processing, and the production and
supply of power and thermal energy, account for more than 90% of all energy consumption.
Nanjing’s energy structure heavily relies on traditional energy and lacks appropriate
diversification, with traditional energy dominated by raw coal and oil decreasing from
81.7% in 2000 to 72.6% in 2016 [2]; nonetheless, this level remains high. Therefore, as
Nanjing experiences rapid economic growth, it faces the challenge of reducing its energy
consumption and carbon emissions. Achieving its carbon peak target is crucial for driving
the comprehensive green transformation of its economic and social development during
the 14th Five-Year Plan period. The findings can serve as a reference for other cities with
higher CO, emissions or low-carbon pilot cities.

Following the introduction of China’s Nationally Determined Contributions (NDC)
target, studies have designed scenarios for peak carbon emissions by 2030, exploring
the timing of peaking, peak levels, and critical policy assessments [3]. Some studies
supporting the “early peak” target have simulated peak times between 2020 and 2030
in various models [4]. Other studies have investigated peak pathways based on sectoral
carbon emission characteristics [5] and regional carbon emission characteristics [3], which
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suggest that peak pathways depend on industry, energy, and environmental economics
policy drivers. In addition, critical policy assessments have focused on the impact of
energy and environmental fiscal policies such as renewable energy subsidies and carbon
taxes [6,7], exploring the synergistic effects of early peaking policies and environmental
governance policies [8]. These studies have utilized models and scenario analyses to
provide a decomposition of peak carbon values and paths, compare the impacts of various
policy instruments, and highlight the effects of policy synergies, benefits, and drawbacks [9].
To the best of our knowledge, few comprehensive studies have examined the drivers of
carbon peaking, specific policy paths, and synergistic control of pollutants, regarding
the goal of carbon peaking. In policy practice, there is a lack of attention at the city
level, especially for pilot cities, which makes it challenging to highlight the demonstration
significance of pilot cities and provide practical references.

The Long-range Energy Alternatives Planning System (LEAP) Model is a bottom-up
energy—environment accounting tool developed jointly by Stockholm Environment Institute
and Boston University based on scenario analysis. It predicts energy supply and demand
under various driving factors and calculates the emissions of air pollutants and greenhouse
gases during energy circulation and consumption. Currently, the model is widely used
in studying energy and greenhouse gas emissions, but mostly focuses on one or several
sectors, and is primarily based on a national scale. For instance, Wang et al. [10] conducted
a LEAP model-based study on road traffic carbon emissions in Chengdu, Duan et al. [11]
predicted peak carbon emissions and emission reduction paths during the construction
operation period in Jilin Province using the LEAP model, and Nnaemeka et al. [12] applied
scenario-based analysis to explore Nigeria’s future energy demand, supply, and associated
GHG emissions from 2010 to 2040 using the LEAP model.

Accordingly, this study proposes constructing a LEAP model for Nanjing to explore
key influencing factors and carbon emission reduction pathways under different economic
development scenarios. The LMDI decomposition, Tapio elasticity coefficient, comparison
of emission reduction effects of single measures, and cross-elasticity analysis of pollution
reduction and carbon reduction will be used. The possible contributions of this study are
three-fold. Firstly, current carbon reduction measures in Nanjing are unlikely to achieve
the 2030 peak carbon emission target. However, strengthening certain measures such as
controlling industrial energy consumption, promoting the construction of a new power
system, and implementing waste classification management may enable Nanjing to achieve
the decoupling of economic growth and carbon emissions and reach the carbon peak target
by 2025. Secondly, the primary factors influencing the attainment of the carbon peak in
Nanjing are controlling industrial energy consumption, restructuring the industry, and
promoting the construction of a new power system. Among these factors, controlling
industrial energy consumption and changing the industrial structure have a greater impact
on reducing carbon emissions than other measures, and both have a synergistic impact.
Thirdly, this study expects to provide a reference for preparing Nanjing’s peak carbon
emission action plan by 2030. Carbon emission reduction policies in Nanjing should aim to
reduce the energy and carbon intensity of energy consumption, as it can significantly slow
the growth of carbon emissions in cities. Policies such as the integration and innovation of
green industries, new energy vehicles and materials, and big data within the city region can
accelerate the proportion of clean energy consumption in urban areas, achieve sustainable
urban development, and encourage energy and industrial transformation at the local level,
leading to smarter city growth.

The structure of this paper is as follows: the second part is the methodology and
data; the third part is the results analysis and discussion; the fourth part is the conclusion
and limitations.
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2. Methodology and Data
2.1. LEAP Mode

The LEAP model simulated and forecasted energy demand and CO, emissions in
Nanjing from 2020 to 2035. The simulated test period was from 2020 to 2022, and the
forecast period was from 2023 to 2035. The LEAP model is a widely used tool for analyzing
energy demand, carbon emissions, and energy-saving and emission-reduction potential
at the regional level due to its clear energy flow structure, transparent data processing,
and robust scenario analysis. Many scholars have used the LEAP model for this purpose,
including [13,14]. In this study, the LEAP (Nanjing) model is constructed based on four
modules: resources, conversion, end-use demand, and drivers, as shown in Figure 2. The
resource module reflects Nanjing’s energy resources, including primary energy (such as
coal, natural gas, and wind energy) and secondary energy (such as electricity, diesel, and
kerosene). The power conversion module simulates the city’s power production, including
thermal power generation, hydroelectric power generation, and wind power generation,
converting primary energy into secondary energy for end consumption. In Nanjing, 25.2%
of electricity was transferred from external sources annually from 2015 to 2020 [15], and the
rest was produced locally. The end demand module is divided into seven sectors based
on energy use: residential life, agriculture, industry, construction, services, transportation,
and others. The drivers of end-user demand are population, economic development, and
urbanization. The LEAP model calculates total energy consumption and carbon emissions
as the sum of the conversion and end-use demand components.

Controlling industrial
energy consumption

Baseline recovery scenario
(BRS)

Carbon peak time
and intensity

Restructuring the industry High growth scenario

: ) (HGS)

Developing green transportation :
Green recovery scenario =
Waste classification management (GRS) Carbon reduction
Promote the construction of Green development scenario pathovay piannisg
new power system (GDS)
........................................................... orwres
i Agricultural

Energy resources

consumption

Service Industry

Transportation Industry

Residents' lives
Other

Resources |

Figure 2. The structure of the LEAP (Nanjing) model.

2.1.1. Calculation of Energy Demand

The LEAP (Nanjing) model divides terminal energy demand into six parts: industry,
agriculture, service industry, transportation industry, residential life, and others. The
energy demand of each industry is determined by the level of economic activity and
the energy intensity of a unit of economic activity. Meanwhile, the energy demand of
residents is determined by the size of the population and the per capita energy consumption.
(Equations (1)—(3)).

Ei = Y;Vi X EI; @
E,=YPxEP )
TE=Y",E+E, @)
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where i represents industry, agriculture, service industry, transportation industry, residen-
tial life, and others; E; refers to the energy demand of the industry; V; is the added value of
industry i; EI; is the energy demand of unit value added of the industry I; E, is the energy
demand generated by residents’ daily life; P is population size; EP is per capita energy
demand; TE is the total energy consumption of Nanjing.

2.1.2. Calculation of Carbon Emissions

The carbon emissions in the LEAP (Nanjing) model consist of energy-related CO, emis-
sions, carbon emissions and carbon sinks from land use change and forestry, agricultural
activities, and waste disposal. The calculation method and correlation coefficient used in
this study refer to the “2006 IPCC Guide for National Greenhouse Gas Inventories” and the
“Guide for Provincial Greenhouse Gas Inventory Preparation.” (Equations (4)-(6)) [13,14].

TCOQI' = 27:1151' X Lll‘]' X f] =+ Ei X A X e (4)

For the same industry i,

Yiqaij +ag =1 )
TCO,p = Z}Ll]:"p X api X fi+Ep X ay x e (6)
TCOy = Y " TCOy; + TCOzp + TCOz4r + TCO24ip + +TCOxsink (7)

where j is raw coal, coke, oil, natural gas, and other energy sources other than electricity,
and k is electricity; TCO,; represents CO, emissions caused by industrial energy consump-
tion; a;; is the proportion of j energy in the energy consumed by the industry ; f; is the
emission coefficient of the j energy; aj is the proportion of electricity in the energy con-
sumed by industry i; e is the emission factor of power supply in Nanjing; TCOy, is CO,
emissions generated by residential energy consumption; a,; is the proportion of j energy
in the energy consumed by residents; ay; is the proportion of electricity in the energy con-
sumed by residents; TCO; is the total greenhouse gas emission of the whole city; TCOyq,
and TCOy;, represent greenhouse gas emissions from agricultural activities and waste
disposal, respectively. TCOq;,x represents land use change and forestry carbon sink, which
is negative.

2.2. LMDI Decomposition

The factor decomposition method was utilized to identify the key factors that influence
carbon peak in Nanjing from 2020 to 2035. This information will serve as a basis for planning
the carbon reduction pathway in Nanjing. The LMDI decomposition method is widely used
due to its ability to decompose multiple factors, handle zero values in the data, and produce
zero residuals in the decomposition results [16]. In this study, the total carbon emissions
of Nanjing from 2020 to 2035 were decomposed into three sectors, carbon emissions from
residential consumption (Cy ), carbon emissions from industrial terminals (Cy), and carbon
emissions from conversion sectors (Ct). This was performed based on the principle of kaya
constant equation, as shown in Equations (8)—(10) [5]:

C=YCj=C+C+Cr ®)
Cij Eij Cl‘,' Ei,' E; Gi
C = (72 x 7 x B x P) + (L7 x B x & x % xG) o
5 < 0
AC = (ALU +ALC +Arp +Ap) + (AIU +AIC + A +AIS +AG) (10)

+(ATU + Ars + Arc + AQ)

where Cy, CL,]-, ELJ, Ey, P denote the total carbon emissions from residential life consump-
tion, the total carbon emissions from residential life using j energy (j = 1, 2, 3, denoting coal,
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oil, natural gas), the total energy consumption using j energy, the total energy consumption
of residential life, and the total population of residents, respectively, in residential life; Ay,
Arc, Apa, AP denote the carbon emission coefficient effect, energy structure effect, per capita
energy consumption effect, and population effect of residential life sector, respectively.

C, Gij, Eij, Ei, G, G denote the total carbon emission, the total carbon emission
of industry 7 using energy source j (i = 1, 2, 3, denotes primary, secondary, and tertiary
industries; j =1, 2, 3, denotes coal, oil, natural gas), the total energy consumption of industry
i using energy source j, the total energy consumption of industry i, the value added of
industry i, the total value added; Ay, Aic, Arg, Ars, Ag denote, respectively, the carbon
emission coefficient effect, the energy structure effect, the energy consumption intensity
effect, the industrial structure effect, and the total economic effect of industrial end sectors.

In the conversion sector, Ct, E1, QFt, and Q denote the total carbon emission, fossil
energy consumption of thermal power generation, thermal power generation, and total
power generation, respectively; Ay, Ats, Atc, and Ag denote the carbon emission factor
effect, energy conversion efficiency effect, power production structure effect, and total
power generation effect in the conversion sector, respectively (although external green
power transfer is also an effective means to achieve energy cleanup, it mainly affects indirect
CO; emissions. Therefore, we mainly discuss Nanjing’s total power generation effect and
its impact on carbon peaking).

Each effect is calculated in Equation (11) [8], where X is any of the 13 effects mentioned
above. Generally, the default carbon emission factor of each energy source is constant, thus
the carbon emission factor effect is zero (Apy = Ay = Aty =0)

Itjl_clt]l) th
Ax = Zijm X In(5m) (11)

2.3. Tapio Decoupling Elasticity Coefficient

Tapio decoupling elasticity coefficients are commonly used to analyze the correlation
between economic growth and environmental pressure and to evaluate the relationship
between economic growth and carbon emissions at national and provincial levels [17]. In
this study, Tapio’s elasticity coefficients were applied to determine the decoupling between
economic growth and total carbon emissions in Nanjing, under each scenario from 2020 to
2035. The decoupling elasticity coefficients were calculated using Equation (12) [18].

o — AC/C (Ci — Cn)
~ AGDP/GDP _ GDP, — GDPyy/GDPy

(12)

where ¢ is the decoupling elasticity coefficient; AC and AGDP denote the changes in carbon
emissions and GDP; C;y and GDPy, denote the carbon emissions and GDP in the base
period ty; Cy; and GDPy; denote the carbon emissions and GDP in the period t;. When
e > 1, there is a negative decoupling when both carbon emissions and economic growth are
positive, and the growth rate of carbon emissions is higher than economic growth.

2.4. Cross-Elasticity of Pollution Reduction and Carbon Reduction

CO; and air pollutants are primarily generated through the combustion of fossil fuels.
As a result, there is a homology between them, which suggests that carbon reduction
measures may have a synergistic effect [19]. In other words, controlling greenhouse gas
emissions can also reduce emissions of other local air pollutants (LAP). This study utilized
the cross-elasticity of carbon reduction to analyze the synergistic effects of carbon reduction
measures on both CO, and LAP [20].

According to the relevant provisions of the “Environmental Protection Tax Law of the
People’s Republic of China” [21], the LAP is accounted for by Equation (13). Where «, $3, v,
b, and ¢ are the equivalent value coefficients of SO,, NOy, TSP, CO, and CH,4 converted to
LAP, which are 1/0.95,1/0.95,1/2.18,1/16.7, and 1/21, respectively.
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LAP = &S07 + BNOy + yTSP + 6CO + eCHy (13)

The cross-elasticity analysis method is used to assess the degree of synergistic reduction in
CO;, and other pollutants by emission reduction measures. Accordingly, the specific calculation
of the cross-elasticity of pollution and carbon reduction shows in Equation (14) [22].

<0,
the measure has an abatementeffect on only
FLS — ALAP/LAP one of the pollutants (14)
~ ACO,/CO, Both numerator and denominator are greater than 0

, while increasing the emissions of 2 pollutants
Both numerator and denominator are less than 0,
while reducing emissions of 2 pollutants

>0,

2.5. Datasets

The base year energy data (e.g., coal, oil, natural gas) for the LEAP model in 2020 were
obtained from the “China Energy Statistical Yearbook” [23]. Pertinent data for Nanjing,
such as GDP, output value of agriculture, industry and service industry, population, and
other related data, were obtained from the “Nanjing Statistical Yearbook” [24]. Data on SO,,
NOx, TSP, CO, CHy, and the parameters for the 2021-2035 scenarios were obtained from the
“Nanjing ‘14th Five-Year’ Air Pollution Prevention and Control Plan” [25]. The “Nanjing
New Electricity System Construction Master Plan (2021-2025)” [26] was used to obtain
data on electricity generation. The resource utilization rate of urban household waste was
obtained from the “Nanjing ‘14th Five-Year’ Open Economy Development Plan” [27]. Data
related to green transportation development were obtained from the “Nanjing ‘14th Five-
Year” Major Infrastructure Construction Plan” [28] and “Nanjing ‘14th Five-Year” Modern
Service Industry Development Plan” [29]. The LMDI decomposition data, Tapio decoupling
elasticity coefficients, and cross-elasticity data of pollution reduction and carbon reduction
were obtained from the LEAP (Nanjing) model analysis results.

2.6. Scenario Setting

The LEAP (Nanjing) model utilizes 2020 as the base year and 2035 as the long-term tar-
get year. The driving factors for end-use demand are the economic growth rate, population
growth, and urbanization rate. The “Notice of Nanjing Municipal People’s Government
on the Issuance of Nanjing’s 13th Five-Year Plan for Controlling Greenhouse Gas Emis-
sions” [30] and other documents propose several measures to reduce carbon emissions.
These measures include controlling industrial energy consumption, promoting the construc-
tion of a new power system, implementing waste classification management, developing
green transportation, and restructuring the industry.

This study utilizes the “Nanjing ‘14th Five-Year’ Air Pollution Prevention and Control
Plan” [25], the “Nanjing New Electricity System Construction Master Plan (2021-2025)" [26],
and other planning documents of Nanjing Municipality as the basis for setting model pa-
rameters (Table 1) during the simulated test interval from 2020 to 2022. Four differentiated
development scenarios were established for the forecast period from 2023 to 2035.
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Table 1. The main carbon emission reduction measures and their specific targets in Nanjing.

Documents Name

Carbon Reduction
Measures

Specific Objectives

Nanjing’s 14th Five-Year
Air Pollution Prevention
and Control Plan

Controlling industrial
energy consumption

By 2025, the proportion of heavy
chemicals will be reduced to 65%,
and carbon emissions will be reduced
by 29%.

Nanjing New Electricity
System Construction
Master Plan (2021-2025)

Promote the construction
of a new power system

By 2025, construction of 49 major
power grid construction projects in
Nanjing, the installed ratio of clean

energy generation will be greater

than 50%

Nanjing’s 14th Five-Year
Open Economy
Development Plan

Waste classification
management

By 2025, the resource utilization rate
of urban household waste will be
greater than 95%

Nanjing ‘14th Five-Year’
Major Infrastructure
Construction Plan

Developing green
transportation

By 2025, the green travel sharing rate
in the central city will be greater than
75%, and the number of new energy
vehicles will reach 300,000

Nanjing’s 14th Five-Year’
Modern Service Industry
Development Plan

Restructuring the
industry

By 2025, the added value of the
service industry will reach about
1.3 trillion yuan, and the total retail
sales of consumer goods will reach

1 trillion yuan.

The study sets four differentiated development scenarios for the forecast period from
2023 to 2035. These scenarios are as follows:

Baseline Recovery Scenario (BRS): Nanjing implements all carbon reduction measures
at the same level as the “14th Five-Year Plan” without any additional measures. The eco-
nomic development rate is set according to the requirements of Nanjing’s 2022 government
work report.

High Growth Scenario (HGS): Nanjing implements carbon reduction measures with
the same intensity as during the “14th Five-Year Plan” without any additional measures.
The development approach relies mainly on high investment to drive high growth in
economic output.

Green Development Scenario (GDS): Nanjing takes first-tier cities such as Beijing,
Shanghai, Guangzhou, and Shenzhen as benchmarks and vigorously implements vari-
ous carbon emission reduction measures. Economic development is driven by efficient
investment to achieve a green economy with high efficiency and low pollution as the
primary goal.

Green Recovery Scenario (GRS): Nanjing takes first-tier cities such as Beijing, Shanghai,
Guangzhou, and Shenzhen as benchmarks and vigorously implements various carbon
emission reduction measures with green and low-carbon as the primary goal. The eco-
nomic development rate is set according to the requirements proposed in Nanjing’s 2021
government work report.

The main assumptions of the four scenarios are shown in Table 2.
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Table 2. Key parameter settings for each scenario of LEAP (Nanjing) model.

Parameters Baseline Baseline Recovery High Growth Green Development Green Recovery
Year Scenario (BRS) Scenario (HGS) Scenario (GDS) Scenario (GRS)
Categories Indicators 2020 2025 2030 2035 2025 2030 2035 2025 2030 2035 2025 2030 2035
The growth rate
- Economic development of gross regional 4.6 4.6 35 25 55 4.6 35 45 3.5 25 55 45 35
Driving o
product (%)
factors
Population growth City resident 9325 10213 10824 11415 10212 10825 11417 10211 10823 11416 10215 1082.6 1141.8
population (million)
The proportion of the
Urbanization rate urban population to the 86.8 89.5 93.2 97.3 89.2 93.5 97.3 89.4 93.5 97.6 89.4 93.2 97.2
resident population (%)
L . Energy consumption
Controlling industrial o qustrial added value 5.6 54 50 47 51 45 40 43 35 30 37 25 16
8y P (tce/10000 yuan)
Promote the construction The installed ratio
of clean energy 224 22,6 23.7 25.8 229 232 254 23.6 23.8 244 27.5 324 38.6
Carbon of a new power system . o
5 generation (%)
Reduction - 1
Measures e The resource utilization
Waste classification rate of urban household 90.2 909 9245 9367 922 937 952 943 956 95 93 975 995
management o
waste (%)
Developing green New energy vehicle 54 79 105 158 97 125 184 119 210 312 199 565 1393
transportation ownership (million)
Restructuring Tertiary industry share (%)  62.8 654 687 709 698 7144 756 666 703 743 710 779 902

the industry

3. Analysis of Results and Discussion
3.1. Analysis of Total Energy Demand

Figure 3 illustrates the trends in energy demand under various scenarios from 2020
to 2035. The BRS shows a stable upward trend in total energy consumption in Nanjing,
increasing from 63.24 million tce (tons of coal equivalent) in 2020 to 134.71 million tce in
2035, with an average annual growth rate of 4.76%. Under the HGS, Nanjing’s energy
demand grows more significantly than the BRS, reaching 175.73 million tce by 2035, with
an average annual growth rate of 7.49%, about 1.6 times that of the BRS. The GDS shows an
upward trend in total energy demand from 2020 to 2023, reaching 92.21 million tce in 2023.
The total energy demand from 2024 to 2035 is controlled at about 83.57-85.48 million tce,
with an average growth rate of 0.09% from 2020 to 2035. The GRS peaks at 92.10 million tce
in 2023 and then gradually decreases to 40.57 million tce in 2035, with an average annual
growth rate of —0.56%. Therefore, the total energy demand in Nanjing under the GDS
and GRS is significantly lower than the other two scenarios due to the focus on increasing
energy efficiency and promoting the use of renewable energy sources. The total energy
demand in Nanjing under the GDS shows a slight increase initially but remains stable at a
lower level for the remainder of the period. In contrast, the total energy demand under
the GRS peaks in 2023 and then decreases over time, indicating the success of efforts in
transitioning towards a more sustainable energy system. Izabela et al. [31] studied the
path of ecological transformation of energy structure in European countries and found that
the most effective method in achieving environmental goals is the rapid and consistent
abolition of coal, replacing it with renewable energy, nuclear energy, and hydropower.
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Figure 3. Trends in energy demand under various scenarios from 2020 to 2035 (Baseline recovery
scenario (BRS), High growth scenario (HGS), Green development scenario (GDS), Green recovery
scenario (GRS)).

3.2. Analysis of Total Carbon Emissions

Figure 4 displays the trends in total carbon emissions under various scenarios from
2020 to 2035. Nanjing’s annual carbon emissions continue to rise under the BRS, increasing
from 2.50 million tons in 2020 to 5.84 million tons in 2035. The rising carbon emissions
trend in Nanjing is more evident under the HGS, growing to 9.42 million tons in 2035.
The BRS and the HGS fail to achieve the carbon peak target by 2030. Carbon emissions in
Nanjing under the GDS will keep rising from 2020 to 2025, with total carbon emissions of
3.48 million tons in 2025. In 2026-2030. The total carbon emissions fluctuate in the range
of 2.95-3.41 million tons but do not exceed the carbon emissions peak in 2025. Carbon
emissions are generally believed to plateau and fluctuate after reaching the peak [32].
Under the GRS, Nanjing’s carbon emissions increased from 2020 to 2022 and then steadily
decreased after reaching a peak of 3.31 million tons in 2022, with a total of 1.34 million
tons in 2035. The GDS and the GRS enable Nanjing to achieve the peaking carbon target
by 2030. It should be noted that while Nanjing increases its carbon emission reduction
efforts under the GRS, it maintains the expected economic development rate proposed in
the Nanjing government’s work report. The expected target is generally the bottom line of
the economic growth rate, and the actual growth rate is usually higher than the expected
target. Especially under the incentive of “competition with the ruler”, it is common to
exceed the economic growth target [33]. Therefore, Nanjing’s future development is likely
to fall between the GDS and GRS, with peak carbon emissions expected to be between
2.78 and 2.95 million tons by 2025. Other prediction studies support this trend, such as
Yang et al. [34], who predicted that Nanjing could achieve peak carbon emissions of about
200 million tons by 2025, and Yue et al. [35], who predicted that Nanjing could reach peak
carbon emissions by 2030.
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Figure 4. Trends in total carbon emissions under various scenarios from 2020 to 2035 (Baseline
recovery scenario (BRS), High growth scenario (HGS), Green development scenario (GDS), Green
recovery scenario (GRS)).

3.3. Analysis of the Factors Influencing the Carbon Peak and the Characteristics of the Carbon
Reduction Path

3.3.1. Analysis of the Factors Influencing Carbon Peaking

Figure 5 illustrates the factors influencing carbon peaking in Nanjing under four
different scenarios. The economic aggregation effect, energy consumption intensity effect,
and total power generation effect have stable emission-increase effects in all four scenarios,
with the economic aggregation effect having a particularly significant increase effect. The
cumulative emission increase in economic aggregates in the BRS, HGS, GDS, and GRS
from 2020 to 2035 is 8295.53, 11922.14, 12652.38, and 7308.89 million tons, respectively, with

emission-increase contribution rates of 59.43%, 63.97%, 55.78%, and 47.34%, respectively.
(a) BRS
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Figure 5. Analysis of factors influencing carbon peaking in Nanjing under four different scenarios
(Baseline recovery scenario (BRS), High growth scenario (HGS), Green development scenario (GDS),
Green recovery scenario (GRS)).

The industrial energy consumption intensity effect, energy consumption structure
effect, and electricity production structure effect have strong emission-reduction effects,
especially in the GDS and GRS scenarios. From 2020 to 2035, the cumulative emission
reduction in the industrial energy intensity effect in the four scenarios is 8557.62, 8204.55,
4538.79, and 3938.83 million tons, and the emission-reduction contribution rates are 38.68%,
33.45%, 44.92%, and 49.09%, respectively. The emission-reduction contribution of the
energy consumption structure effect in the four scenarios is 6.38%, 8.67%, 13.32%, 16.62%,
respectively. The emission-reduction contribution of the production structure effect of
electricity in the four scenarios is 6.57%, 5.63%, 7.09%, and 9.40%, respectively.

Comparing the GDS and GRS, which can achieve the carbon peak, with the BRS and
HGS, it is evident that reducing the industrial end-use energy intensity and improving the
energy consumption structure, industrial structure, and electricity production structure can
contribute significantly to achieving the carbon peak in Nanjing. The cumulative emission
reduction contribution rates in the GDS and GRS from 2020 to 2035 are 69.09% and 74.97%,
respectively. In particular, the industrial structure effect presents an emission increase in
both the BRS and the HGS. However, it can play a positive emission-reduction role in the
GDS and GRS, with cumulative emission reduction contribution rates of 3.09% and 4.42%
from 2020 to 2035.

In general, the reduction in carbon emissions in Nanjing depends on various factors.
The economic aggregation effect, energy consumption intensity effect, and total power
generation effect are the primary drivers of carbon emissions. However, there is a strong
potential for reducing carbon emissions through the industrial energy consumption inten-
sity effect, energy consumption structure effect, and electricity production structure effect.
To achieve a carbon peak in Nanjing, it is essential to reduce industrial end-use energy
intensity and improve energy consumption and production structures. Xiao et al. [36]
identified industrial structure, energy intensity, energy price, and level of openness as
the main factors influencing regional carbon emission intensity. Therefore, according to
the “14th Five-Year Plan” of Nanjing, reducing industrial end-use energy intensity and
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improving energy consumption and production structures might contribute significantly
to the reduction in carbon emission intensity in the region.

3.3.2. Decoupling Analysis of Economic Development and Carbon Emissions

Table 3 presents the Tapio decoupling coefficients for each scenario during the period
of 2022-2035. During the simulated test interval from 2020 to 2022, the Tapio decoupling
coefficients of Nanjing for 2020 to 2021 and 2021 to 2022 were 0.28 and 0.57, respectively,
indicating weak decoupling states. The decoupling coefficients of the BRS, HGS, GDS, and
GRS were primarily negative. In the simulated forecast intervals from 2022 to 2035, the
decoupling coefficients for each year under the BRS and the HGS were mostly between
0 and 1, indicating weak decoupling. The decoupling coefficients for each year were
largely negative in the GDS and GRS, indicating strong decoupling of economic growth
and carbon emissions. From 2022 to 2035, the decoupling coefficients for the BRS, HGS,
GDS, and GRS were 0.38, 0.48, —0.11, and —0.06, respectively. This indicated that the
decoupling coefficients of carbon emissions and economic growth in Nanjing under the
BRS and HGS were weak. However, the GDS and GRS scenarios have the potential to
achieve strong decoupling of economic growth and carbon emissions by 2035, leading to
green and low-carbon economic development.

Table 3. Tapio decoupling coefficients of each scenario during 2022-2035.

Years BRS HGS GDS GRS
2022-2023 0.45 0.49 0.03 —-0.15
2023-2024 0.46 0.50 0.04 —0.12
2024-2025 0.43 0.51 0.10 —0.07
2025-2026 0.39 0.46 —-0.12 —0.34
2026-2027 0.40 0.47 —0.10 —0.32
2027-2028 0.41 0.48 —0.04 —0.21
2028-2029 0.43 0.49 —0.03 —0.12
2029-2030 0.43 0.50 —0.05 —0.14
2030-2031 0.33 0.43 —-0.21 —0.52
2031-2032 0.34 0.44 -0.18 —-0.47
2032-2033 0.35 0.45 —0.17 —0.43
2033-2034 0.37 0.47 —-0.14 —0.45
2034-2035 0.38 0.48 -0.11 —0.06

Note: (Baseline recovery scenario (BRS), High growth scenario (HGS), Green development scenario (GDS), Green
recovery scenario (GRS)).

3.3.3. Analysis of Emission Reduction Effects of Key Carbon Reduction Measures

Based on the BRS and the HGS, individual measures to reduce carbon emissions were
strengthened one by one according to the measures in the GDS and GRS to examine the
variation in total carbon emissions in 2035, assuming that the strength of other measures
remains unchanged. As shown in Figure 6, based on the BRS, the total carbon emissions
in 2035 will be 1.36 million tons, resulting in a 43.27% reduction contribution rate after
strengthening the control of industrial energy consumption alone (the energy consump-
tion of industrial value-added will reach 1.6 tce per million yuan in 2035). Furthermore,
restructuring the industry (the proportion of tertiary industry will reach 82.40% in 2035)
will reduce carbon emissions by 1.19 million tons compared to the baseline scenario, with a
reduction contribution rate of 20.27%. Additionally, promoting the construction of a new
power system (the installed ratio of clean energy generation will be greater than 50% by
2035), developing green transportation (the green travel sharing rate in the central city will
be greater than 75% by 2035), and implementing waste classification management (the
resource utilization rate of urban household waste will be greater than 95% by 2035) also
have good effects on reducing emissions, resulting in reductions of 0.18-0.76 million tons,
with contribution rates of 12.78%, 10.59%, and 3.06%, respectively.
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Figure 6. Emission reduction effects of priority measures in 2035 based on the BRS and HGS (Baseline
recovery scenario (BRS), High growth scenario (HGS)).

When comparing the emission reductions achieved by intensifying individual mea-
sures with the HGS as the baseline, controlling industrial energy consumption and re-
structuring the industry also have significant contributions to reducing carbon emissions.
Compared to the BRS, the reductions in carbon emissions were 4.33 and 2.13 million tons
in 2035, with reduction contribution rates of 45.97% and 22.56%, respectively. Based on
the BRS and the HGS, the total reduction contribution of controlling industrial energy
consumption and restructuring the industry exceeded 63.5%, which should be regarded as
the priority measures in the path to reduce carbon emissions in Nanjing.

Therefore, to strengthen the path of planning for carbon emission reduction under
Nanjing’s carbon peak target, it is necessary to prioritize controlling industrial energy
consumption and adjusting the industrial structure [37]. First, it is necessary to phase out
backward industrial production capacity with high energy consumption and encourage
industrial enterprises to promote the cleanliness and efficiency of the production process
through technological innovation to reduce industrial energy consumption and carbon
emissions [38]. On the other hand, Nanjing needs to continue to increase its efforts to
adjust the industrial structure and reduce carbon emissions from industry, transportation,
and other high-emission sectors through the development of strategic new service indus-
tries [39]. By achieving a strong decoupling of economic growth and carbon emissions as
early as possible, Nanjing can ensure the successful achievement of the carbon peak target
and lay a solid foundation for the long-term goal of carbon neutrality.

3.3.4. Analysis of the Synergy Effect of Key Carbon Reduction Measures

Based on the BRS and the HGS, assuming that the other measures remain unchanged,
the cross-elasticity of synergistic control was measured based on the strength of the mea-
sures in the GDS and GRS. The impact of carbon reduction in 2035, which is presented
in Table 4, was used to compute the cross-elasticity of synergistic control for each mea-
sure. A value greater than 0 was obtained for each measure, indicating that all measures
have synergistic effects on mitigating both CO, and LAP emissions [15]. Four measures,
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namely, controlling industrial energy consumption, promoting the construction of new
power systems, developing green transportation, and restructuring the industry, yielded a
cross-elasticity of synergistic control between 0 and 1, indicating a more significant effect
on CO, emission reduction than LAP in achieving synergistic emission reduction. On the
other hand, waste classification management had a cross-elasticity of synergistic control
above one, indicating a greater effect on reducing LAP emissions. Thus, it is crucial to
prioritize the implementation of these measures to effectively reduce both CO; and LAP
emissions. A combination of measures may be beneficial in achieving the desired level of
emission reduction. Furthermore, it is essential to continue monitoring and evaluating the
effectiveness of these measures to identify any potential improvements or adjustments that
may be necessary.

Table 4. Results of cross-elasticity analysis of carbon reduction under various emission reduction
measures in 2035.

Measures Enhanced Single Measure Enhanced Single Measure
u Based on the BRS Based on the HGS

Controlling 1ndust'r1al energy 0.8927 0.9253
consumption

Promote the construction of a 01038 01271

new power system

Waste classification 1.4502 15131
management

Developing green 0.7089 0.7433
transportation

Restructuring the industry 0.1711 0.1805

Note: (Baseline recovery scenario (BRS), High growth scenario (HGS)).

4. Conclusions and Limitations

Nanjing is currently facing challenges in achieving its peak carbon target by 2030
with its current carbon emission reduction measures. However, if some measures are
strengthened, it is possible for Nanjing to decouple economic growth and carbon emissions,
reaching its peak carbon target by 2025 with a peak of approximately 3.48 million tons.
Factors such as controlling industrial energy consumption, restructuring the industry,
promoting the construction of a new power system, developing green transportation, and
waste classification management all play a role in Nanjing’s ability to achieve its carbon
peaking target. In both the GDS and GRS from 2020 to 2035, these factors have a cumulative
emission reduction contribution rate of 69.09% and 74.97%, respectively. Controlling
industrial energy consumption and restructuring the industry have been identified as
key measures for reducing carbon emissions in Nanjing, with total emission reduction
contribution rates exceeding 63.5% in the baseline recovery scenario and the high growth
scenario. These measures can not only help reduce carbon emissions but also have the
added benefit of controlling local pollutant emissions, leading to a synergistic effect of
reducing pollution and carbon.

Based on the research and the distinct urban features and developmental prospects of
Nanjing, it is noteworthy that a crucial measure towards realizing peak carbon in the region
involves the reduction in both energy intensity and carbon intensity of energy consumption.
This can be achieved through a combination of measures, such as promoting energy-efficient
buildings, encouraging the use of renewable energy sources, and implementing energy-
saving technologies in industries. In addition, the integration and innovation of green
industries within the city region can play a significant role in reducing carbon emissions.
For example, the development of new energy vehicles and materials can help reduce the
carbon footprint of transportation, while the use of big data can help optimize energy
consumption and reduce waste. Increasing the proportion of clean energy consumption in
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urban areas is also essential for achieving peak carbon in Nanjing. This can be achieved
through the promotion of renewable energy sources, such as solar and wind power, and
the implementation of energy-efficient technologies in buildings and industries. Finally,
achieving sustainable urban development is a key goal of these policies. This can be
achieved by encouraging energy and industrial transformation at the local level, promoting
the use of sustainable materials and technologies, and supporting the development of green
infrastructure, such as public transportation and bike-sharing programs. Overall, these low
carbon recommendations provide a roadmap for Nanjing to achieve its peak carbon target
by 2025. By implementing these policies, Nanjing can not only reduce its carbon emissions
but also promote sustainable urban development and economic growth.

This paper has certain limitations that need to be further explored to improve it. The
study’s findings are based on a specific set of assumptions and scenarios. For example,
the study assumes that Nanjing will implement certain low carbon recommendations and
that these policies will be effective in reducing carbon emissions. However, the actual
implementation and effectiveness of these policies may vary depending on a range of
factors, such as political will, funding availability, and stakeholder engagement. Addi-
tionally, while the study provides valuable insights into the factors contributing to carbon
emissions in Nanjing, it is important to note that the findings may not be generalizable to
other regions or contexts. Regional variations in economic structure, energy consumption
patterns, and policy frameworks can significantly impact the effectiveness of low carbon
recommendations and the feasibility of achieving peak carbon targets. Furthermore, the
study’s focus on relative changes across sectors rather than absolute numbers may limit its
usefulness for policymakers and stakeholders who require more precise and accurate data
to inform decision-making.

Future research directions may include exploring alternative methodologies for mea-
suring carbon emissions, such as life cycle assessment or input-output analysis, to gain
a more comprehensive understanding of the carbon footprint of different activities and
processes. These methodologies can provide more precise and accurate data to inform
decision-making and policy development. Additionally, future research may benefit from
exploring the effectiveness of different low carbon recommendations in different regions
and contexts. This can help identify the most effective policies and strategies for reducing
carbon emissions and achieving peak carbon targets in different settings. Furthermore,
future research may benefit from exploring the social and economic impacts of low carbon
policies and strategies. This can help identify potential trade-offs and unintended conse-
quences of different policies and strategies and inform the development of more equitable
and sustainable low carbon solutions. Finally, future research may benefit from exploring
the role of technology and innovation in reducing carbon emissions and achieving peak
carbon targets. This can include exploring the potential of emerging technologies, such as
carbon capture and storage, renewable energy storage, and smart grid systems, to reduce
carbon emissions and promote sustainable urban development.
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