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Abstract: In order to mitigate the negative effects of global climate change, the Chinese government
has committed to achieving peak carbon emissions by 2030 and carbon neutrality by 2060. Since
municipal cities are the bottom administrative level for drawing up development plans, it is nec-
essary and important to conduct decarbonization pathway research on municipal energy systems
(MESs). However, there is little research on decarbonization at the municipal level, and the impact of
development paths in each forecast scenario is mostly based on expert evaluation and qualitative
assessment. Therefore, this study established a complete decarbonization framework for MESs,
including general research procedures, models, and a sustainable evaluation method. The models
of energy consumption and carbon emission were adapted and improved for MESs. In order to
quantitatively evaluate the energy system development for each scenario, we proposed an energy–
economy–environment–security (3E–S) evaluation method, in which principal component analysis
(PCA) was adopted for multi-criterion decision making. According to the analysis results of the case
city in Guangdong, this evaluation method was proved to be an effective way to identify the factors
that may influence coordinated development. By adjusting the relevant parameters and factors in the
model, the optimal decarbonization pathway can be found to promote sustainable and coordinated
development, thus helping government decision makers to quantitatively evaluate planning paths.

Keywords: municipal energy system modeling; decarbonization pathway; sustainable and coordinated
development; 3E–S; quantitative evaluation method

1. Introduction

Global climate change is one of the greatest threats to human beings. In order to
mitigate global warming, international communities have taken deliberate actions. The
goal of the Paris Agreement is to limit global warming to well below 2 ◦C, preferably to
1.5 ◦C, compared to pre-industrial levels [1]. To achieve this long-term goal, countries
aim to reach peak global greenhouse gas emissions as soon as possible, before attaining
net-zero carbon emissions by the middle of the century. More than 17 countries and regions
have submitted 2050 long-term strategies to the United Nations Framework Convention on
Climate Change (UNFCC) Secretariat [2]. The number of countries with net-zero emissions
pledges worldwide has shown a rapid increase, encompassing 48% of global emissions [3].

The goal of net-zero carbon emissions has risen to the level of national strategy in
China, which committed to achieving peak carbon emissions by 2030 and carbon neutrality
by 2060 [4]. Subsequently, introducing action plans for achieving peak carbon emissions by
2030 is required by the 14th Five-Year Plan (14th FYP) [5]. This is a great challenge for China.
In 2020, China produced about 10.2 billion tonnes of carbon dioxide emissions [6], which
accounted for 32% of global CO2 emissions. More than 80% of the national emissions were
attributed to industry, industrial waste, and power generation [3]. This high proportion
was largely ascribed to energy-intensive and emission-intensive industries, including steel,
cement, and coal power production, which constitute the majority of China’s industrial
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sector. Thus, industry and power generation are the key fields for reducing emissions. It is
also necessary to pay attention to the fields of transportation, building, and agriculture.

Hence, China must urgently achieve its decarbonization target, which will deeply
affect energy system planning on the national, provincial, and municipal levels [7] for at
least the next 40 years. On the policy side, the State Council of China issued two government
documents [8,9] related to an implementation scheme for achieving peak carbon emissions.
The purpose was to guide the formulation of carbon reduction plans at the provincial level.
The provincial decarbonization goals are further divided on the municipal level on the basis
of energy consumption, carbon emissions, and resource endowment. It is worth noting that
municipal governments represent the bottom level for drawing up development plans and
projects (such as the 14th FYP). Therefore, the decarbonization pathway planning methods
of municipal energy systems (MESs) with the target of zero carbon are crucially important,
as they will help municipal governments to formulate development plans scientifically,
reasonably, and comprehensively.

Much research has focused on decarbonizing energy systems. However, the majority
has been conducted at the national level [7,10]. As of now, at least 45 countries have
explored and studied long-term, medium-term, or short-term carbon reduction planning
for energy systems [11]. These studies have mainly concentrated on countries in Europe,
Asia, and North American, such as the UK [12,13], China [7,14–16], the US [17,18], and
India [19]. Some of these studies have considered a higher spatial resolution, at the
provincial level [10,20]. Only a few have put special emphasis on the municipal level. Based
on LEAP city model, Yingying Liu et al. [21] analyzed the obstacles and pathways to carbon
neutrality for Beijing–Tianjin–Hebei and their surrounding cities under policy scenario
(PO) and low-carbon scenario (LC). For different cities at various development levels,
carbon capture and storage (CCS) technology, zero-carbon vehicles, and electrification play
different roles in the process of achieving carbon neutrality. The key sectors for carbon
reduction also differ depending on the type of city. The World Resources Institute and
Nanjing University [2] jointly released an optimized peak carbon emissions roadmap and
long-term vision for Suzhou by 2050. This report predicted the industrial structure, energy
structure, power structure, and carbon emission pathway of Suzhou by 2050 using scenario
analysis methodology. The 14th FYP and long-term suggestions for Suzhou’s low-carbon
development in various fields were also put forward. Carbon reduction in an individual
sector or a key industry is also a hot spot in decarbonization research. Extensive studies
have been conducted on long-term pathways towards the deep decarbonization of power
systems (or the power sector) [22–26], the building sector [27–31], the transport sector [32],
the agricultural sector [33,34], the iron and steel industry [35], and other industries [36,37].

Various energy system models and scenario analyses have been adopted within the
framework of decarbonization pathway research. However, the impact of development
roadmaps in each forecast scenario is mostly based on expert evaluation and qualitative
analysis. This is likely to result in many challenges related to uncoordinated development.
For example, the excessive pursuit of high-speed economic development has led to a sharp
increase in fossil energy consumption, which has caused adverse impacts on the environ-
ment in many developing countries [38]. Thus, coordinated and sustainable development in
the energy, economy, and environment (3E) domains is crucial for countries and cities, espe-
cially during the decarbonization process [39–43]. The aim of 3E coordinated development
is that the energy, economy, and environment subsystems coexist harmoniously with each
other in the process of development and evolution. Meanwhile, the three subsystems are
linked to each other by cooperation, complementarity, and synchronization. [44]. Research
into 3E coordinated development has always concentrated on sustainable development [40].
Therefore, sustainable development and its evaluation methods have become a hot topic,
especially with the current high level of concern for the environment and climate change.

The concept of sustainable development was first introduced in the UN’s World
Energy Assessment (WEA) report in 2000 [45], but it was best defined by the Brundtland
Commission as ‘development that meets the needs of the present without compromising
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the ability of future generations to meet their own needs’ [46]. Most of the relevant literature
has evaluated the level of sustainable development according to environmental, social,
and economic indicators [47]. Gunnarsdottir et al. [47] reviewed 57 sets of indicators
of sustainable energy development (SED), with the majority of them being considered
at the national level. Indicators developed in the typical context of one country are not
completely replicable and applicable to other countries. Other types of indicators, including
social [48,49], resource-related [50], and political [46], have also been introduced in some
publications. Another important dimension, energy security, is treated as a vital issue and
is usually considered independently. However, sustainable development is not possible
without the consideration of energy security [47]. Hence, it is important to comprehensively
evaluate sustainable development during the decarbonization transition of energy systems
from the perspective of both 3E and energy security, yet few studies have achieved this.

As mentioned above, the limitations of the existing research can be summarized as
follows: (1) Current decarbonization pathway research conducts analysis and evaluations
mostly based on expert opinions and qualitative assessments. A comprehensive indicator
set and quantitative analysis method for different scenarios need to be developed; (2) Most
publications regard 3E development as only concerning the trends of sustainable MESs.
However, few evaluation indicators have been established in combination with energy
security. The concept of 3E coordinated development has also rarely been introduced into
decarbonization pathway research, especially for MESs.

In this study, therefore, we established a complete decarbonization framework for
MESs, from energy system modeling to a scenario quantitative analysis method. First, a
comprehensive framework and procedures for energy system decarbonization research
were reviewed and summarized. The models of energy consumption and carbon emissions
were adapted and improved for MESs. In order to quantitatively evaluate the energy
system development for each scenario, we proposed a 3E–S evaluation method, in which
principal component analysis (PCA) was adopted for multi-criterion decision making.
Finally, a municipal city in Guangdong was analyzed as a case study. According to the
case study, the planning and 3E–S evaluation method for MESs was proved to be scientific,
effective, and reasonable.

This paper is structured as follows: Section 2 summarizes a comprehensive framework
and procedures for energy system decarbonization research. The models and 3E–S evalua-
tion method are described in detail. Section 3 presents a case study of a municipal city in
Guangdong province, including the calculation of its decarbonization pathway in different
scenarios. The sustainable evaluation result of the case city and recommendations for
pathways and policies are discussed in Section 4. Finally, Section 5 provides the conclusions
of this study.

2. Materials and Methods
2.1. Procedures of Energy System Decarbonization Research

Through a review of the relevant literature, the procedures of energy system decar-
bonization could be summarized into the following 6 steps, as illustrated in Figure 1:
(1) investigation and survey, (2) energy system modeling, (3) scenario analysis, (4) main
parameter setting and forecast, (5) result, (6) sustainable development evaluation.

Step 1 is to conduct a preliminary investigation and survey, including data collection,
an analysis of the current system, and research aim determination. An in-depth inves-
tigation and comprehensive data collection are the basic tasks to obtain a picture of the
municipal foundations and development potential. Data can be gathered by reviewing
annual statistics and summary reports; interviewing municipal representatives, mainly
covering socio-economic details (GDP, population, and geography); consulting historical
energy supply and demand data; examining policy and climate action plans [10,51], etc. It
is necessary to analyze energy flow and CO2 emission flow using a Sankey diagram. Then,
the research purpose needs to be determined, which is directly related to the selection
of energy models, deciding between simulation or optimization. The former is used for
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energy system analysis and scenario analysis, while the latter is used for investment or
operational decision support [52]. The framework of this paper was focused on the sim-
ulation of different scenarios. Optimization frameworks, procedures, models, and other
characteristics are available from refs. [7,20,53–55].
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Figure 1. The procedures of energy system decarbonization pathways (simulation).

Next, the energy system is modeled in Step 2. The commonly considered driving
factors include GDP and its growth, population and its growth, urbanization, the structure
of the three main industries, and the unemployment rate [2,21,56]. Based on these driving
factors, the models of energy supply, transformation, and energy demand are generally
constructed using existing models (such as LEAP and NEMS). The whole energy system
can be divided into 6 sectors, including the power, building, industry, transportation,
agriculture, and waste sectors. Some studies also consider non-energy sectors, such as
livestock and industrial processes [51,56]. The model is calibrated and validated using
official historical data and base-year data [7,56].

In Step 3, scenario analysis allows the examination of many possible future scenarios
in terms of decarbonization paths and observable outcomes [57]. In general, this mainly
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comprises the definition of the scenario, constraints, assumptions, and boundaries. For
scenario definition, the principles, numbers, settings, and potential solutions for CO2
emission reduction need to be determined. Based on the principles of CO2 emission and
energy consumption, two or three scenarios are generally defined as the reference (also
called business-as-usual (BAU)), deep decarbonization, and further decarbonization scenar-
ios [10,53]. The potential solutions for decarbonization can summarized into five categories:
(1) maximum energy efficiency to reduce energy demands; (2) renewable energy (RE) and
zero-carbon fuel replacement to reduce carbon emissions directly; (3) the promotion of
low-carbon technology and flexible facilities, such as CCS, large-scale storage, power-to-X,
and hydrogen; (4) electrification in transportation and buildings; and (5) behavior change
in energy consumers [51]. The constraints mainly describe the limitations regarding re-
sources, technology, policy, and the supply and demand balance. The definition of clear
assumptions and boundaries is also required.

Then, the main parameters and features are set and predicted in Step 4. The results
of the energy pathway, carbon emission pathway, and other socio-economic pathways
are obtained in Step 5. Finally, the quantitative evaluation of municipal sustainable de-
velopment in different scenarios is necessary from the 3E–S perspective proposed in this
paper. The evaluation results obtained in Step 6 can provide feedback for adjusting the
main parameters and settings in Step 4 until a reasonable and coordinated decarbonization
pathway is achieved.

2.2. Modeling Framework

The modeling framework adopted in this paper is depicted in Figure 2. We considered
five sectors: power, industry, transportation, building, and agriculture.
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Figure 2. The modeling framework of municipal decarbonization pathway planning.

Non-energy sectors were ignored here because the overwhelming majority of mu-
nicipal CO2 emissions come from energy sectors. Each sector was divided into different
subsectors. The demand for coal, oil, natural gas, and primary electricity could be calcu-
lated by considering the energy activity level and energy consumption intensity in each
subsector. Except for carbon emissions resulting from fossil fuels, the input electricity from
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other regions and output electricity to other areas were also considered in the CO2 emission
model. Lastly, the 3E–S development of the system was evaluated.

2.3. Energy Demand and CO2 Emissions

Energy demand can generally be expressed as the product of the activity level and the
annual energy intensity. The formula is shown below:

Ei = ∑
s

∑
t

EALs,t · EIi,s,t, (1)

where Ei is the energy demand of fuel type i, EALs,t is the energy activity level of technology
t in sector s, and EIi,s,t is the energy intensity. Based on the department analysis method
used in LEAP, the total energy demand was calculated for the industry, transportation,
building, agriculture, and power sectors, each of which could be broken down into different
subsectors [58]. The expressions for each of the sectors listed in Figure 2 differed in terms
of certain details, but they were all largely based on Equation (1), as is demonstrated in
Table 1. More detailed explanations are found in Supplementary Materials.

Table 1. The expressions for energy demand in different sectors [59–61].

Sector Subsector Energy Demand Explanations

Industry All
Pt,s · EFi,t,s

Pt,s = annual production
EFi,t,s = energy-use coefficient per unit output

GOVt,s · EFVi,t,s

GOVt,s = industrial output value
EFVi,t,s = energy-use coefficient per unit

output value

Transportation

Road

(Ps,turnover + Fs,turnover) · F · Et,s · ρi,t,s · δi,t,s

Ps,turnover = passenger turnover
Fs,turnover = freight turnover

FEt,s = fuel economy
ρi,t,s = density of fuel i

δi,t,s = conversion coefficient of standard coal

Rail
Waterborne

Air

Building
Residential

St,s · EFAi,t,s
St,s = building space

EFAi,t,s = energy consumption per unit areaPublic
Construction

Agriculture All At,s · EFIi,t,s
At,s = area of agricultural production activity
EFIi,t,s = energy-use coefficient per unit area

Power
Electricity
demand ∑

s
∑
t

ELEs,t Sum of electricity demand of all sectors

Energy demand ELEi · λele,i
ELEi = electricity generation by fuel i

λele,i = fuel i consumption for power supply

The total CO2 emissions could be calculated by the carbon dioxide emission coefficient
method [62], as Equation (2) shows. This method considers the direct carbon emissions
from fossil fuel combustion and the indirect emissions from electricity transfer in and
transfer out.

EMCD = Ei · EFi,CD + ELEinput · EFinput,CD, (2)

If electricity is transferred from one city to another, Equation (3) is applicable.

EMCD = Ei · EFi,CD − ELEoutput · EFoutput,CD, (3)

where EMCD is the CO2 emissions; Ei is the energy demand of fuel i; EFi,CD is the CO2
emission coefficient when fuel i is burned; ELEinput and ELEoutput are the electricity input
and output, respectively; and EFinput,CD and EFoutput,CD are the CO2 emission coefficients of
input and output electricity, respectively.
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Calculating the net carbon dioxide emissions is important in the context of the carbon
neutrality. This calculation takes the natural carbon sink into account, representing the
difference between the actual emissions of carbon dioxide and the absorption capacity of
the natural carbon sink. The formula is:

EMNetCD = EMCD − CSnatural , (4)

where EMNetCD is the net CO2 emissions and CSnatural is the natural carbon sink.

2.4. Sustainable Development Indicators and Evaluation Method

The indicator system for municipal sustainable development was established based
on the four dimensions of energy, economy, environment, and security, as shown in Table 2.
There were 31 indicators in total, obtained through reference to the published literature on
3E sustainable development, municipal sustainable development, and energy security. The
references for each indicator are included in Table 2. Specifically, the dimension of energy
development had 10 indicators, concerning amount, structure, and growth; economic
development had 6 indexes; and there were 8 indicators for the environment dimension.
Besides CO2 emissions, SO2 and NOx emissions were also considered, because greenhouse
gas (GHG) emission mitigation is a crucial issue. These emissions could be calculated by
an emission factor method similar to Equation (4), and the value of the coefficient could be
obtained following the method of [62]. Energy security was evaluated by 7 indicators.

The evaluation method consisted of standardization, the determination of indicator
weight, the evaluation of each dimension, the calculation of the overall level of municipal
sustainable development, and the evaluation of the coordination degree of the MES.

Table 2. The 3E–S evaluation system for municipal sustainable development.

Dimension Indicators Unit Ref.

Energy

Energy demand tce [63,64]
Energy demand per capita tce/capita [65]
Electricity consumption kWh [66]
Electricity consumption per capita kWh/capita [66]
Shortage of energy demand tce [66]
Percentage of fossil fuels in total
energy demand % [67]

Ratio of energy demand to production
growth rate % [66]

Elasticity coefficient of energy demand % [66]
Energy demand intensity tce/RMB [63,65]
Proportion of RE in total
energy demand % [58–68]

Economy

GDP RMB [69,70]
GDP per capita RMB/capita [63,69]
GDP per ton of standard coal RMB/tce Defined
GDP growth rate % [46]
Land area per capita m2/capita [66]
Road density km/km2 [66]

Environment

CO2 emissions t [46–50,63–70]
CO2 emissions per capita t/capita [63,69]
CO2 emissions intensity t/RMB Defined
SO2 emissions t [46–50,63–70]
SO2 emissions per square t/km2 [66]
SO2 emissions per capita t/capita [66]
NOx emissions t [46–50,63–70]
NOx emissions per capita t/capita [66]
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Table 2. Cont.

Dimension Indicators Unit Ref.

Security

Primary energy production per capita tce/capita [71–75]
Self-sufficiency rate % [71–75]
Proportion of electricity consumption % [71–75]
Diversity of energy demand 1 - [71–75]
Energy conversion loss % [65,66]
Power plant utilization % [71–75]
Forest coverage % [71–75]

1 Using the Shannon–Weiner index.

2.4.1. Standardization

Since many indicators were included in this paper, and the indictors had different
units, making it difficult to determine an optimal standard, standardization (also called
normalization) was required; for this, we selected the MIN–MAX method. The relevant
expressions were as follows [66]:

For positive indicators:

Zin =
Xin − Xmin

Xmax − Xmin
, (5)

For negative indicators:

Zin =
Xmax − Xin

Xmax − Xmin
, (6)

where Zin is the standardized value of indicator in; Xin is the original value of indicator in;
and Xmax and Xmin are the maximum and minimum value of all-year data, respectively.

2.4.2. Weighting

A multi-criterion decision method was required to compute the weight of the indica-
tors. PCA was used in this paper because it presents superior performance for less-random,
multivariate statistical studies and quantitative analyses compared to the other twelve
techniques [76–78]. The procedures of PCA were conducted based on [71].

2.4.3. Evaluation of Each Dimension

The value of each dimension is expressed by Equation (7) [66].

EDd =
n

∑
in=1

Zin · ωin, (7)

where EDd is the value of dimension d, including 3E–S; n is the number of indicators of
each dimension; and ωin is the weight of indicator in.

2.4.4. Overall Level of Municipal Sustainable Development

The overall level of municipal sustainable development was calculated by Equation (8).
It was based on the assumption that the development of each dimension was equally
important [66].

SD =
EDenergy + EDenvironment + EDeconomy + EDsec urity

4
, (8)

where SD is the overall level of municipal sustainable development.

2.4.5. Coordination Degree

The coordination degree is a quantitative index for measuring the degree of coordina-
tion between dimensions in the 3E–S system [38]. Before obtaining the result, the coordi-
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nation degree of each dimension first needed to be calculated, as shown in Equation (9).
Then, the overall coordination degree of the MES was defined, as in Equation (10) [66].

Hd =


exp( dEd

dt − dSD
dt ) dEd

dt < dSD
dt

1 dEd
dt = dSD

dt
exp( dSD

dt − dEd
dt )

dEd
dt > dSD

dt

, (9)

HWS = 4

√√√√ 4

∏
d=1

Hd, (10)

where dEd
dt is the developing rate of dimension d, dSD

dt is the overall developing rate of the
system, Hd is the coordination degree of dimension d, and HWS is the overall coordination
degree of the MES. From the definition in Equation (9), Hd ranged from 0 to 1.

3. Case Study and Pathway Results

A municipal city in Guangdong province in southeast China was selected as the
case study in this paper. This city has a residential population of 2.9 million, and its
urbanization rate is 45%. In recent years, the dominant driving forces of GDP growth in the
city were represented by traditional energy-intensive sectors such as industry, building,
and transportation. In 2020, 87% of the total energy demands came from traditional fossil
fuels, including coal, oil, and natural gas, as depicted in Figures 3 and 4.
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Figure 3. The primary energy demand and energy intensity from 2010 to 2020.
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Figure 4. Sankey diagram of energy flow in 2020. Services industry consists of transportation and
commercial sectors.
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From the perspective of subsectors, energy is mainly consumed by iron and steel,
cement, and power production (63%). The electricity generation structure is dominated
by thermal power generation, with a proportion of 65%. It is noteworthy that the city has
a strong natural carbon sink capacity, with a forest cover of 74% in 2020, which provides
favorable conditions for achieving carbon neutrality. All data were obtained from historical
statistical yearbooks, energy balance sheets, statistical communiques, reports, interviews,
policy documents, and plans pertaining to the case city.

As illustrated in Figure 3, the total primary energy demand increased by 48% from
2010 to 2020, while the energy intensity decreased by 32%. In the past 11 years, coal
consumption has represented over 70% of the total demand.

The Sankey diagram of energy flow was drawn according to the energy consumption
data and demonstrates the primary energy sources and links to end-use sectors. About
56% of the coal was used in industry, including the iron and steel, cement, metallurgy, and
chemical industries. Thermal power consumed 43% of the coal. Around 43% of the oil was
used in the transportation sector, and 21% was consumed by the residential sector. As for
natural gas, 61% flowed into the metallurgy and cement industries, etc.

Based on the model in Section 2.2, the historical CO2 emissions were calculated for
the sectors of industry, transportation, building, agriculture, and power. The results are
presented in Figure 5. The total CO2 emissions showed a fluctuating increase from 2010
to 2020, while the CO2 emission intensity decreased with the stable development of the
economy. The industry sector and power sector produced the majority of the CO2 emissions,
accounting for 93% in 2020. Only 7% of emissions were released by the other three sectors.
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Figure 5. The CO2 emissions and CO2 emission intensity from 2010 to 2020.

3.1. Scenario Setting

The decarbonization pathway was based on certain assumptions and boundaries. The
electricity consumption of the industry, building, transportation, and agriculture sectors
was jointly calculated as that of the power sector to avoiding double counting. The CO2
emissions were calculated for the energy sector, not including those produced by livestock,
industrial process, waste, and other non-energy sectors.

Three scenarios were considered: the conservative scenario (reference), the carbon
neutrality scenario, and the carbon-negative scenario. In the reference scenario, a conserva-
tive estimation was conducted according to the existing plans and policies and the current
growth rate to ensure the achievement of peak carbon emissions by 2030 on the premise of
guaranteeing the steady development of the municipal economy. The carbon neutrality
scenario was constructed around the targets of peak carbon emissions by 2030 and carbon
neutrality by 2060, with much greater efforts being put into carbon emission reduction,
sink enhancement, and new policy implementation; additionally, zero-carbon and flexible
technologies (especially RE and pumped storage) experience vigorous expansion, and great
attention is paid to energy saving in all sectors. As for the carbon-negative scenario, the
main objective was to contribute to a much improved carbon sink for both the province
and the country, while ensuring the realization of net-zero carbon emissions. The energy
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system cost is further decreased, and energy efficiency is further enhanced. Moreover,
faster breakthroughs are made to many important technological bottlenecks, which include
cross-season energy storage (CRC) and the coproduction of different energy products.

3.2. Energy and CO2 Emission Pathway

Based on the modeling framework in Section 2.2, the energy system of this case
municipal city was established using LEAP software [58]. The main parameters of the five
sectors were predicted according to the scenario definition in Section 3.1 and the main
decarbonization solutions for the five sectors listed in Table 3.

Table 3. Main decarbonization solutions for the five sectors in the case municipal city.

Sectors Decarbonization Solutions

Industry

• Controlling product output of carbon-intensive subsectors, such as
iron and steel and cement.

• Replacement of long-term steel production process.
• Reducing EF and EFVi,t,s.

Transportation

• Electrification.
• Replacement of hydrogen energy.
• Replacement of LNG carriers.

Building

• Enhancement of energy saving in buildings.
• Building electrification.
• Application of RE in buildings.

Agriculture
• Replacement of clean energy.
• Application of biomass energy.

Power

• Generation of electricity by RE, including photovoltaics (PV), wind
turbines (WTs), and hydropower.

• Control of installation capacity and annual operating hours of
coal-fired power plants.

• Development of advanced and highly efficient power
generation units.

The energy pathway and CO2 emission pathway were obtained after scenario analysis,
as illustrated in Figures 6–8. The most fundamental solution to reduce carbon dioxide
emissions was to optimize the energy demand structure, transitioning to green and low-
carbon systems. In Figure 6, the energy demands of the three scenarios show trends of
rise–fall for the years 2020–2060. The proportion of fossil energy consumption decreased
gradually, while the consumption of other energy types had an increasing share. In the later
period, the proportion of RE consumption only increased slightly due to limited renewable
resource potential. Compared to the peak energy demand in the conservative scenario,
the energy demand in the carbon neutrality scenario reached a lower peak around 2040,
and in the carbon-negative scenario, it reached the lowest plateau earlier, around 2030.
These differences mainly resulted from changes in the process flow of energy-intensive
industries (such as iron and steel), a decline in industrial product output, the evolution of
energy-use technologies, and the wide popularization of high-efficiency and energy-saving
technologies. In combination with the future industrial planning of this case area, an
important direction is to strive to develop high-value-added industries, such as big data
centers and biomedicine facilities. However, the local electricity output cannot satisfy
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theses electricity-intensive industries, so more electricity needs to be transferred from other
cities or provinces in the future.
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Figure 6. The fuel energy demand forecast for the three scenarios: (a) conservative scenario; (b) carbon
neutrality scenario; (c) carbon-negative scenario.
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Figure 7. The CO2 emission forecast for the three scenarios.
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Figure 8. The CO2 emissions and net emissions forecast for the sectors and carbon sink in the three
scenarios: (a) conservative scenario; (b) carbon neutrality scenario; (c) carbon-negative scenario.

Figure 7 demonstrates that in the conservative scenario, the CO2 emissions reached
their maximum in 2030, then declined gradually. The goal of carbon neutrality could not
be achieved by 2060 in this scenario. In the carbon neutrality scenario, the peak carbon
emissions appeared in 2027, and the emissions equaled the carbon sink capacity in 2058.
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The earlier achievement of these milestones was directly related to the lower level of fossil
fuel consumption. In the carbon-negative scenario, the emissions reached their peak in
2025, and neutrality was achieved around 2050. Due to the efforts of CCS technology
implementation and increasing the natural carbon sink capacity (e.g., by planting trees),
this area could contribute 5000 thousand tonnes to the carbon sink by 2060.

From the perspective of the carbon reduction by the five sectors, industry had the
greatest contribution, although its emissions accounted for the highest proportion of the
total emissions in 2020, as depicted in Figure 8. The power sector had the second highest
carbon reduction, due to the incorporation of RE and the restriction of the thermal power
operating hours. There is space for the improvement of the forest carbon sink capacity
in the future by increasing the forest quality, building carbon sink forests, planting high-
carbon-fixation tree species, and clearing forest waste, but the overall improvement will
not exceed 20%.

4. Discussion
4.1. Sustaiable and Coordinated Development Evaluation

The sustainable and coordinated development evaluation of the three scenarios was
conducted based on the method described in Section 2.4. Figure 9 shows the historical and
future coordination levels of the different scenarios.
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Figure 9. The overall coordination degree of MES from 2011 to 2060.

The historical coordination level from 2011 to 2020 was calculated as shown at the
beginning of the curve in Figure 9. The overall coordination degree fluctuated around an
average of 0.63 over the past 10 years. This low average fluctuation value resulted from the
unbalanced development in the energy, economy, environment, and security dimensions.
It can be seen from the graph in the bottom right-hand corner that the coordination degrees
of environment and security were lower than those of economy and energy. Over the
past 11 years, the case city experienced faster development in the economy and energy
dimensions, with the GDP increasing by 117% and the energy demand rising by 48%
compared to 2010. However, the energy consumption structure has always been dominated
by fossil-fuel energy (over 80%), and more than 50% of the electricity is generated by
coal-fired power, which has led to growing GHG emissions. Almost all the city’s fossil
fuels are transported from other places, because fossil-fuel energy exploitation has been
banned since 2005. Therefore, the energy security was relative low over the past 11 years.

After 2020, the overall coordination level of the three scenarios first showed a fluc-
tuating upward trend and then tended towards the saturation value of the coordination
degree. The conservative scenario had the lowest scores and the strongest fluctuation in
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the overall coordination level for most of the forecast years due to the little effort put into
environmental and security development, as demonstrated in Figure 10a. This indicated
that the current plans are not effective enough to improve the coordination level of the
MES, especially in the environment dimension; this is also shown in Figures 7 and 8. In
contrast, the carbon neutrality scenario had a better score than the carbon-negative scenario
after 2025 because of the coordinated and stable development of the 3E–S system. Indeed,
the carbon-negative scenario performed best in the economy, energy, environment, and
security dimensions in all three scenarios. This scenario represented an energy demand and
power generation structure with a lower proportion of fossil-fuel energy, the lowest carbon
emissions, the faster achievement of decarbonization targets, a higher level of electrification,
and an improved carbon sink. However, its coordination scores were at a medium level.
As shown in Figures 9 and 10, the environment scores of the carbon-negative scenario
experienced slower growth before 2045 and then a faster increase after 2045 compared to
the other dimensions. This indicated that an excessive GHG emission reduction may lead
to the slowdown of economic and energy development. Therefore, the consideration of the
coordination level in a decarbonization pathway provides an effective way to identify the
factors that may influence coordinated development.

Energies 2022, 15, x FOR PEER REVIEW 15 of 21 
 

 

average of 0.63 over the past 10 years. This low average fluctuation value resulted from 

the unbalanced development in the energy, economy, environment, and security dimen-

sions. It can be seen from the graph in the bottom right-hand corner that the coordination 

degrees of environment and security were lower than those of economy and energy. Over 

the past 11 years, the case city experienced faster development in the economy and energy 

dimensions, with the GDP increasing by 117% and the energy demand rising by 48% com-

pared to 2010. However, the energy consumption structure has always been dominated 

by fossil-fuel energy (over 80%), and more than 50% of the electricity is generated by coal-

fired power, which has led to growing GHG emissions. Almost all the city’s fossil fuels 

are transported from other places, because fossil-fuel energy exploitation has been banned 

since 2005. Therefore, the energy security was relative low over the past 11 years. 

After 2020, the overall coordination level of the three scenarios first showed a fluctu-

ating upward trend and then tended towards the saturation value of the coordination de-

gree. The conservative scenario had the lowest scores and the strongest fluctuation in the 

overall coordination level for most of the forecast years due to the little effort put into 

environmental and security development, as demonstrated in Figure 10a. This indicated 

that the current plans are not effective enough to improve the coordination level of the 

MES, especially in the environment dimension; this is also shown in Figures 7 and 8. In 

contrast, the carbon neutrality scenario had a better score than the carbon-negative sce-

nario after 2025 because of the coordinated and stable development of the 3E–S system. 

Indeed, the carbon-negative scenario performed best in the economy, energy, environ-

ment, and security dimensions in all three scenarios. This scenario represented an energy 

demand and power generation structure with a lower proportion of fossil-fuel energy, the 

lowest carbon emissions, the faster achievement of decarbonization targets, a higher level 

of electrification, and an improved carbon sink. However, its coordination scores were at 

a medium level. As shown in Figures 9 and 10, the environment scores of the carbon-

negative scenario experienced slower growth before 2045 and then a faster increase after 

2045 compared to the other dimensions. This indicated that an excessive GHG emission 

reduction may lead to the slowdown of economic and energy development. Therefore, 

the consideration of the coordination level in a decarbonization pathway provides an ef-

fective way to identify the factors that may influence coordinated development. 

   

(a) (b) (c) 

Figure 10. The coordination degree of each dimension for the three scenarios: (a) conservative sce-

nario; (b) carbon neutrality scenario; (c) carbon-negative scenario. 

By adjusting the relevant parameters and factors in the model, one can find the de-

carbonization pathway that promotes the sustainable and coordinated development of 

the energy, economy, environment, and security dimensions. The optimal decarboniza-

tion pathway is based on the objective of sustainable and coordinated development, as 

repeatedly emphasized in the main text. In order to demonstrate in detail how the evalu-

ation results can provide feedback for adjusting the main parameters and settings, the 

conservative scenario is used as an example. The environment and security dimensions 

had lower coordination scores in this scenario, which indicated that the development rates 

0.5

0.6

0.7

0.8

0.9

1

1.1

2021 2024 2027 2030 2033 2036 2039 2042 2045 2048 2051 2054 2057 2060

T
h

e 
co

o
rd

in
at

io
n

 d
eg

re
e 

o
f 

ea
ch

 d
im

en
si

o
n

Conservative

Energy

Economy

Environment

Security

0.5

0.6

0.7

0.8

0.9

1

1.1

2021 2024 2027 2030 2033 2036 2039 2042 2045 2048 2051 2054 2057 2060

Carbon neutrality

0.5

0.6

0.7

0.8

0.9

1

1.1

2021 2024 2027 2030 2033 2036 2039 2042 2045 2048 2051 2054 2057 2060

Carbon negative

Figure 10. The coordination degree of each dimension for the three scenarios: (a) conservative
scenario; (b) carbon neutrality scenario; (c) carbon-negative scenario.

By adjusting the relevant parameters and factors in the model, one can find the de-
carbonization pathway that promotes the sustainable and coordinated development of
the energy, economy, environment, and security dimensions. The optimal decarboniza-
tion pathway is based on the objective of sustainable and coordinated development, as
repeatedly emphasized in the main text. In order to demonstrate in detail how the eval-
uation results can provide feedback for adjusting the main parameters and settings, the
conservative scenario is used as an example. The environment and security dimensions
had lower coordination scores in this scenario, which indicated that the development
rates of these two dimensions were lower than the overall development rate of the system.
Conversely, the development rates for the economy and energy dimensions were higher
than the system rate. This phenomenon was similar to that observed in 2011–2020, due
to the setting of this scenario to maintain the current growth rate. Therefore, more efforts
needed to be put into the environment and security dimensions; hence, the indicators
with the highest weights in these two dimensions required adjustment. According to the
weighing results, CO2 emissions and CO2 emission intensity had the highest weights in the
environment dimension (3.9% and 3.8%, respectively), while in the security dimension, the
highest weights were distributed between the primary energy production per capita and
the self-sufficiency rate (3.6% and 3.5%, respectively). This indicated that carbon emissions
needed to be further reduced and the energy consumption structure needed to be further
optimized, especially in regard to RE development, which is the critical factor for increasing
primary energy production and the self-sufficiency rate. Therefore, the above requirements
could be met by reducing the annual production and energy intensity in the industry sector,
improving the electrification level of vehicles in the transportation sector, decreasing the
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energy consumption per unit area in the building and agriculture sectors, accelerating
the replacement of thermal power generation by RE generation, etc. After the adjustment
of key parameters, the decarbonization pathway was transformed from the conservative
scenario to the carbon neutrality scenario with lower carbon emissions, a better energy
structure, and a higher proportion of RE. The highest overall coordination development
level was obtained, which indicated that this decarbonization path was coordinated and
sustainable. Therefore, this evaluation method would be helpful to government decision
makers for quantitatively evaluating planning paths.

4.2. Recommendations
4.2.1. Decarbonization Pathway for the Case City

According to evaluation and analysis, the carbon neutrality scenario was appropriate
for the case city. The CO2 emissions would peak at 33,000 thousand tonnes by 2027 and
decrease to 8300 thousand tonnes in 2058 to achieve carbon neutrality. This huge emission
reduction would result from great efforts and measures taken in the industry, power,
transportation, building, and agriculture sectors, mainly including the following:

• The steel industry needs to control the production of crude steel by 2030, with an
increase of no more than 18%. In the meantime, a circular economy should be actively
promoted by replacing the long-term steel production process with a short-term steel
production process. The energy consumption per ton of steel would decrease by about
3/4. The restriction of cement production and improved energy efficiency in the
cement industry could save 5–10% of fuel before 2030. CCS should be considered for
those subsectors where fossil fuels are still needed.

• RE plays a crucial role in the decarbonization of the power sector. The proportion of
RE power generation, mainly including PV, wind turbines, hydropower, and biomass
power, would increase from 40% in 2020 to 88% in 2060. On the other hand, the
role of coal-fired power should gradually transition to an emergency and regulatory
power supply.

• In the transportation sector, public transport and logistics distribution vehicles should
be fully electrified by 2025, which is predicted to save 28 thousand tonnes of fuel and
330 thousand tonnes of emissions every year. All diesel heavy trucks should transition
to hydrogen fuel power, leading to a reduction of 9000 tonnes of diesel. The application
of shore power and LNG is important for emission reductions by transport ships.

• In the building sector, the implementation of green and low-energy-consuming build-
ing standards should be promoted in an orderly manner. The demonstration of
zero-energy-consumption and zero-carbon structures are recommended first for new
buildings. For existing buildings, energy-saving technologies should be considered,
such as high-performance envelope structures and integrated energy supply schemes.
Additionally, integrated photovoltaic systems are an effective solution to optimizing a
building’s energy supply system, and 1000 MW roof photovoltaic systems should be
installed by 2030. Cooking energy sources (e.g., gas) should be replaced by electric
appliances, such as induction cookers and electric water heaters.

• In the agriculture sector, agricultural machinery should be electrified or transitioned
to hydrogen fuel power, reducing carbon dioxide emissions by 30 thousand tonnes
each year. Agricultural and forestry wastes, biogas, biogas slurry, and biogas residue
could be utilized as biomass energy to provide electricity.

Most notably, strong policy support is necessary for MES decarbonization. For ex-
ample, the large-scale development of RE may bring excess renewable electricity, which
would need support from grid companies to achieve the 100% consumption of RE power.
Furthermore, carbon-sink exchange systems should be established as soon possible. Based
on relevant policies from the government, these can be implemented efficiently, smoothly,
and in a standardized manner.



Energies 2022, 15, 7443 16 of 20

4.2.2. The Role of Various Stakeholders

The central government plays a leading role in achieving carbon neutrality at the
national level. It is important for central authorities to bridge the financial gap, create
a fair competitive environment, balance the resources and carbon reduction potential of
different regions, and drive the synergy of the market, policy, and technology. According
to Goldman Sachs projections [3], the annual cost will be up to USD 1.8 trillion on the
path to net-zero carbon in China, which accounts for more than 10% of China’s GDP in
2021. This huge cost will bring pressure and risks to the investment interest of enterprises.
In this situation, the relevant policy and financial support from the government would
be helpful, especially in the fields where zero-carbon technologies are needed. On the
other hand, a fair competitive environment would ensure that the responsible subjects
bear part of the carbon emission cost, e.g., through a carbon trading market. Meanwhile,
China has vast territory with large gaps in the regional development resource bases. To
avoid aggravating the imbalance in regional development on the way to achieving carbon
neutrality, the central government should provide assistance based on resource endowment
and development foundations. Market, policy, and technology are equally important to
promote the achievement of the net-zero carbon target. Policies can help the development
of new technologies and further establish the market system. At municipal level, the central
government should mainly focus on guiding and supervising the carbon reduction process
of municipal authorities, interfering only when necessary.

Based on the local conditions, municipal authorities are mainly responsible for overall
planning, including specific development goals and carbon reduction targets for different
stages and sectors, such as the industry, power, transportation, building, and agriculture
sectors, and the carbon sink. Every key task is supervised by corresponding municipal
departments. For example, developing RE is usually supervised by the municipal energy
bureau, while the municipal transportation bureau takes the lead in the low-carbon transfor-
mation of public transport. Similar to the role of the central government, supporting policy,
technology, and the market is also important for municipal authorities. Unified carbon
emission accounting and other supporting policies play key roles in pushing forward the
development of technologies through innovation mechanisms and systems, personnel train-
ing, research on the application of low-carbon technologies, demonstration, etc. Moreover,
the municipal government should use the news media to increase publicity about carbon
neutrality and promoting a green, low-carbon way of life and production.

Local businesses are the main contributors to achieving carbon neutrality in municipal
cities. Different types of enterprises have various solutions to reducing carbon emissions.
Traditional energy-intensive enterprises, such as the steel, cement, and chemical industries,
increase energy efficiency and reduce energy consumption by applying low-carbon tech-
nologies and improving processes. For power plants and emerging industries, the use of
renewable energy to replace traditional energy generation can effectively reduce emissions.
Other effective approaches can be adopted by local businesses, including product innova-
tion, equipment upgrades, technological innovation, recycling, a sharing economy, and
environment–social–governance (ESG) development.

From the perspective of carbon reduction potential, inhabitants are also important
participants. A green low-carbon lifestyle is recommended for residents, which mainly fo-
cuses on low-carbon travel, energy conservation, environmental protection, green spending
habits, a low-carbon diet, and eliminating waste.

Finally, scientific researchers provide technical R&D support for achieving carbon
neutrality. A number of core and key technologies are in urgent need of breakthroughs in
different fields, including renewable energy, industry, green buildings, new-energy vehicles,
carbon sink ecosystems, and resource recycling. Exploring the integration and application
of renewable energy technology, power system technology, and information technology
in the agriculture, industry, transportation, building and other sectors is also a necessary
challenge for researchers.
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5. Conclusions

This study established a complete decarbonization framework for MESs, including
general research procedures, modeling, and a sustainable evaluation method. The energy
system model was constructed based on LEAP and represented several improvements on
the CO2 emissions model, considering in addition the carbon sink and the impact of input
and output electricity on emissions. Notably, the sustainable evaluation method based on
the 3E–S indicators is an effective way to evaluate the overall coordination level of different
scenarios. It can be used to compare scenarios quantitatively from the dimensions of energy,
economy, environment, and security. The analysis results of the municipal case city in
Guangdong demonstrated that this evaluation method was able to identify the factors that
may influence coordinated development. By adjusting the relevant parameters and factors
in the model, one can identify the optimal decarbonization pathway to promote sustainable
and coordinated development, thus helping government decision makers to quantitatively
evaluate planning paths. Moreover, different stakeholders play various roles in achieving
carbon neutrality. The central government is in a dominant and leading position at the
national level while playing guiding and supervising roles at the municipal level. On
the path to net-zero carbon in municipal cities, local authorities are mainly responsible
for overall planning, goal establishment, and implementation supervision, while local
enterprises and inhabitants are the main participants and contributors. As for scientific
researchers, the R&D of low-carbon technologies and policy mechanisms are solid supports
for achieving carbon neutrality.
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