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The “dual carbon” goal proposes new requirements for urban development, and
the contradiction between high-speed urban development and environmental
problems is becoming increasingly critical. The path of green and low-carbon
development urgently needs to be investigated. In this paper, a simulation
system of urban carbon emission based on system dynamics is built from four
perspectives of population, economy, water resources and energy, aiming at
building a method system for carbon peak path that is universally applicable to
resource-based cities from a systematic perspective. This paper designs five
scenarios: business as unusual scenario (BAU), adjustment of industrial structure
(CPAy), adjustment of energy structure (CPA;), reduce energy consumption per
unit of GDP (CPAz) and comprehensive management (CPA.omprenensive)-
Compared with the other four scenarios, the comprehensive scenario had
the best coordination benefit for the coupling system, which took into account
economic development, resource consumption and carbon emission
reduction and could promote the realization of a carbon peak in Taiyuan
city in 2029, and the comprehensive scenario will reduce CO, by
17.14 million tons, water consumption by 158 milion m?® energy
consumption by 5.58 million tons of standard coal and economic growth by
175.21 billion yuan in 2029.
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1 Introduction

In 2014, the Fifth Assessment of the

Intergovernmental Panel on Climate Change (IPCC) clearly

Report

pointed out that greenhouse gas emissions and other
anthropogenic driving factors have been the main causes of
climate warming since the mid-20th century. The continuous
emission of greenhouse gases will cause further warming and
lasting changes in all components of the climate system (IPCC
Fifth Assessment Report, 2014). Global warming not only affects
the economic and social development of all countries but also
poses a threat to human survival (Li et al., 2018). Therefore, how
to achieve greater economic output while continuously reducing
greenhouse gas emissions is a great challenge for mankind to
achieve sustainable development (Awan et al, 2020). Carbon
peak and carbon neutralization are the new development
strategies adopted by human society to cope with global
warming (John et al, 2016). Authoritative reports issued by
the International Renewable Energy Agency (IRENA) and
others pointed out that to control global warming at 1.5°C, it
is necessary to achieve global net zero emissions of greenhouse
gases in the middle of the 21st century, that is, to achieve carbon
neutrality (Marijn, et al., 2020; Corrado and Ilaria, 2021). The
timing of net zero will depend on how many negative emission
technologies (i.e., BECCS, DACCS, afforestation, etc.) are
deployed by the end of the century, and peaking carbon
emissions as early as possible could help avoid reliance on
large-scale negative emissions towards the end of the century
to meet the 2°C target. Presently, most developed countries in
Europe and the United States have reached a carbon peak, and
130 countries and regions around the world have set a carbon
neutral timetable. On 22 September 2020, at the general debate of
the 75th Session of the United Nations General Assembly, China
announced that it aims to achieve a peak in carbon dioxide
emissions by 2030 and to achieve carbon neutrality by 2060
(Hereinafter referred to as the “dual carbon”). The 2020 Central
Economic Work Conference listed “carbon peak and carbon
neutral” as one of China’s eight key tasks in 2021. As a country
with high energy consumption and carbon emissions, achieving a
carbon peak and carbon neutrality is both a challenge and an
opportunity. The process of realizing “dual carbon” will drive
great transformation of China’s economy and society as well as
great changes in a wide range of fields. In this context, relevant
national ministries and commissions have taken the lead in
formulating action plans for China to achieve the “dual
carbon” goal. For example, the Global Energy Internet
Development Cooperation Organization has released the
Report on China’s Carbon Peak by 2030 and The Report on
China’s Carbon Neutral by 2060, and the Chinese Academy of
Sciences has released a roadmap for the “carbon neutral”
framework. These authoritative reports point out that China
needs to make concerted efforts in industrial structure (Zhu and
Zhang, 2021), energy intensity (Xiu et al, 2020), energy
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consumption (Zhu and Shan, 2020) and other aspects to
achieve the goal of “dual carbon”, simultaneously promote
economic development and carbon reduction and emission
reduction, and fulfill China’s commitment of carbon peak by
2030 and carbon neutral by 2060.

The concept of carbon reduction and emission reduction has
promoted the development of relevant research on carbon
emissions in the fields of economy (He et al., 2021; Awan and
Sroufe, 2022; Abbasi and Tufail, 2021), population (Pan et al.,
2021; Hussain et al., 2021), water resources (Lahlou et al., 2022),
and energy (Jiu et al, 2021; Abbasi et al, 2021). At the
international level, Noam Bergman explained that energy
consumption is the main reason for the continuous increase
in carbon emissions in the United Kingdom and believed that the
development of the new energy industry can further promote the
development of the low-carbon economy and reduce CO,
emissions (Bergman and Eyre, 2011). Charles, Lin sue j
investigated the status quo of the production structure and the
basic situation of energy consumption and established a rating
evaluation index system, including economic indicators, energy
indicators and environmental quality indicators. They proposed
adjusting and optimizing the industrial structure, changing the
industrial development model, actively developing low-carbon
industries, reducing high energy-intensive industries to reduce
energy consumption and developing a low-carbon economy
(Chang and Lin, 1999). Fahad Alsokhiry develops a typical
framework of a home energy management system for Smart
grids scenarios using newly limited and multi-limited planning
approaches for domestic users. The simulation results advocate
for the quality and high performance of the proposed model by
minimizing the total cost and managing energy consumption
economically (Alsokhiry et al., 2022). Loiy Al-Ghussain aims to
investigate, for the first time, the use of Jordan’s previously
planned hybrid renewable energy system in relation to the
growing energy demand potential of electric vehicles (Al-
Ghussain et al., 2022). At the domestic level, Zhao et al.
studied carbon emissions from water system from the urban
level through water-energy-carbon coupling relationship, and the
results showed that water intake, water use and water transport
would lead to increased energy consumption and carbon
emissions from water system (Zhao et al, 2021). Li et al
studied the link between urban energy carbon emissions and
water resources based on Leap model, and believed that energy
consumption structure and technological optimization were the
key to realizing low carbon and water saving (Zeng, 2019). Hong
et al. (2022) proposed a distributionally robust dispatch model
for the integrated rural energy system with broiler houses to
improve the economic benefits. To sum up the above studies,
domestic and foreign scholars have conducted in-depth
explorations of carbon emission reduction paths from one or
more dimensions (such as energy or energy-economic, economy-
energy- water coupled) and have achieved good carbon reduction
effects. However, there are few researches on carbon peak
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FIGURE 1

Location of study region in China (The unit of total water consumption is 100 million cubic meters, The unit of total energy consumption is
10,000 tons of standard coal, the unit of DEM base map is meter, and the unit of scale is kilometer).
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pathways for resource-based cities and they lack universality,
which are not enough to support the current “dual carbon”
action. In addition, while top-down integrated assessment
identifying
decarbonization pathways at the global and continental levels,

models have provided vital insights into
their coarse spatial and temporal resolution and lack of detail
means that complementary bottom-up analysis is needed to
identify optimal strategies at the local level. Therefore, based
on the energy-water coupling relationship, this paper analyzes
the carbon emission driving-feedback mechanism of resource-
based cities with the method of multi-system coupling, providing
scientific support for the realization path of carbon peak, and
analyzing the carbon peak path of resource-based cities.
Therefore, this article selects the System Dynamic (SD) model
(Li et al,, 2021; Alam et al,, 2022; Xiao et al,, 2022) to study the

coupling of carbon emission systems, which can not only
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integrate multiple subsystems but also simulate the carbon
peak path and dynamic change under the comprehensive
effect of future economic development, technological progress,
and resource and energy consumption and has broad
requirements on data availability and a long-term adjustable
simulation time period. Integrates multiple subsystems of
economy, population, water resources and energy; selects
116 built-in variables, and builds a connection bridge of a
four-dimensional coupling system by using industrial output
value, urban and rural population, water-related energy
consumption and energy-related water consumption, using a
causal feedback loop and the built-in function of the SD model to
refine the logical and quantitative relationships of variables.
Based on the carbon peak background (Mei, 2021), a
comprehensive carbon emission historical data fitting, carbon
peak path simulation and future carbon emission prediction are
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carried out. In particular, it can integrate multiple subsystems
from a macro perspective, analyze and study the driving-
feedback mechanism of each subsystem and the coupling
system, so as to identify the key action paths and influencing
factors. It is helpful to explore the coordinated development (Zhi,
2019) mode of economy, population, resources and energy (Li
et al., 2019) and carbon emissions, to boost cities, provinces and
the whole country to achieve the peak goal of carbon emissions as
soon as possible, to provide a reference for China’s low-carbon
development direction after the peak year, and to help achieve
China’s “dual carbon” goal.

2 Materials and methods

2.1 Study area

Taiyuan (Figure 1) is located in the middle of Shanxi
Province, with geographic coordinates of 111°30’E-113°09'E,
37°27'N-38725'N, and with high terrain in the north and low
terrain in the south, in the shape of a dustpan. The bat-shaped
region has jurisdiction over six municipal districts, three counties
and one county-level city. By 2020, the city had a permanent
population of 5304100, covering an area of 6,988 km”. Taiyuan is
critically lacking water resources (Wu et al,, 2021). The average
total water resources of the city for many years comprise
660 million cubic meters, and the per capita water resources
comprise 202 cubic meters, which is only 38.5% of the per capita
water resources of Shanxi Province, 11.9% of the national per
capita water resources and 1.7% of the global per capita water
resources. Groundwater is the main water supply of Taiyuan,
accounting for more than 75% of the total water supply, and the
city’s average annual overexploitation of groundwater resources
is 112 million cubic meters. Atmospheric precipitation is the
main supply source of Taiyuan, but precipitation and runoff
change greatly and are unevenly distributed. In the continuous
drought and years of the dry season, the shortage of water
resources is becoming increasingly prominent. The shortage of
water resources and the advancement of urbanization cause the
agriculture of Taiyuan continue to develop in a low state. The per
capita cultivated land of Taiyuan is 0.67 mu, which is the lowest
among the 11 cities in Shanxi Province and lower than the
minimum warning line of 0.795 mu set by the United Nations
Food and Agriculture Organization. Shanxi is known as the “coal
Sea” because of its abundant coal. Taiyuan is located in the
middle of the “coal Sea”, and the coal reserves in Taiyuan are
referred to as “Taiyuan system coal” in geological terms, ranking
seventh in the province. The coal resources in this area are not
only abundant in quantity but also complete in variety.

As the only resource-based provincial capital city in China,
Taiyuan is not only the political, economic, cultural and
international exchange center of Shanxi Province but also one
of the important energy and heavy industry bases in China,
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which is a typical representative among many resource-based
cities in China. Presently, with the development of industry,
reconstruction of villages inside cities, continuous expansion of
the scope of cities and towns, and increasing urban population,
the consumption of energy and water resources are also
accumulating, which has caused a series of environmental
problems (i.e, carbon emissions of energy consumption,
carbon emission of domestic sewage and carbon emission of
production wastewater, etc.) that directly or indirectly affect
residents’ lives and economic development. How to reduce
energy and resource consumption while ensuring economic
growth under the background of the carbon peak and
between the growth
consumption and the reduction of carbon emissions are the

achieving a balance of energy
challenges facing the future development of Taiyuan. This paper
takes Taiyuan city as an example to put forward the path suitable

for all resource-based cities in China to achieve carbon peak.

2.2 Research framework

Research on the carbon peak path with the energy-water
coupling relationship is carried out through the following steps:

Step 1. Based on the statistical Yearbook of Shanxi Province,
Taiyuan Water Resources Bulletin and Taiyuan Environmental
Status Bulletin and using the IPCC carbon emission factor as the
carbon emission coefficient of water resources and energy-related
variables, a dataset of 116 variables from 2005 to 2021 was
established.

Step 2. Integrate the four subsystems of economy, population,
water resources and energy; explore the logical and functional
relationships among variables; and establish an SD model to
analyze the current situation of economic growth, resource
consumption and carbon emissions in Taiyuan.

Step 3. With the carbon peak as the research objective, based on
the water resources and energy consumption of Taiyuan from
2005 to 2021, the related parameters of the coupling system are
adjusted to simulate the carbon peak path.

2.3 Data collection and analysis

The carbon emission coefficients of various energy sources
refer to the General Principles for Calculation of Comprehensive
Energy Consumption (GB/T 2589-2008) (http://tjsjnxh.com/
uploads/) and the Guidelines for Compilation of Provincial
Gas

nengyuan/standard/home/).

Greenhouse Inventories  (http://www.cbesd.org.cn/sjk/
By the

emission coefficients of relevant variables and based on the

sorting out carbon

principle of unit consistency, it is transformed into the carbon
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FIGURE 2

Causal loop diagram of the carbon emissions in Taiyuan.

emission factor consistent with the variable unit in the model to
established a carbon emission dataset. The dataset of water
resources and energy consumption in Taiyuan established
according to the Taiyuan Water Resources Bulletin (http://swj.
taiyuan.gov.cn/) and Taiyuan Environmental Status Bulletin
(http://hbj.taiyuan.gov.cn/hjzl/tjnbgb/index.shtml) includes the
water consumption and energy consumption of all links of the
social water cycle, all industries and all kinds of energy. The
dataset contains nearly 60 historical statistics from 2005 to 2021,
almost all from the values reported in the official Yearbook. In
this study, 900 exact statistical data of four subsystems in the
dataset are employed in a coupling system analysis to ensure the
reliability of the data prediction and path simulation.

2.4 Establishment of the System Dynamic

model of carbon emissions

2.4.1 Construction of causal loop diagram
System dynamics can reflect the interaction among the

elements in a system. Based on the close dependence between

the system behavior and the internal mechanism, it is obtained

research on complex problems can be displayed, which is
suitable for analyzing and solving a series of non-linear,
2021). This paper
selects the geospatial boundary of Taiyuan city, Shanxi
the

comprise
effect
economy, water resources, and energy. Therefore, in this

complex system problems (Yin et al,

Province, as research system boundary. Carbon

emissions multidimensional, comprehensive,

environmental research  involving population,
paper, the construction of the coupling system is divided
into two first-level subsystems: water resource carbon
emissions and energy carbon emissions. The water resource

divided
living and production. The energy carbon

carbon emissions are into two second-level
subsystems:
emissions are divided into carbon emissions generated by
the consumption of coal, oil, natural gas and electric
power. The industrial output value, urban and rural
population, water-related energy consumption and energy-
related water consumption are considered as the connection
bridges of the four-dimensional coupling system. According
to the data availability and statistical results of past years, the
causal loop diagram of energy-water carbon emissions in

Taiyuan is established (Figure 2).

through the process of establishing and operating the

mathematical model, and gradually discover the cause and
effect relationship that produces the change form. Modeling
with computer software Vensim, the thinking process and
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2.4.2 Establishment of variable equations
A coupled system is not a simple sum of independent

subsystems. Building coupled systems using SD models
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System dynamics model of carbon emission in Taiyuan under energy-water coupling relationship.

first,
integrated

requires solving the following two problems: two

independent subsystems must become an
system through one or more bridges or mediums (Yin
et al., 2021). In this study, water resource carbon emissions
and energy carbon emissions are related through total water
total

consumption

consumption, energy consumption, water-related

energy and  energy-related  water
consumption. Second, the coupling system may produce
overlapping effects, resulting in total carbon emissions
2021). To

eliminate the overlapping effect, this paper divides total

greater than the actual value (Yin et al,

energy consumption into water-related energy consumption
introduced by the social water cycle and other types of energy
consumption other than water-related energy consumption.
Total water consumption is divided into energy-related water
consumption and other types of water consumption other
than energy-related water consumption of each industry. The
core variables and equations involved in the model are listed
in Supplementary Table S1

2.4.3 Construction of the System Dynamic
model

The previously established function relationship is assigned
to each transfer-feedback loop to establish a complete SD model
of the resource-based, city carbon emission system with the
energy-water coupling relationship (Figure 3).
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2.4.4 Model validity check

Visual inspection. Through further analysis of the collected
data, the unit consistency and the rationality of the structure are
tested. In the process of building the model, a large number of
documents are referenced, and the model structure is consistent
with the structure of the actual system.

Historical test. The degree of fitting of the system
behavior with historical data are determined. Selecting
2005 as the base year, the data from 2005 to 2020 are
utilized to fit the variable equations. The total population,
urban population and rural population are selected in the
population subsystem; the total output value of the primary
industry and the total output value of the secondary industry
are selected in the economic subsystem; the domestic water,
production water and total water consumption are selected
in the water resources subsystem; and the total energy
consumption is selected in the energy subsystem. The
simulation errors of the model were verified by comparing
the relative errors of the historical data and the simulation
results. According to the following formula (Yin et al., 2021),
the relative errors of the simulated values of nine variables
from 2005 to 2020 were calculated. As
Supplementary Table S2, among the 9 variables, the
relative errors of production water in 2018 are large
(3.32%); the relative errors of total water consumption in
2013 and 2018 are 1.66% and 1.9%; and the relative errors in

shown in

frontiersin.org
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TABLE 1 Variable selection and parameter setting for sensitivity analysis.

10.3389/fenvs.2022.994543

Variables for sensitivity Simulation The range of Simulation Random Target observed value
analysis value observations times seed
Urbanization process 0.7 0.5-0.9 200 1,2,3,4 Urban population
Water-saving policy 0.5 0.3-0.7 200 1,2,3,4 Domestic water for urban
residents
Energy extraction technology 1 0.9-1.1 200 1,2,3,4 Energy-related water
consumption
Clean energy technology 0.7 0.5-0.9 200 1,2,3,4 Energy-related water
consumption
- BAU — 75% — 100% - BAU — 75% — 100%
50% — 95% 50% — 95%
Urban population Domestic water for urban residents
800
600
400
200
0
2010 2020 2030 2010 2020 2030
Time (Year) Time (Year)
— BAU — 75% — 100% -— BAU — 75% — 100%
50% — 95% 50% — 95%
"Energy-related water consumption" "Energy-related water consumption"
10 8
6
5 4
2
0
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Time (Year) Time (Year)

FIGURE 4

Sensitivity Response of urban population, domestic water for urban residents and energy-related water consumption.

other years are approximately 0.7%, indicating a good
simulation effect. The simulation error of the economic
and energy subsystems was within 0.1% in each year, and
this simulation effect was the best. The relative error of the
population subsystem was approximately 0.3% in each year.
The values of each variable in 2021 are predicted by using the
fitting data from 2005 to 2020, and the predicted results are
compared with the actual values in 2021 to verify the
prediction error of the model. As shown in Supplementary
Table S2, the relative errors of the predicted data are
approximately 2%, indicating that the model has high
accuracy.

8=2x100%
R

e=R-M
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In the formula, 8 is the relative error, ¢ is the absolute error,
M is the simulated value, and R is the real value.

2.4.5 Sensitivity analysis

The key to testing the stability of the model is to study the
sensitivity of the model behavior to the variation in the parameter
values within a reasonable range and to observe whether the
model behavior is changed due to the slight variation in some
parameters. In this study, a Monte Carlo, random, uniform
distribution is applied to analyze the sensitivity of the main
constant numerical parameters (only one parameter value is
adjusted at a time). The noise seed is applied to specify the
starting value position of the long sequence of random numbers,
and different noise seeds need to be established. To avoid using
the same simulation data every time, 1,234 is usually employed
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(Table 1). Figure 4 shows the sensitivity analysis diagram of SD
model output.

According to the sensitivity response of each variable
(Figure 4), the impacts of the urbanization process on
population of urban residents, of the water-saving policy on
urban residents’ domestic water consumption, of the energy
extraction technology and clean energy technology on energy-
related water consumption cause the target observation value to
fluctuate with the basic simulation data. Compared with clean
energy technology, energy extraction technology has a greater
impact on energy-related water consumption, but in general, the
floating range is small, the numerical sensitivity is low, and the
model is stable.

2.5 Scenario settings

Scenario analysis, as an important means of implementing
management and assisting decision-making, has been widely
applied in resources (Duinker et al., 2007), ecological
environment and regional development (Zhang et al., 2019).
According to the current situation of resource utilization,
the of
development of Taiyuan city, this paper proposes two

carbon emissions and principle coordinated
scenarios, namely, the “business as usual (BAU)" scenario
and “carbon peak action (CPA)" scenario. The pressure
Taiyuan faces to achieve a carbon peak and carbon
neutrality is mainly derived from three aspects: first, the
development is unbalanced, insufficient and uncoordinated;
economic growth occurs in the period of high-speed and
high-quality development; the energy demand is constantly
increasing; and the carbon emissions are still in the rising
stage. Second, the proportion of coal consumption is too
large, and third, energy consumption per unit of Gross
domestic product (GDP) is high. These challenges need to
be addressed

transforming the economic development model, energy

from multiple dimensions, such as
supply and consumption patterns. Based on the Action Plan
for Carbon Peak before 2030 (http://www.gov.cn/zhengce/)
issued by The State Council (Editorial Department, 2021)
and the relevant policies (http://fgw.taiyuan.gov.cn/doc/2021/
05/21/1089043.shtml) and plans for low-carbon energy
(http://fgw.taiyuan.gov.cn/doc/2021/05/24/
1089523.shtml) and industrial structure transformation in

development

Taiyuan (http://www.shanxi.gov.cn/; http://taiyuan.gov.cn/),
this paper selects the BAU scenario to simulate the normal
evolution of water resources, energy and carbon emissions
driven by natural, economic and social factors, while the
CPA with
structure, energy consumption intensity and comprehensive

scenario starts industrial = structure, energy
control to predict carbon emissions (The scenario setting here
does not mean that the economy is decoupled from the energy,

but only represents the comprehensive impact on the economy-
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water-energy-carbon coupling model when the force is
separately applied to the energy, economy or some other
subsystem). The specific control directions and measures are
shown in Table 2.

3 Results and analysis

3.1 Analysis of carbon emission
characteristics in taiyuan city

Figure 5 analyzes the changes in the economy, water
resources, energy and carbon emissions from 2005 to
2021 from the perspective of industry. In general, from
2005 to 2021, the GDP, water energy
consumption and carbon emission increased by 346.68 billion

consumption,

yuan, 315.78 million cubic meters, 7.98 million tons of standard
coal and 23.34 million tons of CO, respectively, the GDP of all
industries in Taiyuan continued to grow, and the consumption of
water resources and energy continued to rise, which caused an
increase in carbon emissions of water resources and energy.
However, the simultaneous development of economic growth
and reduction in resource consumption and carbon emissions
has not yet been realized. From 2005 to 2021, the added value of
agriculture in Taiyuan reached 1.43 billion yuan, which has
reached a cooperation among economic growth and CO,
emissions, water resources and energy consumption reduction,
indicating that a series of major measures taken by the
agricultural sector in Taiyuan in recent years (agricultural
mechanization, promoting the modernization of agricultural
land the of
industrial structure, etc.) have achieved good results. It is

machinery, scale, accelerating adjustment
mainly attributed to the improvement of effective irrigation
rate and the increase of water-saving irrigation area due to the
optimization of agricultural technology. While the total output
value of the industrial sector has increased, resources, energy and
carbon emissions have continued to rise. Taiyuan’s industry is
the main component of Shanxi’s industry. Taiyuan’s industrial
structure is dominated by heavy industry and energy industry,
while coal consumption accounted for more than 80% of the total
primary energy consumption. The continuous growth of energy
consumption will inevitably cause an increase in carbon
emissions. Taiyuan should actively optimize and upgrade its
industrial structure, which will make low-carbon development
as the top priority of industrial transformation in Taiyuan. In
addition to the industrial sector, the CO, emissions and resource
consumption of the construction industry, wholesale and retail
industry and accommodation and catering industry continue to
increase with economic growth. Among them, carbon emission
reduction in the construction industry focuses on controlling the
use of building materials, saving energy and reducing the energy
of With
advancement in the urbanization process, the increase in

consumption existing  buildings. continuous

frontiersin.org


http://www.gov.cn/zhengce/
http://fgw.taiyuan.gov.cn/doc/2021/05/21/1089043.shtml
http://fgw.taiyuan.gov.cn/doc/2021/05/21/1089043.shtml
http://fgw.taiyuan.gov.cn/doc/2021/05/24/1089523.shtml
http://fgw.taiyuan.gov.cn/doc/2021/05/24/1089523.shtml
http://www.shanxi.gov.cn/
http://taiyuan.gov.cn/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.994543

Lin et al.

TABLE 2 Direction and measures of situation setting.

10.3389/fenvs.2022.994543

Scene Direction Measures
settings
BAU natural evolution —
CPA, adjustment of industrial structures The proportion of tertiary industry increased by 10%
CPA, adjustment of energy structure By 2025, the proportion of non-fossil fuels increased by 5% than that in 2020, and by 2030, the proportion of
non-fossil fuels increased by 10% than that in 2020
CPA; reduce energy consumption per unit By 2025, energy consumption per unit of GDP will be 13.5% lower than that in 2020, and by 2030, energy
of GDP consumption per unit of GDP will be 25% lower than that in 2020
CPA comprehensive aggregate adjustment The above measures will be implemented together
GDp Total water Total energy Carbon emission of  Carbon emission of Total carbon
(100 million yuan) consumption cC ion water cc ption  energy consumption emissions
(100 million cum) (10000 tons of SCE)  (CO,/10000t) (CO,/10000 t) (CO,/10000 t)
summation +365.01% +51.10% +32.79% +69.42% +51.35% +51.40%
Wholesale, retail and
accommodation 4% 9%
catering industries
Transportation, -16.71% -26.85% -16.64% -16.61%
storage and postal
industry
Constriiction 96% 33.55% 87% 21% 6%
industry
ity +6.80% +6.14% +20.09% +6.98% +1.01%
Agriculture +59.66% -48.1 -54.4 -48.03 48,02,
000 200 400 600 -1.00 -050 000 050 100 -100 -050 000 050 100 -0.50 000 050 100 1.50 -1.00-0.50 000 050 100 -100 -0.50 000 050 100
FIGURE 5

GDP, water resources, energy and carbon emissions of various industries in Taiyuan from 2005 to 2021.

urban populations will further contribute to the expansion of
construction land and an increase in carbon emissions in the
construction industry. The economic growth, CO, emissions and
resource consumption of the wholesale and retail industry and
accommodation and catering industry experienced the greatest
increase, indicating that the tertiary industry in Taiyuan has
developed rapidly in recent years but that the development
process should not proceed at the cost of doubling resource
consumption and carbon emissions. The carbon emission
reduction in the transportation, storage, and postal industries
is mainly derived from the elimination of old cars, improvement
in emission standards and other terminal governance measures.
While the GDP of the transportation, storage, and postal
industries in Taiyuan increased by 11.77 billion yuan, water
resources and energy consumption of the industry reduced by
16.77% and 26.85%, respectively, and carbon emissions reduced
by 18.66%, indicating that Taiyuan has achieved good results in
reducing carbon emissions by vigorously developing new energy
vehicles while promoting the implementation of terminal
governance. In general, the potential of carbon emission
reduction of Taiyuan’s energy, industrial and transportation
structure adjustment needs to be further released. In the next
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step, low-carbon emission reduction measures should be actively
promoted to realize the synergistic benefits of economic growth,
resource consumption reduction and carbon emission reduction.

3.2 Scenario analysis of carbon peak in
taiyuan city

3.2.1 Simulation results for different industries

Economic growth, resource consumption and carbon
different
industries (Figure 6). In the BAU scenario, agriculture

emissions show high heterogeneity within
contributes the least to economic growth and consumes the
least amount of water resources, energy and carbon emissions.
Under the scenario of adjusting the industrial structure, of
energy structure and of reducing energy consumption per unit
of GDP, this phenomenon still remains unchanged. As the
traditional economic pillar industry of Taiyuan, the industrial
sector is still a strong guarantee to drive economic growth.
However, while promoting the obvious rise of GDP, water
resources, energy consumption and carbon emissions are the
largest. In the scenario of industrial structure adjustment, the
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FIGURE 6

Comparison of the simulation results for different industries from 2022 to 2030 (The distance between the median and the upper (lower)
quartile of the box chart is relatively narrow, indicating that the data within this distance is relatively concentrated. The upper (lower) edge of the box
chart is relatively long, indicating that the data covers a wide range on the X axis. The range outside the upper and lower edges indicates abnormal
values. Here, take GDP as an example. Specifically, the lower edge of the box in the figure represents the 25th percentile of all GDP values
arranged from small to large; The top edge of the box in the figure represents the 75th percentile of all GDP values arranged from small to large; The
middle horizontal line of the box represents the median of all GDP values, and the upper and lower exposed parts represent the minimum and
maximum of all GDP values, so as to visually compare the average, minimum, maximum and abnormal GDP levels of various industries).

proportion of the tertiary industry increases, and the
proportion of the primary industry and secondary industry
decrease accordingly, resulting in the reduction of water and
energy consumption and carbon emissions in the industrial
sector. Compared with the scenario of the adjustment of
industrial structure and of the adjustment of energy
structure, the reduction of energy
consumption per unit of GDP has the greatest impact on all
aspects of the industrial sector and the least impact on the

scenario of the
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agricultural sector, while the transportation, storage, and postal
industries, wholesale and retail industry, and accommodation
and catering industry have significantly reduced water
resources, energy consumption and carbon emissions when
the GDP change rate is very small. This finding shows that
reducing energy consumption per unit of GDP has achieved a
good carbon reduction effect while maintaining economic
output. In the comprehensive scenario, the tertiary industry
is increased by 10%, the proportion of non-fossil fuels is

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.994543

Lin et al. 10.3389/fenvs.2022.994543

GDP
/100 million yuan

Total water consumption Total energy consumption Total carbon emissions
/10000 tons of SCE

/100 million cu.m /10000 t CO,

75

0.095
66

0.075

Agriculture

30 0055 20 40
3500 51 A 1600 4000 -
B 1400
2 2500 3000 4
= 1200
R
1500 1000 = 2000 4
800
500 15 600 1000
1300 1600
g 1100 189
£ B 1300
S g 900 i
£ 5 1000
== 700
g .8 .
&) 700

500

300

500 0.65
450

400

industry

350

Transportation,
storage and postal

300
250

200 400
240 - 550 -
220
200
180
160
140
120

480

410 4

340 A

270 A

AYANANAN

o 200 04 100 200
< .8 14 .
= 1000 500 1200
= ® 900 450 | 1100
S 9w
D g.2 80 00 4 1000
= Qe & 900
g E = 700 350
o= 3 800
S22 0 300
s 2.8 X 1 700
S E 500 250 {
2 E 08 600
z 3 400 07 200 500
& 12000 16 6000 14000
10000 14 12000
e
= 5000
3
=] 8000 12 10000
5]
< 4000
6000 10 8000
4000 000 6000

2022 2024 2026 2028 2030

8 3
2022 2024 2026 2028 2030

2022 2024 2026 2028 2030

2022 2024 2026 2028 2030

BAU

CPA,

FIGURE 7

CPA,

CPA3 CPAcomprahensive

Comparison of the simulation results in different scenarios from 2022 to 2030.

increased by 10%, and the energy consumption per unit GDP is
reduced by 25%. It can be seen that the economy, resource
consumption and carbon emissions of the agricultural sector
remain basically unchanged. When the GDP of the industrial
and construction sectors decreases, the decrease in energy is
greater than that in water resources, and carbon emissions are
reduced simultaneously. The GDP of the transportation,
storage, and postal industries, wholesale and retail industry,
and accommodation and catering industry increased
significantly, which also caused a significant increase in
water and carbon

consumption, energy

emissions in these two industries.

consumption
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3.2.2 Simulation results in different scenarios
With the adjustment of industrial structure, Taiyuan cannot
achieve a carbon peak before 2030 (Figure 7). Compared with the
BAU scenario, the annual average change rates of GDP for the
agriculture and industry during the simulated period are —1.53%
and —9.36%, respectively, and the annual average change rates for
the construction industry, transportation, storage, and postal
industries, wholesale and retail industry, accommodation and
catering industry are 13.61%, 25.41%, and 25.41%, respectively.
The annual average change rate of GDP of the whole industry
increased by 15.84%, indicating that increasing the proportion of
tertiary industry can promote sustained and rapid economic
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growth and obtain a good economic output effect. The
consumption of water resources for agriculture and industry
decreases relatively in the simulation period. However, due to the
development of agricultural modernization, the efficiency of
the
consumption of electricity increases, resulting in an increase

using  agricultural machinery is improved, and
in agricultural energy consumption and carbon emissions
relative to the BAU scenario since 2027. The amount of
industrial carbon emissions also decreases with a reduction in
The

transportation, storage, and postal industries, wholesale and

resource  consumption. construction  industry,
retail industry, and accommodation and catering industry are
similar with regard to the changes in water resources, energy
consumption and carbon emissions, which all show “S-shaped”
changes higher than BAU. None of the industries achieve a single
industry carbon peak, and the annual average change rates of
water resources, energy consumption and carbon emission in the
whole industry have increased by 9.55%, 15.84%, and 15.81%,
respectively.

With the adjustment of energy structure, Taiyuan cannot
achieve a carbon peak before 2030 (Figure 7). Compared with
the BAU scenario, with the exception that the annual average
change rate of industrial GDP decreased by 7.79% and that of the
construction GDP increased by 15.16%, other industries remained
basically unchanged, and the annual average change rate of the
GDP of the whole industry was almost zero, indicating that the
adjustment of energy structure had an extremely small impact on
GDP. The decrease in the proportion of coal, oil, natural gas and
other fossil fuels generated a 7.79% decrease in the average annual
change rate of energy consumption in the industrial sector, a
15.16% increase in the average annual change rate of energy
consumption in the construction industry, a 1.39% increase in
the average annual change rate in other industries, and a 1.9%
increase in the average annual change rate in the whole industry.
This finding shows that the alternative use of non-fossil fuels has a
great impact on the construction industry, while the industrial
sector is still dominated by fossil fuel consumption. Only by
changing the energy consumption structure of the industrial
sector as soon as possible can energy carbon emissions be
effectively reduced. With a slight increase in total energy
consumption, production water consumption is indirectly
affected by energy-related water consumption, resulting in the
annual change rate of water resource consumption of the whole
industry increased by 0.64%, indicating that energy-related water
consumption occupies a large share of the total water
consumption. The annual average change rate of carbon
emissions in the whole industry increased by 1.67%.

By reducing the energy intensity, Taiyuan can achieve a carbon
peak in 2029 (Figure 7). The annual average change rate of GDP of
all industries is basically the same as that of the adjusting energy
structure. With the GDP growth of the construction industry, the
water consumption of the construction industry increases.
Regarding the changes in water consumption among all
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industries, except for the annual average change rate of the
which by 8.46%,
industries have decreased compared with the BAU scenario.

construction industry, increases other
The water consumption of the whole industry will reach a peak
in 2029 with the water consumption of 148 million m® lower than
the BAU scenario. Compared with the BAU scenario, the energy
consumption of all industries is significantly reduced, and the
energy consumption of the agriculture industry, construction
industry, wholesale and retail industry, and accommodation
and catering industry will peak in 2025, 2028, 2028, and 2027,
respectively. The energy consumption of the transportation,
storage and postal industries has exhibited a downward trend
during the simulation period. The energy consumption of the
whole industry reached its peak two years earlier than that of water
consumption and achieved a carbon peak in 2028 with
20.69 million tons of CO, lower than the BAU scenario.

Under the comprehensive scenario, Taiyuan can achieve a
carbon peak in 2029 (Figure 7). Compared with only adjusting
the industrial structure, the annual average change rate of GDP of
all industries is basically unchanged, and the annual average
change rate of water consumption decreases by 9.54%. Compared
with only reducing energy consumption per unit of GDP, there
was no peak of water consumption in the simulation period.
Compared with only adjusting the energy structure, the annual
cumulative change in energy consumption saves 3.13 tons of
standard coal and achieves the peak of energy in 2027. Compared
with the BAU scenario, carbon emissions will decrease by
17.14 million tons of CO, and peak in 2029. In general,
compared with other scenarios, economic output, resource
and energy consumption and carbon emissions under the
comprehensive scenario can achieve a relative balance
(Figure 8), which can provide a valuable reference for Taiyuan
to maintain coordinated and sustainable economic development

and to explore the path of the carbon peak.

4 Discussion

China’s “dual carbon” goal is to reach the carbon peak before
2030 and to achieve carbon neutrality before 2060, which will
introduce a boom in China’s urban agglomerations and
economic belts to adjust the industrial structure and energy
structure and to reduce carbon emissions. As a typical
resource-based city in China, Taiyuan is facing unprecedented
challenges, such as reforming its traditional energy consumption
structure and upgrading its energy consumption system in a
short time. As the forefront of low-carbon energy transformation
on the Chinese mainland (Zhao et al., 2022), Taiyuan promised
in its Energy Low-Carbon Development Forum that it would
focus on promoting technological innovation, industrial
innovation and business model innovation with green and
low-carbon orientation; constantly improve the construction
of scientific and technological innovation platform systems;
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FIGURE 8

Annual average change rate and comprehensive score under different scenarios (Waterfall diagram adopts the combination of absolute value
and relative value, which can not only reflect the amount of data, but also intuitively reflect the change process of data increase or decrease. The
annual average change rate represents the increase or decrease rate of GDP, energy consumption, water consumption and carbon emission under
different scenarios from 2022 to 2030. It not only shows an upward (downward) trend, but also indicates the amount of increase (decrease). The
higher the comprehensive score is, the more coordinated of the economic development, resource consumption reduction and carbon emission of

the city is).

strengthen research on cutting-edge, low-carbon technologies;
promote and apply pollution and carbon reduction technologies;
evaluate green and low-carbon technologies; adhere to improving
the market economy system; fully utilize the role of the market in
the allocation of green resources (Raza Abbasi et al., 2021); attach
equal importance to economic development and environmental
protection; and effectively promote the energy technology
revolution to drive industrial upgrading (Ying et al, 2021).
An appropriate energy development (Zhang et al, 2021)
strategy is the key to accelerating the decarbonization
(Shamsuzzaman et al. 2021) of Taiyuan’s energy system in the
next few years, which will help improve the overall carbon
reduction level of Taiyuan and promote the smooth
realization of the carbon peak goal of Taiyuan.

Coupling system can more comprehensively consider the
influence of various variables on carbon emissions. Single-
dimension and single-constraint conditions cannot fully consider
the complex interaction and conflict mechanism among variables,
which will increase the difficulty of achieving a carbon peak. It is
necessary to integrate carbon emissions, economic growth and
resource consumption into a unified framework, and the

synergies among them and their relevance to socioeconomic and
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natural resource systems need to be fully considered through the
development of coupled system models. The dynamic mechanism of
carbon emission reduction is derived from the material flow and
information flow of the internal structure and main variables of the
coupling system. Among them, population, economy, water
resources and energy are the key components. Water and energy
carry resources through material flow. The CPA aims to achieve
peak carbon emissions by 2030 through policy implementation
across the subsystems of the system. In this process, the goal is to
maintain the sustainability of the coupled system through a series of
regulatory policies for each subsystem and to achieve the common
interests of sustained economic growth and reduced consumption of
resources and energy while reducing carbon emissions.

Shifting from fossil energy to renewable energy (Danish and
Ulucak, 20215 Abbasi et al., 2021) is the most recognized strategy
in energy system transformation. Taiyuan has unique
geographical and natural conditions. Developing the clean
utilization of fossil energy and improving the clean conversion
efficiency of fossil energy can greatly reduce the energy carbon
emissions of Taiyuan. This process needs an orderly withdrawal
of traditional coal-fired power plants (Tramosljika et al., 2021)
increased investment

from the market with in energy
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infrastructure to expand the share of non-fossil energy in the
market. In the long run, clean energy is likely to have higher total
economic returns than fossil fuels (Hao et al., 2019). Therefore,
Taiyuan should identify effective and economical ways to apply
clean energy and renewable energy and fully utilize its advantages
in service, technology, market resource allocation and the labor
force. Presently, the total energy consumption per unit of GDP is
still 40.98% higher than the national average energy consumption
per unit of GDP. With the promotion and upgrading of energy-
saving technologies and energy regulatory policies, Taiyuan’s
energy intensity is expected to decrease continuously in the
future. In addition to reducing energy intensity, energy
security (Sinha et al, 2022) should also be included in
Taiyuan’s energy system transformation. Taiyuan needs to
establish a multilevel and all-around energy interconnection
system between various industries and departments, and to
guide the reduction of energy carbon emissions by improving
the competitiveness of clean energy.

We encourage low-carbon optimization design of urban water
system for energy conservation and carbon reduction. Based on the
perspective of “water-energy” correlation and the goal of carbon
peak, the energy saving transformation of water system should be
strengthened to realize low carbon operation of water system.
Focus on improving water-energy utilization efficiency in
industry life.  Strengthen the
comprehensive management of resources and the collaborative

agriculture, and  daily
emission reduction of different departments and industries, build
an information platform for water-energy collaborative
optimization and management, realize the real-time monitoring
and intelligent management of the whole process of the water
system, and further improve the incentive mechanism for water
conservation and energy conservation from the aspects of policy
orientation, regulatory constraints and economic means, so as to
promote energy conservation and carbon emission reduction in
the process of water consumption (Zhao et al., 2021).

Zhang et al. selected the SD model to study the green and low-
carbon paths of Beijing-Tianjin-Hebei urban agglomeration, which is
consistent with the conclusions of this paper: a comprehensive
scenario can better promote the coordinated development of city’s
economy, resources and carbon emissions (Jing, et al,, 2021). Yang
et al. conducted a study on “near zero carbon emissions” in Taiyuan
high-tech industry park by using the scenario analysis method,
among them, low-carbon scenario optimization can reduce the
carbon emission intensity of high-tech industrial parks in Taiyuan,
which is consistent with the simulation trend of CPAj; set in this
paper (Jun et al,, 2017). However, compared with existing studies, the
innovation of this paper lies in, the fact that, with the help of the
advantages of the SD model in the scenario simulations and macro
driver performance, the transfer-feedback mechanism of the
water—-energy—carbon coupling system was obtained, and the two-
way inference of “cause-effect” and of “effect-cause” was realized.

However, the SD method still has some limitations. First, SD

cannot consider the spatial attributes of a region or a city; that is, it is
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impossible to analyze the spatial characteristics of a city’s economy,
population, water resources, energy, etc. It can only export the
prediction results of the SD model and then carry out
spatiotemporal analysis with the help of ARCGIS. Second, the
lack of coupling of the physical mechanisms, such as crop
growth and rainfall, can only be derived from the operational
results of the SD and then analyzed using biophysical models.
For the shortcomings of the above two points, in the next step,
we hope to use the coupled spatial allocation model (He et al., 2017;
Zhangetal., 2017; Liu et al,, 2020; Song et al., 2020) and SD model to
realize the combination of quantity structure and space allocation.
For the coupling of the physical mechanism, we hope to optimize the
physical mechanism by coupling the biophysical model (Yoon et al,
2021). However, this paper focused on combination of qualitative
and quantitative analyses, and it emphasized the consideration of
carbon peaking from the perspective of system coupling. It did not
measure the exact value but grasped the change trend of the water,
energy, and carbon emissions from an overall perspective. In future
work, we will combine the above summary of the SD methods to
enhance the accuracy of the numerical predictions.

5 Conclusion

As the only resource-based, provincial capital city in China
(Dan, 2020), Taiyuan’s economic development has depended on
the coal industry for a long time, which renders the problems of a
single

prominent. The proposal of the “dual carbon” goal creates

economic structure and environmental pollution
opportunities and challenges to the green development of
Taiyuan. On the one hand, the realization of the “dual carbon”
goal is conducive to the optimization of the industrial structure
and energy structure of Taiyuan; on the other hand, the realization
of the “dual carbon” goal proposes higher requirements for the
development of Taiyuan. Under this background, aiming at
exploring the path of the carbon peak in Taiyuan, this paper
combined the logical relationship between various elements of
urban development and the present condition of resource
consumption. Applying this combination as the chain of system
simulation, this paper constructed a resource-based, urban carbon
peak simulation system based on SD; verified the matching degree
between the system simulation results and the actual results
through historical data; performed multi-scene simulation;
selected different influencing factors, including industrial
structure adjustment, energy structure adjustment and energy
consumption intensity; and simulated the economy, resources,
energy and carbon emissions of Taiyuan in different scenarios. The

specific conclusions are presented as follows:

(1) Based on the total carbon emissions and industrial carbon
emissions in Taiyuan, it can be seen that the total carbon
emissions of the whole industry in Taiyuan increased slightly
every year from 2005 to 2021 and that the overall growth
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trend is relatively stable. Although carbon emissions from
the agriculture, transportation, storage and postal industries
in Taiyuan have decreased, the total carbon emissions have
not reduced. Taiyuan still needs to further strengthen its
carbon emission reduction efforts and pay more attention to
the carbon emissions of the industry, construction industry,
wholesale and retail industry, and accommodation and
catering industry.
(2) The change in a single influencing factor does not have a
comprehensive impact on the coupling system. In particular,
rapid economic growth alone will contribute to the sharp
growth of carbon emissions, and it is difficult to achieve the
carbon peak requirement before 2030. For example, the GDP in
CPA increased by 15.84%, but carbon emissions also increased
by 15.81%. The comprehensive scenario simulation results
show that through the balanced adjustment of various
factors, even a small change will have a great impact on the
economy, resources, energy and carbon emissions of the whole
city. Meanwhile, the results indicate that system coupling can
more comprehensively consider the impact of economic
development and resource consumption on carbon
emissions. By establishing different carbon peak scenarios,
with the exception of the comprehensive scenario, the
coordination effects of other scenarios in descending order
are listed as follows: reduction of energy consumption per
unit of GDP, adjustment of industrial structure, and
adjustment of energy structure.
(3) In this paper, SD method is adopted to study the carbon peak
path of resource-based cities, taking Taiyuan as an example.
Considering the development characteristics of Taiyuan city
and the natural growth of population, the proportion of
tertiary industry will be increased by 10% compared with the
natural development scenario. By 2025, the proportion of
non-fossil fuels will be increased by 5% compared with 2020.
The energy consumption per unit of GDP will be reduced by
13.5% compared with 2020. By 2030, the proportion of non-
fossil fuels will be increased by 10% compared with 2020, The
energy consumption per unit of GDP will be reduced by 25%
compared with 2020. The above measures are an effective
path for Taiyuan to achieve carbon peak before 2030 (Abbasi

and Tufail, 2021).
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