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Abstract: Fujian Province has entered the golden period of industrialization and rapid economic
development, and its economy and society are undergoing significant changes. An unreasonable
industrial structure and rapid growth of energy consumption will result in a high pressure of
carbon peak and environmental pollution in Fujian Province in 2030. How to improve energy
efficiency, control environmental pollution, and achieve a carbon peak by 2030 while ensuring
economic growth has become the focus of the attention of researchers and relevant policymakers. A
disadvantage of the current 3E (Economy–Energy–Environment) system is that it has no quantitative
basis for the selection of variables and no combined analysis of carbon emissions and environmental
pollution, which is not conducive to paying attention to environmental pollution in the process of
achieving carbon peak. Based on the STIRPAT (Stochastic Impacts by Regression on Population,
Affluence, and Technology) model analysis results of environmental pollution and carbon emissions
in Fujian Province, this paper established the 3E system model of Fujian Province to simulate three
development scenarios and explored the EKC (Environmental Kuznets Curve). The results of the
STIRPAT model showed that population, economic structure, and energy structure were the main
influencing factors of environmental pollution and carbon emissions in Fujian Province. The 3E
system simulation results showed that the current development scenario (scenario one) in Fujian
Province is not sustainable, and the carbon peak and pollutant reduction cannot be achieved in
2030. A more stringent development scenario (scenario three) was required to achieve carbon
peak and pollutant reduction on schedule. The trend of the carbon emission EKC curve in Fujian
Province was different from that of environmental pollution. The carbon emission EKC curve of
Fujian Province was a common inverted “U” shape, while the environmental pollution EKC curve
had three shapes of “N”, “M,” and inverted “U”. This study can provide a quantitative method
for selecting 3E system variables and a new method for establishing the 3E model, and provide a
quantitative reference for Fujian Province to develop subsequent policies to control carbon emissions
and environmental pollution.

Keywords: STIRPAT; environmental pollution; carbon emissions; 3E system

1. Introduction

Economic growth is inseparable from energy consumption. Rapid economic growth
and massive energy consumption result in a large amount of CO2 and other environmental
pollutants being discharged into the environment. With the development of industrializa-
tion and an irrational energy consumption structure, the aforementioned phenomenon is
becoming increasingly serious [1]. The world is facing the severe challenge of the green-
house effect and environmental pollution. With the concepts of environmental protection
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and the greenhouse effect taking root in people’s minds, the world’s major economies
have begun to control environmental pollution and carbon emissions [2,3]. The premises
of ensuring economic growth, improving energy efficiency, controlling environmental
pollution, and achieving carbon peak have become the focus of researchers and relevant
decision-making departments [4,5].

Given the increasingly severe environmental pollution and the greenhouse effect, the
3E system is used to study the relationships between energy, environment, and economy
within a certain region or industry [6]. The 3E system development process can be divided
into three stages: The first stage was the middle of the 20th century. Most of these models
were single-fuel supply models, and the boundary of the models was limited to the internal
energy sector. The second stage was the 1970s, during which many energy models were
established based on the energy balance theory, and the boundaries of the models were
extended to the whole energy system [7]. The third stage began at the end of the 20th
century. With the rapid growth of the economy and massive consumption of energy, the
global environmental situation became increasingly severe. The energy sector began to
add environment-related variables into the “economy–energy” system, which promoted
the emergence of the 3E model. Therefore, the current 3E system can be divided into
two categories, namely, the energy–carbon emissions–economy system (3E-C) and the
energy–environmental pollution–economy system (3E-P). However, due to the complex
interactions and feedback mechanisms in the 3E system, it is difficult for general models to
clearly express the complex nonlinear relationship inside the 3E system [6].

System dynamics (SD) was developed in the middle and late 1950s to study complex
nonlinear relations in various types of systems, and can be used to solve various complex
system problems [8–10]. System dynamics have been widely used in the research of
3E systems.

In recent years, many scholars have studied the 3E-P system using the SD princi-
ple. Isa et al. [11] studied the impact of aquaculture on aquatic ecology in Malaysia.
Khajehpour et al. [12] studied oil pollution in the Persian Gulf using the SD principle.
Xiao [13] used the SD method to simulate the process of household garbage generation,
classification, collection, and final treatment in Shanghai. Guo [14] studied the impact of
China’s power structure adjustment on the emission reduction in PM10. Other scholars
studied the water environmental carrying capacity at the watershed or city level based on
the SD method [15–17].

Compared with 3E-P, the research field of 3E-C using SD is broader and more numer-
ous. Collatto et al. [18] established a 3E-C system for the study of chicken house heating
by using system dynamics. Enze et al. [19] evaluated the system of cellulosic ethanol pro-
duction from switchgrass in the Midwest of the United States as a bio-energy source based
on the SD model, which proved that the production of cellulosic ethanol is economically
feasible and can provide significant environmental benefits. Navarro et al. [20] proposed a
new human population dynamics model based on SD to improve the estimation of carbon
dioxide emissions. Benvenutti et al. [21] studied the influence of low-carbon policy on
the operation of the Brazilian light vehicle fleet based on SD. Lsa et al. [22] studied the
impact of China’s hydropower development policies on carbon emission reduction benefits.
Watabe et al. [23] studied the impact of low-emission vehicles on GHG emission reduction
in Japan based on SD.

In the aforementioned study, variables in the 3E system were selected without quanti-
tative analysis, which was subjective to some extent. Considering the social, economic, and
technological driving factors behind the environmental subsystem, the STIRPAT model has
been widely used to study the relationship between environment and human factors [24].

The Chinese government has pledged to peak carbon emissions by 2030. As a sec-
ondary administrative unit in China, Fujian Province should also achieve a carbon peak by
2030, and the pollution reduction target is stipulated in the 14th Five-Year Plan released by
Fujian Province in 2021 [5]. Current 3E system studies do not combine carbon emissions
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with environmental pollution, which is not conducive to paying attention to environmental
pollution in the process of carbon peaking.

This paper extends the previous studies as follows: (1) Before the establishment of the
3E system, the STIRPAT model is used to study the influencing factors of environmental
pollution and carbon emissions, providing a quantitative method to select 3E system
variables. (2) The coupling of the 3E-P and 3E-C systems is studied to provide a new
idea for building a 3E model. (3) The possible forms of the EKC curve under different
development scenarios in Fujian Province were explored via the SD principle.

2. Materials and Methods
2.1. Data Sources and Processing

The data in this paper are derived from the statistical Yearbook of Fujian Province
from 2004 to 2021, China Environmental Protection Database, and China Carbon Emission
Database (due to the delay of data updating, the data related to environmental protection
in the statistical yearbook of 2021 had only been updated to 2019). SPSS, Origin, and
Vensim software were used for data processing, curve drawing, and 3E system model
building, respectively.

2.2. Analysis of Influencing Factors of the 3E System

With the increasingly serious greenhouse effect and environmental pollution, the
analysis of carbon emission and environmental pollution has become a hot research topic.
Quantitative research on carbon emission and environmental pollution is the premise to
evaluate the effect of energy conservation and emission reduction [20,25]. To find out
the internal driving factors of carbon emissions and environmental pollution, and to lay
a foundation for the establishment of the 3E system in Fujian Province, we reviewed a
large number of previous studies. All the literature can be divided roughly into three
main categories: stochastic impacts by regression on population, affluence, and technology
(STIRPAT) [26]; decomposition analysis; and other models. Relevant research analyzing
the influencing factors of CO2 emissions and environmental pollution is shown in Table 1.

Table 1. Analysis of influencing factors of carbon emission and environmental pollution.

No. Research Region Method
Carbon

Emission/Environmental
Pollution

Main Influencing Factors

1 [27] China Multivariable
adjustment environmental pollution

urban population,
GDP

per capita disposable income of
urban residents

solid waste treatment rate

2 [28] China STIRPAT environmental pollution
population density

energy intensity
foreign direct investment

3 [29] China STIRPAT environmental pollution
level of regional economic development

urbanization level
agricultural production

4 [30] Asian STIRPAT carbon emission urbanization, primary energy consumption,
foreign direct investment

5 [31] Europe Index decomposition
analysis carbon emission

carbon intensity
energy mix (structure)

energy intensity
average renewable capacity productivity
change in capacity of renewable energy

per capita

6 [32] China Computable general
equilibrium model carbon emission

energy efficiency
energy structure

industrial structure

7 [33] China Quantile regression
analysis carbon emission

GDP, energy intensity
carbon intensity

urbanization
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STRIPAT, which is applied to examine the impacts of human behavior on the environ-
ment, was first proposed by Dietz and Rosa based on the Impact, Population, Affluence,
and Technology model (IPAT). It is worth noting that, although the seven studies in Table 1
were carried out in different countries, objects, periods, and even models, population, econ-
omy, energy, technological progress, and policy control are considered by most scholars to
be the main driving factors of carbon emissions and environmental pollution. Therefore, it
can be concluded that the action mechanism of economic growth on carbon emission and
environmental pollution is shown in Figure 1.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 23 
 

5 [31] Europe 
Index decomposition 

analysis 
carbon emission 

carbon intensity 

energy mix (structure) 

energy intensity 

average renewable capacity 

productivity 

change in capacity of renewable 

energy per capita 

6 [32] China 
Computable general 

equilibrium model 
carbon emission 

energy efficiency 

energy structure 

industrial structure 

7 [33] China 
Quantile regression 

analysis 
carbon emission 

GDP, energy intensity 

carbon intensity 

urbanization 

STRIPAT, which is applied to examine the impacts of human behavior on the envi-

ronment, was first proposed by Dietz and Rosa based on the Impact, Population, Afflu-

ence, and Technology model (IPAT). It is worth noting that, although the seven studies in 

Table 1 were carried out in different countries, objects, periods, and even models, popu-

lation, economy, energy, technological progress, and policy control are considered by 

most scholars to be the main driving factors of carbon emissions and environmental pol-

lution. Therefore, it can be concluded that the action mechanism of economic growth on 

carbon emission and environmental pollution is shown in Figure 1. 

 

Figure 1. The mechanism of economic growth on carbon emission and environmental pollution. 

2.3. STIRPAT Model 

The IPAT model is proposed to reflect the pressure of human activities on the envi-

ronment. 

I = P·A·T 
(

(1) 

where I refers to environmental quality, P refers to population, A refers to affluence, and 

T refers to technology level. However, the identity only points out the influencing factors 

Figure 1. The mechanism of economic growth on carbon emission and environmental pollution.

2.3. STIRPAT Model

The IPAT model is proposed to reflect the pressure of human activities on the environment.

I = P·A·T (1)

where I refers to environmental quality, P refers to population, A refers to affluence, and T
refers to technology level. However, the identity only points out the influencing factors of
environmental pollution but does not indicate the influence degree of these factors. Due to
the defects of IPAT mentioned above, Dietz and Rosa made some adjustments to the Equa-
tion and proposed STIRPAT (Equation (2)), which could be used for regression analysis.

I = aPbAcTde (2)

In the Equation, I, P, A, and T represent the same meanings as those in Equation (1). e
denotes error; a denotes other factors that may influence environmental quality, except P, A,
and T; b, c, and d denote the impacts of P, A, and T on environmental quality, respectively.
To overcome the heteroscedasticity and non-normality of Equation (2), logarithms of both
sides of Equation (2) are usually taken (Equation (3)).

lnI = A + lnP + clnA + dlnT + e (3)

In this paper, representative pollutants carbon dioxide (carbon emission), sulfur diox-
ide (air pollution), chemical oxygen demand (water pollution), and solid waste (solid waste
pollution) were selected as I indicators, and the indicators of the social economy in Figure 1
were selected as P, A, and T indicators. The specific variable categories and names of
representative variables are shown in Table 2.
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Table 2. Variable and data source.

Variable Category Variable Name Unit Data Source (2004–2021)

Water pollution Chemical oxygen demand
discharge (COD) Ten thousand tons Statistical Yearbook of Fujian Province

Atmospheric pollution Sulfur dioxide emission (SO2) Ten thousand tons Statistical Yearbook of Fujian Province

Carbon emissions Carbon dioxide emission (CO2) Ten thousand tons Calculated indirectly from the China
Carbon Accounting Database

Solid waste pollution Industrial solid waste discharge
(ISW) Ten thousand tons Statistical Yearbook of Fujian Province

Economic development
level GDP per capita CNY Calculated indirectly by Fujian

Statistical Yearbook

Population size Population density (PD) People/km2 Calculated indirectly by Fujian
Statistical Yearbook

Urbanization level (UL) % Calculated indirectly by Fujian
Statistical Yearbook

Scientific and technological level R&D expenditure/GDP (TS) % Statistical Yearbook of Fujian Province

Economic structure
The GDP share of secondary

Industry (IS) % Calculated indirectly by Fujian
Statistical Yearbook

The output value of tertiary
industry/output value of
secondary industry (IU)

% Calculated indirectly by Fujian
Statistical Yearbook

Energy structure Energy intensity (EI) Tons of standard coal/CNY
ten thousand

Calculated indirectly by Fujian
Statistical Yearbook

Fossil energy consumption ratio
(CER) % Calculated indirectly by Fujian

Statistical Yearbook

Environment policy
Investment in environmental

practices
Pollution control/GDP (IPI)

% China Environmental
Protection Database

2.4. Introduction to 3E System Construction in Fujian Province
2.4.1. System Causality Description

The final research goal of this paper is the control of carbon emissions and environmen-
tal pollution in Fujian Province, which are inseparable from human activities. According to
the analysis of influencing factors of carbon emission and environmental pollution in Fujian
Province in Section 2.3, the influencing factors mainly focus on the industrial structure, pop-
ulation, and energy structure. In general, it is necessary to adjust the unreasonable energy
structure and industrial structure of Fujian Province, so there is a triangular relationship
between Fujian Province’s 3E systems.

(1) Energy

From the perspective of energy, the consumption of fossil energy will promote an
increase in carbon dioxide levels in the environment and a decline in environmental quality.
To protect their survival environment, human beings must limit their consumption of fossil
energy, that is, adjust the energy structure.

(2) Economy

The above-mentioned adjustment of the energy structure for human beings to protect
their living environment indirectly leads to a decline in traditional industries that consume
a large amount of fossil energy. High-quality economic development will curb pollution
emissions, and environmental pollution will also encourage people to develop high-tech
industries to curb environmental pollution emissions.

(3) Environment

From the point of view of the environment itself, no matter how it develops, there will
always be polluting substances, but also a need to carry out terminal treatment to reduce
the discharge of environmental pollutants.

This paper focuses on the process of pollution inhibition in causality (Figure 2).
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2.4.2. Model Introduction

The 3E system model in Fujian Province consists of five subsystems, namely, the
population subsystem, economic subsystem, environmental pollution subsystem, energy
subsystem, and carbon emission subsystem. See Figure 3 for the model diagram. See
Appendix A for model related equations.
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Figure 3 shows the internal relationships among subsystems of the Fujian 3E system
model constructed in this paper as follows:

(1) Population—economy and energy

The system takes population as the original driving force and links the population
subsystem with the economic and energy subsystems through two indexes of per capita
GDP and per capita energy consumption.

(2) Economy—environmental pollution

In the actual production process, not all industrial activities will cause environmental
pollution, so the concept of “polluting GDP” is proposed to describe the part of the economic
output that will produce pollution.

There are always some activities in primary, secondary, and tertiary industries that
emit significant pollutants, and the corresponding GDP is called “pollution GDP”. In
the process of model operation, environmental pollution is controlled at the source by
adjusting the proportion of primary, secondary, and tertiary industries in the overall GDP,
to gradually reduce the proportion of the secondary industry and increase the proportion
of the tertiary industry to ensure economic growth and control pollution emissions [34].
The specific expression of polluting GDP is shown in Equation (4):

PGDP = α1·GDP1 + α2·GDP2 + α3·GDP3 (4)

In Equation (4), PGDP, GDP1, GDP2, and GDP3 represent the GDP of pollution pro-
duction, primary industry, secondary industry, and tertiary industry, respectively. α1, α2,
and α3 represent the pollution production coefficients of the primary industry, secondary
industry, and tertiary industry, respectively. Values of alpha1, alpha2, and alpha3 are 0.1,
0.9, and 0.1, respectively, according to the relevant literature [35]. The “pollution generation
coefficient” is used to link the pollution GDP with the final pollution emissions. The “pol-
lution generation coefficient” reflects the effect of back-end pollution treatment technology
on final pollutant discharge, and the intensity of the back-end pollution reduction of a
single environmental factor is regulated by this proportional coefficient. [36]

The contribution of “COD, sulfur dioxide, and solid waste” to pollution emission
intensity was obtained using the entropy method.

(3) Energy—carbon emissions

According to the total amount of energy consumption and the proportion of different
types of energy, different energy consumption can be obtained. According to the carbon
emission accounting method in Equation (5) and the carbon emission factors in Table 3, the
carbon emissions can be obtained.

C = ∑ CI = ∑ EKI× = Qi (5)

Table 3. Carbon emission factors of various energy sources.

Types of Energy Carbon Emission Factors (CO2/Types of Energy)

The raw coal 0.499 t/t
Crude oil 0.838 t/t

Natural gas 0.590 t/k m3

In Equation (5), C denotes the total carbon emissions (MT), Ci denotes the carbon
emissions of different fuels, EKi denotes the carbon emission factor of different fuels
(Table 3), and Qi denotes the consumption of different fuels.

The carbon emission factors in this paper are based on the research results of Liu
et al. [37] in 2015. They evaluated the emission factors of 100 typical coal mines in China,
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which is more suitable for China’s national conditions compared with the commonly used
IPCC methods.

(4) Environmental pollution—population

Through the influence coefficient of pollution emission on mortality, the feedback of
environmental pollution to the population is realized and the system is a closed loop.

In the real world, the areas with serious environmental pollution have a high mortality
rate due to environmental pollution. Therefore, the influence coefficient of environmental
pollution on death was set in this model to represent the impact of environmental pollution
on the death rate. The specific parameters refer to the coefficient adopted in the study of
Qin of Harbin Institute of Technology [38]. However, considering that the environmental
quality of Fujian Province ranks at the top in China, Qin’s coefficient is appropriately
reduced in this paper.

2.4.3. Determination Method of Model Variable Equation

The data processing methods in this paper are divided into three categories: The
first category is if the fitting law of variables in which time is very obvious, the change
in variables in each year can be described through the linear or nonlinear fitting, and the
development trend of different variables (per capita GDP, per capita energy consumption)
can be obtained through the curve fitting of Origin software. The second is to use the
entropy method to assign value to environmental pollution intensity. The third type is
directly assigned parameters. Some parameters have no obvious change rule over time
and no obvious change rule between them and other parameters. Therefore, the lookup
function of the Vensim software was used to assign values directly.

2.5. Scenario Settings

This section will introduce the scenarios set up in this paper. The basis for setting
scenarios mainly refers to the provisions of relevant indicators in “the 14th Five-Year Plan
for National Economic and Social Development of Fujian Province and the Outline of
long-term Goals in 2035” (hereinafter referred to as the “Outline”) and “the 14th Five-Year
Special Plan for Ecological and Environmental Protection of Fujian Province” (hereinafter
referred to as the “Plan”).

Three scenarios were set up in this paper, namely, scenarios 1, 2, and 3, and the
environmental protection controls and carbon emission controls change from broad to strict.

The starting year of the model is 2003. To observe the carbon peak for 2030, the model
simulates the final time of 2035, but the target year is 2030.

2.5.1. Introduction to Scenario 1

The purpose of setting up scenario 1 is mainly to investigate whether Fujian Province
can achieve a carbon peak and pollutant reduction under the current development trend.

(1) Introduction to economic structure setting

The economic structure in scenario 1 was set according to column 1 on page 12 of the
“Outline”: The main indicators of economic and social development in Fujian Province
during the 14th Five-Year Plan period, the proportion of regional GDP growth, and added
value of the tertiary industry. Column 1 of the “Outline” set the annual GDP growth rate at
6.3%. Column 1 of the “Outline” set the annual GDP growth rate at 6.3%. The proportion
of the added value of the service sector in column 1 of the “Outline” was set at more than
50% for 2025, and 2.5% growth every five years, which means that the proportion of the
added value of the service sector for 2035 is 55%. Therefore, scenario 1 assumes that the
proportion of the added value of the tertiary industry will increase by 2.5% every five years,
and that the proportion of the primary industry will decrease to 5% in 2035.
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The proportion of primary, secondary, and tertiary industries in 2035 was calculated
as follows:

PTI2035 =
THI GDP2019 +

(
GDP2019 × 1.06315 − GDP2019

)
× 0.55

GDP2019 × 1.06315 (6)

PTI represents the proportion of GDP of the tertiary industry in the total GDP, and
THI GDP represents the GDP of the tertiary industry.

According to the above description, the proportion of primary, secondary, and tertiary
industries can be obtained, and the corresponding values for 2035 are 5%, 43.4%, and 51.6%.
It was assumed that the three industries decreased or increased linearly from 2019 to obtain
the values of the intermediate years.

(2) Introduction of per capita GDP

Per capita GDP was determined through a fitting curve, and the specific equation is
shown in the model equation.

(3) Introduction of pollution generation coefficient

In scenario 1, the pollution generation coefficient of solid waste and SO2 follows the
values of 2019 to observe the emission trend of various pollutants with the development of
the economy under the current pollution control efficiency.

(4) Introduction of per capita energy consumption

Per capita energy consumption was determined through a fitting curve, and the
specific equation is shown in the model equation.

(5) Introduction of energy consumption structure

According to Table 2 of the “Plan”, the proportion of non-fossil energy in energy
consumption will increase from 23.4% in 2020 to 26.1% in 2025, a cumulative increase of
2.7% in five years. The corresponding reduction in the share of fossil energy was calculated
using the following Equation.

PFERi, 2035 =
PFEi, 2019

PTFE2019
× PNFEI2035 (7)

PFERi, 2035 represents the proportion of fossil energy reduction in 2035 of class I,
PFEi. 2019 represents the proportion of fossil energy in 2019 of class I, PTFE2019 represents
the proportion of total fossil energy in 2019, and PNFEI2035 represents the proportion of
non-fossil energy increase in 2035.

Assume that the proportion of each type of energy consumption will increase or
decrease linearly between 2019 and 2035.

2.5.2. Introduction to Scenario 2

The purpose of setting scenario 2 is to investigate whether Fujian Province can achieve
carbon peak and pollutant reduction under the development scenario of medium carbon
emission and environmental pollution control.

(1) Introduction to economic structure setting

The industrial structure of scenario 2 is based on the 10% (5% × 110% = 5.5%) increase
in the proportion of the added value of the tertiary industry in scenario 1.

The proportion of the tertiary industry was also calculated by using Equation (5).
Other assumptions are consistent with scenario 1.

(2) Introduction of per capita GDP

Per capita GDP is the same as in scenario 1.

(3) Introduction of pollution generation coefficient
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Starting from 2019, the ratio of COD generation coefficient and solid waste generation
coefficient will be 95% of that of the previous year. Starting from 2019, the ratio of SO2
generation coefficient will be 90% of that of the previous year.

(4) Introduction of per capita energy consumption

Per capita energy consumption from 2003 to 2019 was determined by using the fitting
curve in scenario 1, and after 2019 was calculated by using Equation (8).

PCECi = PCEC2019 + (time − 2019)× EXP(−0.00125 × time) (8)

PCECi represents per capita energy consumption for the year I, and PCEC2019 repre-
sents per capita energy consumption for the year 2019.

Currently, the per capita energy consumption in most developed countries has reached
its peak and started to decline, and China is still in the period of rising per capita energy
consumption [39]. The proposed purpose of Equation (8) is to increase the per capita energy
consumption of Fujian Province to approximately 80% of Germany’s per capita energy
consumption in 2019 (5.4 tons per year) by 2030, and gradually reduce the growth rate of
per capita energy consumption in Fujian when the per capita energy consumption increases,
and finally, when the per capita energy consumption becomes stable, to implement the
policy of reducing per capita energy consumption in the future.

(5) Introduction of energy consumption structure

The energy consumption structure in scenario 2 increases by 10% (2.7% × 110% = 2.97%)
on the basis of scenario 1 (2.7%). In other words, the accumulative growth was 2.97% in
5 years and 8.91% in 15 years. The calculation method of various energy ratios is the same
as in Equation (7).

2.5.3. Introduction to Scenario 3

The purpose of scenario 3 is to investigate whether Fujian Province can achieve carbon
peak and pollutant reduction under the development scenario of strict control of carbon
emission and environmental pollution.

(1) Introduction to industrial structure

The industrial structure of scenario 3 is based on the proportion of added value of the
tertiary industry in scenario 1 (5%), which increased by 20% (5% × 120% = 6%). In other
words, the accumulative growth was 6% in 5 years and 18% in 15 years The proportion
of the tertiary industry was also calculated by using Equation (5). Other assumptions are
consistent with scenario 1.

(2) Introduction of per capita GDP

GDP per capita is the same as in scenario 1.

(3) Introduction of pollution generation coefficient

Starting from 2019, the ratio of COD generation coefficient and solid waste generation
coefficient will be 90% of that of the previous year. Starting from 2019, the ratio of SO2
generation coefficient will be 85% of that of the previous year.

(4) Introduction of per capita energy consumption

Per capita energy consumption from 2003 to 2019 was determined by using the fitting
curve in scenario 1, and after 2019 was calculated by using Equation (9).

PCECi = PCEC2019 + (time − 2019)× EXP(−0.002 × time) (9)

PCECi represents per capita energy consumption for the year I, and PCEC2019 repre-
sents per capita energy consumption for the year 2019.

The proposed purpose of Equation (9) is to increase the per capita energy consumption
of Fujian Province to approximately 80% of Japan’s per capita energy consumption in 2019
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(5.0 tons per year) by 2030, and gradually reduce the growth rate of per capita energy
consumption in Fujian when the per capita energy consumption increases, and when the
per capita energy consumption finally becomes stable, to implement the policy of reducing
per capita energy consumption in the future.

(5) Introduction of energy consumption structure

The energy consumption structure in scenario 2 increases by 30% (2.7% × 130% = 3.51%)
on the basis of scenario 1 (2.7%); that is, the accumulative growth of five years was 3.51%,
and the accumulative growth of 15 years was 10.053%. The calculation method of various
energy ratios is the same as in Equation (7).

2.6. Description of Controlling Objectives for the Target Year (2030)

This model focuses on the emissions of pollutants, so the control targets are divided
into carbon emissions, COD discharge, solid waste discards, and SO2 emissions.

Carbon emissions are mainly concerned with whether there will be a “carbon peak”
before 2030, that is, whether there will be a historical peak of carbon dioxide emissions in
one year before 2030 and no rebound trend of carbon emissions in the following years.

COD discharges, solid waste discards, and SO2 emissions in the target year were set
according to the actual completion of pollution emission reduction targets in Table 1 in the
“Plan” during the 13th Five-Year Plan period. During the 13th Five-Year Plan period, COD
discharges decreased by 4.5%, so 2030 is set to decrease by 8.9% compared with 2019, and
the calculation method is shown in Equation (10). The value of solid waste discards was
set as 8.9%, and the calculation method is shown in Equation (10). According to Table 1 in
the “Plan”, SO2 emissions decreased by 29.5% during the 13th Five-Year Plan period, so
the value for 2030 was set as 51% lower than that in 2019, and the calculation method is
shown in Equation (10).

IDVi,2030 = 1 − IPVi,2019 ×
(

1 − IDV2
13th

)
(10)

IDVi,2030 represents a decrease value in 2030 of index I, IPVi,2019 represents the pollu-
tion value in 2030 of index I, and IDV13th represents a decrease value in the 13th Five-Year
Plan period of index I.

3. Results and Discussion
3.1. STIRPAT Model

In this paper, lnCOD, lnSO2, lnCO2, and lnSW in Fujian Province are defined as
dependent variable I. lnGDP, lnPD, lnUL, lnEI, lnTS, lnIS, lnIU, lnCER, and lnIPI are
defined as independent variable PAT. Regression results are shown in Figure 4.

It can be seen that the R2 of all four groups of equations is greater than 0.929, indicating
that the regression results are credible. According to Figure 4, the four indexes with the
greatest impact on water pollution, air pollution, carbon emission, and solid waste pollution
in Fujian Province are as follows: IS (0.21898), IU (−0.40498), UL (0.19062), and EI (0.27874)
are the same as the conclusions of He, Li, and Wang et al. [28,29,40].

IS, IU, UL, and EI belong to the three variable categories of economic structure,
population size, and energy structure, respectively, in Table 2. Therefore, the modeling
idea of the Fujian Province 3E system in this paper can take the population as the most
original driving force and use per capita GDP and per capita energy consumption to connect
the population subsystem with the energy and economic subsystem. Use the industrial
structure and energy structure adjustment to achieve environmental pollution and carbon
dioxide control.
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3.2. Fujian Province 3E System Model
3.2.1. Scenario Simulation of per Capita Energy Consumption and Carbon Emission in
Fujian Province

It can be seen from Figure 5 that per capita energy consumption in Fujian Province
presents a rising trend under three scenarios, with an increasing rate from large to small,
respectively: scenario one, scenario two, and scenario three. It shows that under the three
development scenarios, people’s living standards can be guaranteed, and there will not be
a decline in the quality of life caused by the decrease in per capita energy consumption due
to policy reasons [41].

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 23 
 

be a decline in the quality of life caused by the decrease in per capita energy consumption 

due to policy reasons [41]. 

As can be seen from Figure 6, the carbon emission of Fujian Province rises sharply 

under scenario one, which indicates that the continuous development of Fujian Province 

under the current development trend cannot reach the carbon peak in 2030 as scheduled. 

The main reason lies in the rapid increase in per capita energy consumption and irrational 

energy structure. 

In the development scenario of scenario two, Fujian Province does not achieve the 

carbon peak in 2030 as scheduled, and the carbon emission of Fujian Province will surpass 

that of scenario one briefly during the period 2020–2023. After 2023, the carbon emission 

of Fujian Province in scenario two is less than that in scenario one, and the gap between 

them gradually widens. This is because the setting of Equation (8) makes the per capita 

energy consumption of scenario two larger than that of scenario one during the period 

2020–2023. Over time, the per capita energy consumption growth of Scenario two de-

creases year by year, and the impact of energy structure adjustment on carbon emissions 

also begins to appear. 

In the development scenario of scenario three, carbon emissions in Fujian Province 

will rise gradually from 2020 to 2027, and then gradually decline after reaching 70.72 mt 

in 2027, indicating that under the development mode of per capita energy consumption 

and energy structure in scenario three, Fujian Province can achieve carbon peak on sched-

ule. However, the relatively weak “peak” is not conducive to the subsequent carbon neu-

tralization process. 

 

Figure 5. Per capita energy consumption simulation of Fujian Province. Figure 5. Per capita energy consumption simulation of Fujian Province.

As can be seen from Figure 6, the carbon emission of Fujian Province rises sharply
under scenario one, which indicates that the continuous development of Fujian Province
under the current development trend cannot reach the carbon peak in 2030 as scheduled.
The main reason lies in the rapid increase in per capita energy consumption and irrational
energy structure.
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In the development scenario of scenario two, Fujian Province does not achieve the
carbon peak in 2030 as scheduled, and the carbon emission of Fujian Province will surpass
that of scenario one briefly during the period 2020–2023. After 2023, the carbon emission
of Fujian Province in scenario two is less than that in scenario one, and the gap between
them gradually widens. This is because the setting of Equation (8) makes the per capita
energy consumption of scenario two larger than that of scenario one during the period
2020–2023. Over time, the per capita energy consumption growth of Scenario two decreases
year by year, and the impact of energy structure adjustment on carbon emissions also
begins to appear.

In the development scenario of scenario three, carbon emissions in Fujian Province will
rise gradually from 2020 to 2027, and then gradually decline after reaching 70.72 mt in 2027,
indicating that under the development mode of per capita energy consumption and energy
structure in scenario three, Fujian Province can achieve carbon peak on schedule. However,
the relatively weak “peak” is not conducive to the subsequent carbon neutralization process.

3.2.2. Environmental Pollution Scenario Simulation in Fujian Province

As can be seen from Figure 7, under the current economic growth rate, the polluting
GDP of Fujian Province is rising rapidly under the three scenarios. This is because the
per capita GDP of Fujian Province is still developing, and the adjustment of the industrial
structure is not enough to reduce pollution at the front end.
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Figure 7. Polluting GDP scenario simulation of Fujian Province.

As can be seen from the partially enlarged Figure 7, the numerical gap between the
polluting GDP of the three scenarios gradually increases over time. Development scenario
one has the highest value, scenario two has the middle value, and scenario three has
the lowest value. This is due to the development mode of scenario one, which has the
unhealthiest economic structure and the highest proportion of the secondary industry. This
shows that the adjustment of the industrial structure can control pollution at the source,
but it is not enough to reduce environmental pollution, and the end treatment technology is
still an important way to reduce environmental pollution in the current development stage.

As can be seen from Figure 8, under the development mode of scenario one, water
pollution substances in Fujian Province are rising rapidly. This is because the economic
structure of scenario one is unreasonable and the pollution generation coefficient of the
water environmental factors adopts the value of 2019 and does not attenuate over time,
that is, the terminal treatment technology of pollutants does not improve over time. The
growth rate of water pollutant discharge in Fujian Province is positive from 2019 to 2035
and gradually decreases with the passage of time. This indicates that with the passage of
time, the industrial structure adjustment at the source and pollutant treatment measures
at the back end of scenario two gradually reduce the water pollution in Fujian Province.
Under scenario three development mode, the water pollutants in Fujian Province reach the
target annual value in advance in 2024. This indicates that the industrial structure at the
source and pollutant treatment technology at the end of scenario three play an important
role in pollutant reduction.
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Figure 8. Water pollution scenario simulation of Fujian Province.

As can be seen from Figure 9, under the development mode of scenario one, air
pollution substances in Fujian Province are rising rapidly. This is because the economic
structure of scenario one is unreasonable and the pollution generation coefficient of the air
environmental factors adopts the value of 2019 and does not attenuate over time, that is,
the terminal treatment technology of pollutants does not improve over time. In scenario
two, the emissions of air pollutants in Fujian Province show a decreasing trend year by year
from 2019 to 2035 but fail to reach the target annual value in 2030. This is because the target
annual reduction ratio of air pollutants is larger than that of water pollutants and solid
waste. Therefore, the economic structure of scenario two is insufficient to achieve pollutant
reduction at the source. Under the scenario three development mode, the air pollutants in
Fujian Province reach the target annual value in advance in 2024. This indicates that the
industrial structure at the source and pollutant treatment technology at the end of scenario
three play an important role in pollutant reduction.
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As can be seen from Figure 10 under the development mode of scenario one, the solid
waste emissions of Fujian Province increase rapidly after 2019. The causes of this condition
are consistent with those of water and atmospheric environmental factors. In scenario two
and scenario three, the solid waste in Fujian Province reaches the target annual value. It is
not difficult to reduce the number of solid waste discards in Fujian Province.
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3.3. Discussion on EKC of Fujian Province

After analyzing the carbon emissions and environmental pollution emissions of Fujian
Province under three scenarios, we attempted to investigate the EKC hypothesis proposed
by Kuznets and defined by Panayotou [42]. The simulation accuracy of this model fits well
with the trend of actual data. Therefore, the development trend of EKC in Fujian Province
was observed by using simulated data directly [43].

The EKC curve describes how carbon emissions and environmental pollution begin to
decline after income levels reach a certain critical point. Results of the EKC hypothesis in
Fujian Province under three development scenarios are shown in Figures 11 and 12. The
abscissa is the predicted per capita GDP of Fujian Province in the period 2003–2035, and
the ordinate is the predicted carbon emission and pollution emission intensity of Fujian
Province in the period 2003–2035. The results show that there is no downward trend or
“inflection point” of carbon emission in Fujian Province in scenario one and scenario two.
In scenario three, when the per capita GDP of Fujian reaches RMB 181824, carbon emissions
will decrease with the increase in per capita GDP.

Under the three scenarios, the first “inflection point” of pollution emission intensity in
Fujian Province appears when the per capita GDP is RMB 67,648. However, the pollution
emission intensity of the three development scenarios shows different trends. In the
development mode of scenario one, after per capita GDP reaches RMB 99,456, and pollution
emission intensity begins to rise due to environmental pollution control technology no
longer making progress, the overall EKC curve shows an “N” shape, which is the same
as the research results of Brajer et al. [44]. In scenario two, when the per capita GDP is
between 99,456 and 232,384, the pollution emission intensity of Fujian Province rises and
then begins to decline, making the overall EKC curve an “M” type, which is consistent with
the conclusions of Inmaculada et al. [45]. In scenario three, the pollution emission intensity
of Fujian begins to decline after per capita GDP reaches RMB 99,456, which is in line with
the most common inverted “U” type.
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4. Conclusions and Policy Recommendations
4.1. Conclusions

This paper first analyzed the influencing factors of environmental pollution and carbon
emissions in Fujian Province using the STIRPAT model, aiming to explore the main driving
factors of environmental pollution and carbon emissions in Fujian Province and provide
a quantitative basis for the establishment of a subsequent system dynamics model. In
addition, the 3E model of Fujian Province was established by using the system dynamics
model. This model combined 3E-P and 3E-C coupling analysis to study whether Fujian
can achieve a carbon peak in 2030 and achieve the reduction target of environmental
pollution and the EKC hypothesis under three development scenarios. We can draw the
following conclusions: (1) the main influencing factors of environmental pollution and
carbon emissions in Fujian Province belong to the variable category of population, economic
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structure, and energy consumption structure. (2) The current development trend of Fujian
Province is not sustainable, and it cannot achieve carbon peak and pollutant reduction by
2030 as scheduled. In scenario three, Fujian Province can achieve carbon peak and pollutant
reduction targets on schedule. (3) There is no “inflection point” in the carbon emission
EKC curve of scenarios one and two in Fujian Province. Under the development trend of
scenario three, an inverted U-shaped EKC curve appears. The EKC curves of environmental
pollution scenarios one and two in Fujian Province are “N” and “M”, respectively, which
are different from the common inverted “U”.

4.2. Policy Recommendations

It can be seen from the above simulation results that the development trend of scenario
three should be adopted to achieve a carbon peak and pollutant reduction in the target year.

Therefore, the following suggestions are proposed for the above situation:

(1) Carbon emissions

In terms of carbon emissions, the proportion of non-fossil energy in Fujian Province is
relatively low in the current planning. In 2030, the proportion of non-fossil energy should
be increased by approximately 38–40%, and the per capita energy consumption can be
moderately increased to 4.0 tons (the per capita energy consumption in the UK in 2019), so
that there can be a relatively obvious peak trend to facilitate subsequent carbon neutrality.

(2) Pollution discharge

In terms of pollution discharge, the reduced pressure of COD and solid waste in Fujian
Province is small, but the reduced pressure of SO2 is large. To reduce the SO2 reduction
pressure, an increase of 2.5–5% from the 50% ratio of tertiary industry in scenario three
would reduce total pollution GDP by 4.5–9%.

To achieve the above goals, Fujian Province can: (1) optimize the structure of residents’
energy use by implementing energy pricing policy; (2) improve the carbon trading mecha-
nism, optimize the efficiency of carbon trading, encourage enterprises to use clean energy,
and develop clean production technology; (3) starting from the three leading industries
of electronics, petrochemical, and machinery in Fujian Province, extend the upstream and
downstream industry chain, and promote the development of leading industries from “low
quality” and “low value” to “high quality” and “high value”.

Based on the simulation results, we proposed some policy suggestions in this section.
The specific numerical suggestions are only suitable for Fujian Province. However, improv-
ing energy pricing, increasing carbon trading efficiency, and upgrading major industries
are common paths for all regions with carbon and pollution emissions pressures.
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Appendix A

All the Equations of SD are as follows:
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(1) Auxiliary parameters of COD generation coefficient = WITH LOOKUP (Time, ([(2003,0)-
(2035,0.02)], (2003,0.013301), (2004,0.012978), (2005,0.0126351), (2006,0.0108228),
(2007,0.008422), (2008,0.00700012), (2009,0.00611385), (2010,0.004861), (2011,0.00734883),
(2012,0.00632143), (2013,0.0054639), (2014,0.00483488), (2015,0.00445777), (2016,0.0026625),
(2017,0.0024055), (2018,0.0021148), (2019,0.001848)))

(2) Auxiliary parameters of solid waste generation coefficient = WITH LOOKUP (Time,
([(2003,0)-(2035,0.003)], (2003,0.00178111), (2004,0.00208531), (2005,0.00185), (2006,0.000923),
(2007,0.000604), (2008,0.00049049), (2009,0.000395), (2010,0.000459), (2011,9.4 × 10−5),
(2012,1.5 × 10−5), (2013,6 × 10−6), (2014,3 × 10−6), (2014,3 × 10−6), (2015,1 × 10−6),
(2016,1 × 10−6), (2017,2.5 × 10−5), (2018,3.5 × 10−5), (2019,1.4789 × 10−6)))

(3) Auxiliary parameters of sulfur dioxide generation coefficient = WITH LOOKUP (Time,
([(2003,0)-(2035,0.02)], (2003,0.009016), (2004,0.011802), (2005,0.014784), (2006,0.01285),
(2007,0.009796), (2008,0.00794), (2009,0.00683), (2010,0.005338), (2011,0.00421),
(2012,0.003556), (2013,0.003087), (2014,0.002733), (2015,0.002472), (2016,0.001287),
(2017,0.000816), (2018,0.000643), (2019,0.000596)))

(4) Birth rate = WITH LOOKUP (Time, ([(2003,0)-(2035,0.2)], (2003,0.01143), (2004,0.01158),
(2005,0.0116), (2006

(5) ,0.012), (2007,0.012), (2008,0.0122), (2009,0.0122), (2010,0.01127), (2011,0.01141),
(2012,0.01274), (2013,0.0122), (2014,0.0137), (2015,0.0139), (2016,0.0145), (2017,0.015),
(2018,0.0132), (2019,0.0129), (2020,0.00921), (2021,0.0113), (2035,0.0122)))

(6) Births = Population * Birth rate
(7) Carbon emissions = (Raw coal consumption * 0.499 + Crude oil consumption * 0.838 +

Natural gas consumption * 0.59)
(8) Carbon emissions per unit of GDP = Carbon emissions/GDP * 10,000
(9) COD discharge = Polluting GDP2 * COD generation coefficient
(10) COD generation coefficient = IF THEN ELSE (Time ≤ 2019,Auxiliary parameters of

COD generation coefficient, 0.001848 * 0.95ˆ(Time − 2019))
(11) Coefficient of Impact of pollution emissions on mortality = 1 × 10−20

(12) Crude oil consumption = Total energy consumption * Crude oil proportion/1.4286
(13) Crude oil proportion = WITH LOOKUP (Time, ([(2003,0)-(2035,0.3)], (2003,0.245),

(2004,0.251), (2005,0.238), (2006,0.225), (2007,0.228), (2008,0.201), (2009,0.195), (2010,0.248),
(2011,0.258), (2012,0.235), (2013,0.233), (2014,0.258), (2015,0.248), (2016,0.238), (2017,0.241),
(2018,0.225), (2019,0.23), (2035,0.203)))

(14) Deaths = Population * Mortality rate
(15) FINAL TIME = 2035
(16) GDP = Population * Per capita GDP * 10,000
(17) GDP of primary industry = GDP * Proportion of primary industry
(18) GDP of secondary industry = GDP * Proportion of secondary industry
(19) GDP of tertiary industry = GDP * Proportion of tertiary industry
(20) Impact of pollution emissions on mortality = Pollution emission intensity * Coefficient

of Impact of pollution emissions on mortality
(21) INITIAL TIME = 2003
(22) Mortality rate = Natural mortality + Impact of pollution emissions on mortality
(23) Natural gas consumption = Total energy consumption * Natural gas proportion/1.2143
(24) Natural gas proportion = WITH LOOKUP (Time, ([(2003,0)-(2035,0.08)], (2003,0),

(2004,0.002), (2005,0.001), (2006,0.001), (2007,0.001), (2008,0.003), (2009,0.014), (2010,0.042),
(2011,0.046), (2012,0.048), (2013,0.058), (2014,0.057), (2015,0.051), (2016,0.054), (2017,0.053),
(2018,0.051), (2019,0.048), (2035,0.042)))

(25) Natural mortality = WITH LOOKUP (Time, ([(2003,0)-(2035,0.01)], (2003,0.00558),
(2004,0.00562), (2005,0.00562), (2006,0.00575), (2007,0.0059), (2008,0.0059), (2009,0.006),
(2010,0.00516), (2011,0.0052), (2012,0.00573), (2013,0.00601), (2014,0.0062), (2015,0.0061),
(2016,0.0062), (2017,0.0062), (2018,0.0062), (2019,0.0061), (2020,0.00513), (2021,0.0062),
(2035,0.0061)))
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(26) Non-fossil energy consumption = Total energy consumption * “Non-fossil energy
proportion”

(27) Non-fossil energy proportion = 1 − Crude oil proportion − Raw coal proportion −
Natural gas proportion

(28) Per capita energy consumption = IF THEN ELSE(Time ≤ 2019,263.63 * LN (Time) −
2002.9,3.67957 + (Time − 2019) * EXP (−0.0015 * Time))

(29) Per capita GDP = 7.7728e + 08 + −778,598 * Time + 194.98 * Timeˆ2
(30) Polluting GDP = 0.1 * GDP of primary industry + 0.9 * GDP of secondary industry +

0.1 * GDP of tertiary industry
(31) Polluting GDP2 = Polluting GDP/10,000
(32) Pollution emission intensity = 0.049 * COD discharge + 0.108 * Sulfur dioxide emissions

+ 0.843 * Solid waste discards
(33) Population = INTEG (Births-Deaths,3502)
(34) Proportion of primary industry = WITH LOOKUP (Time,([(2003,0)-(2035,0.2)],

(2003,0.136423), (2004,0.13355), (2005,0.123534), (2006,0.1109), (2007,0.102), (2008,0.1002),
(2009,0.0892), (2010,0.0846), (2011,0.0832), (2012,0.0806), (2013,0.0775), (2014,0.0744),
(2015,0.0721), (2016,0.072447), (2017,0.0654), (2018,0.0615), (2019,0.0613), (2035,0.05)))

(35) Proportion of secondary industry = WITH LOOKUP (Time, ([(2003,0)-(2035,0.6)],
(2003,0.4659), (2004,0.4794), (2005,0.4825), (2006,0.4859), (2007,0.4848), (2008,0.4927),
(2009,0.4935), (2010,0.5135), (2011,0.5199), (2012,0.521378), (2013,0.5245), (2014,0.5278),
(2015,0.5121), (2016,0.4959), (2017,0.4813), (2018,0.48717), (2019,0.47406), (2035,0.431)))

(36) Proportion of tertiary industry = 1 − Proportion of primary industry − Proportion of
secondary industry

(37) Raw coal consumption = Total energy consumption * Raw coal proportion/0.7143
(38) Raw coal proportion = WITH LOOKUP (Time, ([(2003,0)-(2035,0.7)], (2003,0.614),

(2004,0.638), (2005,0.594), (2006,0.598), (2007,0.629), (2008,0.626), (2009,0.655), (2010,0.554),
(2011,0.62), (2012,0.571), (2013,0.568), (2014,0.53), (2015,0.499), (2016,0.429), (2017,0.451),
(2018,0.473), (2019,0.484), (2035,0.427)))

(39) SAVEPER = TIME STEP
(40) The frequency with which output is stored.
(41) Solid waste discards = Polluting GDP2 * Solid waste generation coefficient
(42) Solid waste generation coefficient = IF THEN ELSE (Time ≤ 2019,Auxiliary parameters

of solid waste generation coefficient, 1.4789 × 10−6 * 0.9ˆ(Time − 2019))
(43) Sulfur dioxide emissions = Polluting GDP2 * Sulfur dioxide generation coefficient
(44) Sulfur dioxide generation coefficient = IF THEN ELSE (Time ≤ 2019, Auxiliary pa-

rameters of sulfur dioxide generation coefficient, 0.000596 * 0.9ˆ(Time − 2019))
(45) TIME STEP = 1
(46) Total energy consumption = Population * Per capita energy consumption * 10,000
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