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Haze is a pollution phenomenon that has become increasingly frequent in recent
years, primarily composed of SO2, NOx, and particulate matter. Since the “PM2.5

Crisis” in 2013, the Beijing-Tianjin-Hebei region has been plagued by haze. After a
series of high-intensity management activities, the air quality in Beijing has
continued to improve. To investigate the effectiveness of the haze control
measures in Beijing, a dynamic management model was constructed using
the system dynamics approach and implemented using Stella software. The
model is simulated and evaluated the contribution to different governance
strategies (increasing investment in science and technology innovation,
reducing motor vehicle ownership, reducing coal consumption, and a
combination policy) to reduce haze in Beijing from 2010 to 2025. The validity
and robustness of the model were verified through model testing and validation.
The simulation results showed that: (1) the combination policy has the most
significant effect on reducing energy consumption and pollution emissions,
which would reduce energy consumption by 38.93 million tons and pollution
emissions by 128.33 thousand tons in 2025, (2) among the single treatment
measures, reducing industrial coal consumption is the most effective measure to
reducing haze, (3) it is necessary to strengthen the joint prevention and control of
the Beijing-Tianjin-Hebei region in the future to promote the sustainable
development of the regional environment.
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1 Introduction

Haze is an increasingly frequent pollution phenomenon in recent years, primarily
caused by human activities and consists of SO2, NOx and particulate matter (Chen et al.,
2022). Compared with fog, haze not only affects visibility but also poses significant health
risks. China, as the world’s largest developing country, the rapid industrialization and
urbanization have led to severe haze pollution, especially in Beijing-Tianjin-Hebei region
(Zhang et al., 2018; Li et al., 2023), which severely hampers social and economic
development and residents’ health (Hu et al., 2015; Han et al., 2016; Liao and Wang,
2019; Zhao and Wang, 2024). In 2011, Beijing ranked among the lowest in the world in
terms of air quality (WHO, 2011). As a result, it is crucial to implement effective strategies
and measures with the actual situation to alleviate the haze pollution crisis and promote
sustainable development in the region.

Simultaneously, public demand to address haze weather has grown significantly, which
has greatly boosted the government’s determination to tackle the haze (Gao et al., 2017).
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The Beijing Municipal Government has formulated and
promulgated a series of local laws and regulations, such as The
Beijing Municipal Air Pollution Prevention and Control
Regulations, The Beijing Clean Air Action Plan 2016, and The
Beijing Three - Year Action Plan to Win the Blue-Sky Defense War.
These efforts have resulted in continuous improvements in the air
quality of Beijing, with the average concentration of PM2.5

decreasing to 38 micrograms per cubic meter in 2020. However,
the current level is still far from the World Health Organization’s
global standard of less than 10 micrograms per cubic meter per year
for safety and health, indicating that there is still a long way to go in
the management of haze.

The formation of haze has been extensively studied, with
researchers focusing on various factors such as economic
development, energy consumption structure, and technological
advancements in order to understand and mitigate haze pollution
(Liu, Y. et al., 2023; Wang, X. et al., 2023b). Wang et al. (2015)
identified vehicle emissions as a significant contributor to haze in
Beijing, emphasizing the potential of new energy vehicles in
reducing air pollutant emissions. Building upon this, Zhang et al.
(2020) investigated the impact of Beijing’s new energy vehicle
subsidy policy in reducing atmospheric pollutants, determining
the optimal proportion of new energy vehicles for promotion.
Examining the spatial effects of economic development and
energy consumption structure on haze pollution, Li and Mao
(2020) employed spatial autoregressive and spatial error models.
Their research revealed a strong correlation between haze pollution
and changes in energy consumption structure and economic
development, with a relationship resembling an inverted
U-shaped curve. Technological developments play an essential
role in haze control. Yi et al. (2020) constructed a theoretical
framework to examine the relationship between technological
progress heterogeneity and haze pollution. Using the Generalized
Method of Moments (GMM), they empirically investigated the
diverse functions that different types of technological progress
serve in reducing haze.

The above studies offer valuable insights into controlling haze
pollution. However, most of these studies are limited to qualitative
analyses and lack dynamic quantitative analysis. Based on this, this
study introduces the system dynamics (SD) approach, which is
based on feedback control theory and emphasizes system behavior,
structure, and causal feedback relationships, and is suitable for
dealing with long-term and cyclical problems (Anderies, 2015;
Wang, X. et al., 2023a). Simulation experiments based on system
dynamics can play the role of a system laboratory based on a human-
machine combination to obtain rich and deep information and
provide a strong basis for decision-making. Such as urban household
waste management policies (Xiao et al., 2020), air pollution charging
(APCF) policy (Jia et al., 2019), lead pollution under different
policies (Joshi et al., 2021), and impacts of various decisions and
measures on agricultural greenhouse gas emissions (Dace et al.,
2015), etc. These studies provide a theoretical basis for subsequent
policy formulation.

This study attempts to propose a dynamical model of Beijing
haze pollution system by treating the changes in science and
technology innovation input, motor vehicle ownership, and coal
consumption as dynamical system behaviors. It deeply investigates
the dynamic changes and feedback mechanism between influencing

factors and haze pollution. Nitrogen oxides (NOx), sulfur dioxide
(SO2), and total suspended particulates (TSP) are selected as the
indicators of air pollution level (Chen et al., 2022). Relevant
historical data from 2010 to 2020 are used for simulation. The
purpose of this study is to provide feasible and effective policy
recommendations for the next stage of haze control and to promote
the sustainable economic development environment in the Beijing-
Tianjin-Hebei region.

2 Material and methods

2.1 Causal loop diagram

A causal loop diagram is a technique that illustrates the feedback
effects of information within a system. Causality refers to the
relationship between a cause and result, while the loop represents
the closed chain formed by these two elements. “+” denotes
causation in the same direction, while “-” indicates opposite
directions for change (Tang, 2019).

Previous studies have illustrated that economic development
(Wu et al., 2020; Dong et al., 2021), pollutant emissions (Zhang et al.,
2020) and energy consumption (Li and Mao, 2020) are the critical
factors influencing the formation of haze. Thus, in this study, the
haze control system is divided into three modules: economic,
environmental and energy, which interact and constrain each
other through their respective input and output variables. A
causal feedback loop can be established based on the coupling
relationships among these three systems as well as their
respective internal environments (Figure 1).

There exists a highly interdependent relationship among the
economy, environment and energy systems. As the primary agents
of economic activities and energy consumption, human beings
intricately linked to the entire system, which is also susceptible to
damage from atmospheric pollution. In the living energy
consumption-haze emission loop, the total amount of living
energy consumption is controlled by influencing the per capita
energy consumption through per capita GDP and motor vehicle
ownership. Additionally, in the industrial energy consumption-haze
emission loop, the total GDP, the industrial structure and the input
of science and technology control the total industrial energy
consumption.

2.2 SD model construction

Stock and flow are two crucial variables in system dynamics
modeling that simulate the process of system feedback loops over
time (Harandi et al., 2024). A stock is a cumulative amount that
characterizes the state of the system and provides the basis for
decision-making and action. The flow changes the stock and is the
rate variable that determines the rate of stock change. When the
flow is positive, the stock increases, and when the flow is negative,
the stock decreases. Based on the causal loop diagram, the Beijing
haze control system is quantified by constructing a stock
flow diagram.

Firstly, according to the feedback relationship between different
variables and the operability principle of the system dynamics
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model, we further refined the above three modules and constructed a
three-level indicators evaluation system (Table 1).

2.2.1 Socio-economic module
The socio-economic module mainly considers the

population, industrial structure, output level, motor vehicles,
and science and technology. We directly use the population
size as data for the population indicator (Wang et al., 2019)
and incorporate the feedback loop of population dynamics
through birth and death rates. Industrial emissions of
pollutants are a crucial contributor to the occurrence of haze,
thus rendering industrial structure a significant variable (Shi
et al., 2020). According to the meaning of industrial structure,
i.e., the proportion of each sector in the overall social production,
this study further selects the share of primary, secondary and
tertiary sectors in GDP to describe the industrial structure (Hao
et al., 2016; Gan et al., 2021; Zhou et al., 2021). Moreover, GDP
and GDP per capita are the most intuitive indicators to reflect the
level of economic development of a country or region (Zhao et al.,
2018; Zhou et al., 2021). Additionally, previous research has
shown that motor vehicle ownership (Zhou et al., 2019; Li and
Mao, 2020) and R&D funding (Wu et al., 2020; Gan et al., 2021)
are also major variables in the analysis of factors affecting haze.
Among them, the population and GDP are horizontal variables,
while per capita GDP serves as an auxiliary variable connected
with other modules.

2.2.2 Environmental module
The environmental module consists mainly of gaseous pollutant

emissions (SO2 andNOx emissions) (Yang et al., 2020; Li et al., 2021)
and total suspended particulates (TSP emissions) (Shang et al.,
2020), which are known to be direct contributors to haze.

2.2.3 Energy module
Energy consumption is a critical factor in the formation of haze

(Tang et al., 2018). It can be broadly categorized into two types:
industrial energy consumption and living energy consumption
(Zhou et al., 2019). The industrial energy consumption was
further analyzed based on the enterprise composition of primary,
secondary, and tertiary industries, as well as their degree of impact
on environmental quality (Li, Z. et al., 2019). Additionally, the
energy consumption per unit of output value is also an important
factor to consider (Liu and Xia, 2018; Dong et al., 2019). The living
energy consumption is represented by the per capita energy
consumption (Hao et al., 2016) and the living coal consumption
(Liu et al., 2020). China’s urban air pollution is mainly caused by its
coal-based energy structure, so the coal consumption ratio (Dong
et al., 2019; Chen et al., 2022) is used as an auxiliary variable in the
energy and environmental module. Generally, coal consumption is
mainly utilized for metallurgy, power generation, building, and
chemicals, as well as residential consumption (Liu et al., 2017).
The latter is referred to as living coal consumption, while the first
four categories are classified as industrial coal consumption.

FIGURE 1
Causal loop diagrammed of smog control in Beijing. Notes: (Per EC: Per capita energy consumption; LEC: Life energy consumption; IEC: Industrial
energy consumption; S&T Investment: Investment in scientific and technological innovation).
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Based on the coupling mechanism of the socio-economic,
environment and energy, this paper constructs a stock/flow map
of the Beijing haze control system, as shown in Figure 2.

2.3 Model assumption

From the perspective of haze mitigation, we made several
assumptions as follows. Firstly, from the viewpoint of sensitivity
and robustness analysis, we focused on the simulation time step and

set 1 year, 0.5 year and 0.25 year to test the robustness of the model.
Secondly, based on the perspective of emission reduction effect, our
study focused on quantifying the degree of air pollution with SO2,
NOx and TSP, where NOx refers to NO and NO2. Thirdly, we mainly
considered industrial and living energy consumption in terms of
energy consumption. Finally, we included scientific and
technological investment and motor vehicle ownership at the
socio-economic level to reveal the impact of haze control.

Settings: Initial time = 2010, final time = 2025, time step = 1, unit
of time: Year.

TABLE 1 Three-dimensional multi-index evaluation system of Beijing haze control system.

First level
indicators

Second level
indicators

Third level indicators Interpretation of indicators Unit

Socio-economic Population Population The population of permanent residents person

Birth rate Number of births/population —

Death rate Number of deaths/population —

Primary industry ratio (P ratio) Output value of primary industry/GDP —

Secondary industry ratio (S ratio) Output value of secondary industry/GDP —

Tertiary industry ratio (T ratio) Output value of tertiary industry/GDP —

Output level GDP Gross domestic product yuan

Per GDP GDP/population —

Motor vehicle Motor vehicle ownership Number of motor vehicles million vehicles

Science Proportion of R&D R&D/GDP —

R&D Research and experimental development funding yuan

Environment Gaseous pollutant
emission

SO2 emission — Ton

NOx emission — Ton

Solid pollutant emission TSP emission Referred to“smoke and dust”in statistics
yearbooks

Ton

Energy Industrial energy
consumption (IEC)

Energy consumption per unit output
value of the primary industry

Energy consumption of primary industry/output
value of primary industry

Tons of standard coal/
ten thousand yuan

Primary industry energy
consumption (PEC)

— Tons of standard coal

Energy consumption per unit output
value of the secondary industry

Energy consumption of secondary industry/
output value of secondary industry

Tons of standard coal/
ten thousand yuan

Secondary industry energy
consumption (SEC)

— Tons of standard coal

Energy consumption per unit output
value of the tertiary industry

Energy consumption of tertiary industry/output
value of tertiary industry

Tons of standard coal/
ten thousand yuan

Tertiary industry energy
consumption (TEC)

— Tons of standard coal

Industrial coal consumption (ICC) — Tons of standard coal

Life energy
consumption (LEC)

Per capita energy consumption Life energy consumption/permanent population Tons of standard coal/
people

Life coal consumption (LCC) — Tons of standard coal

Structure of energy
consumption

Life coal consumption ratio — —

Industrial coal consumption ratio — —
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2.4 Quantized model

The Beijing haze control system is a complex system that has a
high integration of the socio-economic, energy and environment,
taking into account the stability of the indicators and the correlation
between variables. Based on the structural characteristics of the haze
control system, the model parameters are set by methods such as
arithmetic averaging (birth rate, etc.), trend methods (motor vehicle
ownership, etc.), table functions (industry output value, etc.),
regression methods (per capita GDP and per capita energy
consumption relationship, etc.), and adjusting the parameters
according to the actual situation in Beijing to achieve model
optimization.

2.5 Model verification

Model testing was conducted to assess the realism of model’s
structural behavior. This involved several tests, such as the boundary
appropriateness test, extreme conditions test, reality test,
dimensional consistency testing, sensitivity and robustness test,
etc. In this paper, we will focus on the reality test and robustness
test to evaluate the model’s performance.

2.5.1 Model reliability test
This study conducted model testing using historical data from

2010 to 2020 for model testing, and the reliability was evaluated
using the mean absolute percentage error (MAPE) based on the
error between the actual data and the simulated data, as follows:

MAPE � 100%
n

∑
n

i�1
xi − yi

∣∣∣∣
∣∣∣∣

xi
(1)

where n is the number of real and simulated values, and in this study,
n is 10, x and y represent the actual and simulated values,
respectively. A MAPE of less than 10% indicates a highly
accurate prediction, while a MAPE between 10% and 20%
indicates a good prediction. A MAPE between 20% and 50%
indicates a feasible prediction, while a MAPE greater than 50%
indicates an incorrect prediction.

2.5.2 Model robustness test
Behavioral sensitivity is a critical concern for dynamic simulation

models, as it refers to the extent of change in model behavior when
varying parameters or altering mathematical descriptors. When the
model behavior is insensitive to parameter changes, it is considered to
have good robustness. This study focused on testing the model’s
robustness by varying the simulation time step.

FIGURE 2
Stocks and flows of Beijing haze control system. Notes: Please refer to Tabel 1 for the full names of the indicators.
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3 Simulation and result analysis

3.1 Model testing and validation

3.1.1 Model reliability test
In this paper, statistical data from 2010 to 2020 were utilized to

verify the accuracy of the Beijing haze prevention and control model.

To ensure the credibility of the model’s subsequent simulation
results, six indicators were selected for accuracy testing: GDP,
total energy consumption (EC), total suspended particulates
(TSP), nitrogen oxide emissions (NOx), sulfur dioxide emissions
(SO2), and R&D.

The results show that real and simulated values of each test
indicator exhibit a consistent trend, and the differences are small

FIGURE 3
Historical and simulated values of key variables for 2010–2020.
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(Figure 3). Among them, the MAPE value of TSP is 37.63%,
indicating a predictable behavior, while the other variables range
between 0% and 20%, indicating a good fit, strong adaptability, and
replication of the model. Therefore, the model can effectively reveal
the complex relationships among the socio-economic, energy and
environment of Beijing (Table 2). Moreover, it can provide the basis
for subsequent simulation and prediction.

3.1.2 Model robustness test
To test the robustness of the haze control system model, we

shortened the simulation steps to 0.5 year and 0.25-year. As shown
in Figure 4, the deviation of key variables remained small after
changing the simulation time steps. To further quantify this change,
we calculated the average rate of change for the 0.5 and 0.25-year
time steps. The average rate of change for key variables was very
small (less than 6%), particularly for NOx and population. Changing
the time step had little effect on the model’s robustness (Table 3).
These results demonstrate that the model is robust.

3.2 Maintaining the status quo

This study formulated five measures based on the internal links
of the environment, energy, and socio-economic modules, using the
development of Beijing, motor vehicle ownership, R&D funds, living
coal consumption, and industrial consumption as regulatory
variables to simulate the quantitative impact of haze control
strategies on Beijing’s haze development. These measures include
increasing scientific and technological input, reducing the number
of motor vehicles, reducing living and industrial coal consumption,
and a combination policy. To compare the effects of different
regulatory variables on governance, the parameters were first
kept unchanged, and simulations and predictions were made
based on the current development trend of Beijing.

The emissions of major pollutants that cause haze weather have
continued to decline, with a relatively large reduction from 2010 to
2016 (a total reduction of 18.4 ten thousand tons), which is closely
related to the implementation of various emission reduction laws
and regulations in Beijing’s 12th Five-Year Plan. However, from
2016 to 2025, the emissions of SO2, NOx, and TSP continued to
decline at lower rates due to policy emission reduction thresholds or
a failure to implement policies, resulting in a slowdown in the
decline of pollutant emissions. Overall, NOx emissions remain the
highest, followed by SO2 and TSP (Figure 5A). In 2017, Beijing’s
energy consumption reached its highest level (79.23 million tons)

and has since rapidly declined to only 14.2 million tons in
2025 (Figure 6).

3.3 Increasing scientific and technological
investment

Increasing the investment in science and technology can
effectively reduce the energy consumption per unit of industry
output value, thereby reducing the industrial energy consumption
and controlling pollutant emissions. This paper characterizes
science and technology investment using R&D expenditure as an
indicator, and uses an adjustment ratio of 0.002 based on the
proportion of R&D to GDP from 2010 to 2020 to test the
quantitative effect of increasing science and technology
investment on haze control, taking into account the internal
relationships and feasibility of the system.

The growth of scientific and technological input leads to a
reduction in industrial energy consumption and total energy
consumption, resulting in a decrease of 35.72 million tons
compared to the status quo in 2025 (Figure 6). In addition, with
the increase of scientific and technological input, the trend of
pollutant emissions has not changed, but the emissions have
decreased. Specifically, the emissions of NOx, SO2 and TSP have
decreased by 13.62 thousand tons, 14.67 thousand tons and
9.85 thousand tons, respectively (Figure 5B).

3.4 Reducing motor vehicle ownership

With the rapid development of the urbanization level and social
economy, the ownership of private cars continues to increase, and
coupled with traffic congestion in Beijing, automobile exhaust
emissions have become one of the main sources of haze.
However, completely limiting or reducing the growth of motor
vehicles would impede meeting the growing demand of people for a
better quality of life. Therefore, this study reduces motor vehicle
ownership by an average of 15 ten thousand vehicles per year,
equivalent to the average growth rate of motor vehicle ownership in
Beijing from 2010 to 2020.

By controlling the ownership of motor vehicles, the rate of
increase in energy consumption has been directly reduced. By 2025,
Beijing’s total energy consumption is expected to decrease by 1.41%
compared to maintaining the status quo, resulting in a total
reduction of 3.21 million tons of energy consumption during the
study period (Figure 6). However, the policy of reducing motor
vehicle ownership has not led to a significant decrease in haze
pollutant emissions, resulting in a total reduction of only 3,726 tons
of the three pollutants from 2010 to 2025 (Figure 5C).

3.5 Decreasing coal consumption

Coal, as the most reliable and secure energy source in China,
holds a dominant position in the energy consumption structure.
However, it is a highly polluting and emission-intensive energy
source. The combustion of coal, particularly in scattered and
inefficient processes, coupled with inadequate implementation of

TABLE 2 Dynamic model validation using MAPE.

Variable MAPE 2010–2020 (%)

GDP 3.38

Energy consumption 10.96

R&D 6.66

SO2 19.87

NOx 10.06

TSP 37.63
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environmental protection measures such as dust removal and
desulfurization, has resulted in severe air pollution, especially in
urban areas. In this study, the proportion of both industrial and
residential coal consumption in Beijing was reduced by an
equivalent magnitude ratio of 0.01, based on the average
decreasing proportion observed from 2010 to 2020.

Reducing coal consumption has a small impact on energy
consumption (Figure 6), but it can effectively reduce air pollutant

emissions. Adjusting industrial coal consumption by 2025 is projected
to result in a decrease of 26.11 thousand tons of SO2, 24.24 thousand
tons of NOx, and 17.53 thousand tons of TSP, totaling 67.88 thousand
tons (Figure 5D). Compared to industrial coal, adjusting living coal
consumption has a relatively smaller effect on reducing haze
pollutants, with a total reduction of 27.1 thousand tons during the
study period. This includes 10.42 thousand tons of SO2, 9.68 thousand
tons of NOx, and seven thousand tons of TSP (Figure 5E).

FIGURE 4
Trend of the main variables after changing the time steps.
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3.6 Simulation results of combining policies

By increasing R&D investment, reducing motor vehicle
ownership, and decreasing coal consumption, effective control of
energy consumption can be achieved. As a result, by 2025, Beijing’s
energy consumption is projected to decrease to 10.59 million tons of
standard coal, representing a 25.78% reduction compared to the
level under the status quo. The peak of energy consumption still
occurred in 2017 but has since declined by 2.49 million tons of
energy consumption (Figure 6).

Furthermore, the combined policy approach has shown
significant effects in reducing haze emissions. Compared to
maintaining the status quo, the combination policy has resulted
in reductions of 45.8 thousand tons of NOx, 49.4 thousand tons of
SO2, and 33.1 thousand tons of TSP (Figure 5F).

4 Discussion

4.1 Factors contributing to haze

Although the influence of industrial structure on Beijing’s haze
weather is no longer dominant (Tian et al., 2014), the rapid
urbanization and industrialization experienced in the past
decades have led to substantial coal consumption and severe air
pollution (Man et al., 2018; Zhang, L. et al., 2021). According to the
Beijing Statistical Yearbook, the proportion of coal consumption has
declined from 29.59% in 2010 to 1.5% in 2020. As a result, Beijing’s
haze pollution has gradually decreased. Combined with the
simulation results of our study, reducing industrial coal
consumption was the most effective measure to reduce air
pollutant emissions, and living coal consumption should not be
neglected (Figure 5). However, as coal consumption has become a
lower proportion of total energy consumption, it may no longer be
the main factor affecting Beijing’s haze in the future.

Increased science and technology investment is highly efficient
in reducing energy consumption (Figure 6) and pollution emissions
(Figure 5B). This efficiency is mainly attributed to technological
innovation in governance technology, production technology and
structural optimization (Yuan and Xie, 2015), involving the
development of clean energy (Luo et al., 2014), emission

reduction and other areas (Wang and Luo, 2020). These factors
represent the primary avenues for mitigating haze pollution in
the future.

Furthermore, the contribution of controlling motor vehicle
ownership to reducing energy consumption and pollution
emissions is relatively limited, partly due to the impact of travel
restriction policies on emission reduction (Wagner et al., 2016). On
the other hand, On the other hand, the primary factor behind this
contribution is the development of new energy vehicles, which has
been recognized as one of the most effective approaches to address
energy and environmental challenges (Shi et al., 2016; Liu
et al., 2019).

This study has certain limitations. First, it mainly discusses the
impact of governance measures on haze. It is known that
meteorological conditions and atmospheric oxidation are also
important factors affecting the formation of haze (Zhang et al.,
2023). For instance, the East Asian winter monsoon significantly
affects the formation of winter haze in China (Zhao et al., 2021).
Additionally, when the atmospheric oxidation capacity is high,
oxidants react chemically with pollutants to generate secondary
aerosols, which will also increase the concentration of particulate
matter (Liu, J. et al., 2023; Wang, Y. et al., 2023). In addition, while
the study selected SO2, NOx and TSP as indicators to characterize
haze pollution, it is important to recognize the complex and
nonlinear transformation of these primary pollutants into
secondary pollutants. Therefore, when reducing emissions of a
single type of primary pollutant, the improvement of air quality
as a comprehensive concept encompassing various levels of primary
and secondary pollutants may not be as effective as anticipated.

4.2 Policy effect

When we validated the simulation data using historical data
from 2010 to 2020, as shown in Table 2, we found that the
simulation accuracy of pollutant emissions as well as energy
consumption decreased relative to GDP and R&D, especially TSP
emissions. This is due to Beijing’s special political and economic
status. Under the support of the central budget, its air pollution
control is a political task. The pollutant emission is regulated by
policy factors and shows nonlinear relationship. As early as 1998,

TABLE 3 Test results of model robustness.

Key variable Average change rate of interval 0.5 year (%) Average change rate of interval 0.25 year (%)

GDP 1.72 2.64

Population 0.04 0.06

Coal consumption 3.63 5.63

R&D 1.72 2.64

NOx 0.10 0.16

PR live energy consumption 0.71 1.18

SO2 2.34 3.63

TSP 3.63 5.63

Energy consumption 3.54 5.50
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under the direct direction of the central leadership, Beijing’s air
pollution control became a top priority for China’s environmental
management (Zhang et al., 2016). For instance, in 2017, Beijing
Municipal Environmental Protection Bureau issued the Air
Pollution Control Plan of Beijing during the 13th Five-Year Plan
Period (2016–2020), due to the delay of policy effects, some causality
in the system is disproportionate, resulting in a decrease in the
simulation accuracy. By combining Figure 3, we discovered that the
simulated values of NOx, SO2 and TSP in 2020 are all more than
actual values, especially the simulated value of TSP has a change rate
of more than 200% from the actual value, which directly caused its
MAPE to exceed 30%, and this situation might attribute to the fact
that the model does not consider the influence of government
policies. Limited to the characteristics of the system dynamics
model itself, the system is impossible to react immediately to the

nonlinear policy effects on the emissions reduction. So even if we set
the emission coefficient of the pollutants to constant, this
simplification will not negatively affect the simulation results of
the SD model because the model is more structure-oriented than
parameter-oriented (Shen et al., 2009).

4.3 Energy rebound effect

The total energy consumption has a direct impact on the
occurrence of haze weather in Beijing. While the application of
emissions reduction technology can effectively reduce the energy
consumption per unit output and control the haze, there is a risk of
an energy rebound effect associated with technological progress in
energy consumption reduction. In energy economics, the rebound

FIGURE 5
Simulation results of different haze governance strategies.
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effect is often defined as an increase in energy consumption due to
technological advances (Wagner et al., 2016; Yang and Li, 2017).
Technological advances reduce the cost of energy services, leading to
increased use of fossil fuels to replace labor and capital in
production, partially or completely offsetting the anticipated
energy-saving effects. Therefore, it is crucial to consider the
energy rebound effect when formulating energy conservation and
emission reduction policies (Lin and Zhao, 2016).

Although energy efficiency improvements may contribute to the
rebound effect, they remain essential in reducing energy
consumption. Thus, regulatory measures should be strengthened
to mitigate the potential rebound effect that could undermine the
benefits of energy consumption reduction. Previous studies have
suggested that increasing carbon taxes (Minsch, 2012), driving
energy markets reform, adjusting energy prices (Wang et al.,
2016), improving the structure of energy consumption, and
reducing coal consumption (Liao and Wang, 2019) can
effectively suppress the rebound effect.

4.4 Regional governance

Haze pollution exhibits strong spatial spillover and spatial
correlation, rendering unilateral and localized haze control
methods ineffective in addressing regional haze pollution
comprehensively (Cheng et al., 2017; Li, L. et al., 2019; Wang
et al., 2017). Recent studies have suggested frequent trans-
regional transport of pollutants between different regions such as
the North China Plain (NCP) and Yangtze River Delta (YRD)
(Zhang et al., 2023; Zhang, J. et al., 2021). Therefore, trans-
regional pollution control is more sustainable to further reduce
pollutant concentrations (Yuan and Han, 2019). The air quality
management program implemented for the Beijing Olympic Games,
which was the first regional mechanism-based air quality

management initiative in China, achieved remarkable results
(Feng et al., 2024). This management approach encompassed
policies such as factory closures, vehicle use restrictions, stringent
control of construction site dust, and the prohibition of straw
burning. Furthermore, the effectiveness of region-based
governance policies was demonstrated during the APEC meeting
in Beijing in 2014 and the G20 summit in Hangzhou in 2016.
However, regional governance poses challenges due to significant
disparities in the level of regional economic development and
industrial structure within the Beijing-Tianjin-Hebei region (Ma
et al., 2022), necessitating national-level macro-policy control to
ensure coordination of benefits and cost-sharing for haze control
(Cui et al., 2019).

5 Conclusion and implications

5.1 Main conclusions

Firstly, the haze pollutant emission model developed in this
study provides improved simulation capabilities for the Beijing haze
pollution system, and the obtained simulation results demonstrate a
certain level of reliability.

Secondly, through dynamic simulation analysis of the key
variables of the model, it is demonstrated that an appropriate
combination of management strategies, such as reducing motor
vehicle ownership, increasing science and technology investment
and reducing coal emissions, can effectively reduce pollutant
emissions while also controlling energy consumption. Specifically,
compared to maintaining the status quo, the implementation of
these strategies results in significant reductions in NOx, SO2 and TSP
emissions by 45.8 thousand tons, 49.4 thousand tons, and
33.1 thousand tons, respectively. Additionally, energy
consumption is projected to decrease by 38.93 million tons.

FIGURE 6
Comparison of energy consumption. Notes: The solid line indicates the energy consumption, and the dashed line indicates the reduction in energy
consumption.
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Thirdly, among the single treatment measures, reducing
industrial coal consumption is identified as the most effective
measure to reduce haze. It is followed by increasing investment
in science and technology, reducing living coal consumption and
controlling motor vehicle ownership, in that order.

5.2 Policy implications

An effective approach to reducing pollutant emissions is the
implementation of a well-balanced combination of policies. To
mitigate the energy rebound effect, control haze emissions,
improve the atmospheric environment, and ensure sustainable
economic development, it is crucial to implement energy price
constraints, appropriately adjust carbon taxes, and enact other
relevant policies. In the context of preventing and controlling
haze pollution in Beijing, strengthening regional collaborative
efforts is essential. Firstly, raising public awareness of regional
ecological issues is paramount, with the government taking the
lead in fostering collaborative governance and gradually
establishing a framework involving government, enterprises,
and the public. Additionally, considering the significant
spatial disparities in economic development and industrial
structure among cities in the region, it is imperative to
address cost-sharing issues in a scientifically sound manner.
Consequently, the government should establish a fair
compensation mechanism for Hebei and Tianjin, preventing
the breakdown of collaborative governance and promoting the
sustainable development of the regional economic environment
in alignment with the cost of governance and the economic
development of each city.
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