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Abstract: Efficient environmental policies are necessary in the improvement of air quality and reduc-
tion in carbon emissions, and the interactions between policy, activity, emissions, and environment
comprise a cycle allowing the evaluation of the effects of implemented policies. Based on the estab-
lishment of the connection between environmental parameters and policy context using a quantifiable
methodology, in this study, we formulated a rapid and simplified pattern for the evaluation of the
effects of policies concerning the atmospheric environment, and applied it to the evaluation and
improvement of policies for Carbon dioxide (CO2) reduction and air quality enhancement in the
sample city of Shenzhen. The Response Surface Model-Visualization and Analysis Tool (RSM-VAT)
in the Air Benefit and Cost and Attainment Assessment System (ABaCAS) was applied as the core
tool. The required reductions in Fine particulate matter (PM2.5) and Sulfur dioxide (SO2) emissions
for 2014–2019 are expected to be achieved; however, the expected reductions in Nitrogen oxides
(NOx) emissions (mainly from road mobile sources) and Volatile organic compounds (VOCs) emis-
sions (mainly from secondary industry and road mobile sources) are less certain. According to the
simulated concentration of PM2.5 in 2019, it is necessary to reduce the concentrations of air pollutants,
both within and outside Shenzhen. The background weather conditions may be the main reason
for the increased concentrations of Ozone (O3) in October compared to those in July. Reductions in
NOx and VOCs tend to be the main factors driving changes in O3 concentrations. Policies have been
formulated and implemented in a wide array of areas. According to the quantitative comparative
analysis of the policies, and the relevant activities, the greatest challenge in reducing NOx and VOCs
emissions is presented by the oil-powered vehicles in the road mobile sector and organic solvent
production in the secondary industry sector. Therefore, in an effort to achieve better air quality and
ensure that CO2 emissions reach a peak in Shenzhen by 2025, we propose key improvements in
policies based on interdisciplinary cooperation, involving not only atmospheric and environmental
science, but also governance and urban planning.

Keywords: air quality; reducing air pollutant emissions; ABaCAS; RSM-VAT; evaluation of policy
effects; reducing CO2 emissions; synergistic effects; Shenzhen

1. Introduction

Since the Industrial Revolution, the high-intensity consumption and utilization of fos-
sil fuels has supported rapid economic growth in various fields and improved the comfort
and convenience of people’s lives. However, this has been accompanied by air pollution
and climate change, along with the consequent introduction of public health risks [1,2]. In
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the past decade, China has made significant efforts to prevent and control air pollution, and
has achieved some improvements [3–6]. Since the announcement in 2020 that “China aims
to have Carbon dioxide (CO2) emissions peak before 2030 and achieve carbon neutrality
before 2060” [7], Chinese cities have been carrying out in-depth changes to their energy
structure and industrial structure, while simultaneously solving multiple environmental
problems with intensive management and control schemes, i.e., improvement in air quality
and reductions in carbon emissions are being promoted together.

Figure 1 summarizes the relationship between policy, activity, emissions, and envi-
ronment, as it pertains to improving air quality and reducing carbon emissions. There
are also economic effects associated with these environmental issues; however, the objects
of the present study are limited to the environmental policy effects corresponding to the
reduction in the (concentrations of) specific physical substances in the atmosphere.

Figure 1. Relationship between improvement in air quality and reduction in carbon emissions.

Policy: The United States Environmental Protection Agency (EPA) has formulated a
system of “Pollution Prevention Law and Policies” [8]. Regarding pollution prevention
policy and climate change mitigations, the EPA has established methods of measuring
the effects of preventative policy—for instance, by considering key characteristics of the
data source such as time frame, number of data points, and biases [9]. With regard to the
European Commission’s 2030 climate and energy framework, the effects of the development
of renewables in the European transport network have been evaluated, based on the
method of strengths, weaknesses, opportunities, and threats (SWOT) [10]. With respect to
the Italian liquid biofuel niche, processes including agenda setting, impact analysis, and
policy formulation have been identified as a policy cycle, and the significance of combining
different policy instruments has been emphasized [11]. In general, quantitative analysis is
necessary to guarantee adequate and effective policymaking and implementation, and the
improvements therein.

Activity: Energy consumption activities exist in diverse industries and sectors. The
electric power industry involves the consumption of metal in power equipment
(e.g., for power transmission), and significant differences in consumption patterns have
been identified at different stages of low-carbon transformation [12]. In a Swedish case
study, household energy consumption (e.g., for food preparation, recreation, or work) were
codified for interviewees to complete daily records [13]. A study on household energy
consumption activities in China identified a direct group (e.g., heating power, coal, natural
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gas, or gasoline) and an indirect group (e.g., hygiene, food, or education) [14]. A study
characterizing mobility flows found that a 1.4% reduction in trip time could contribute to
liters of fuel savings [15]. Critical issues in the consumption activities are efficient/reduced
utilization of fossil fuel energy and increased consumption of clean energy, abstracted in
the context of emissions reduction.

Emissions: Open burning of crop residue can exert negative effects on air quality, and
13 types of emitted air pollutants, e.g., Sulfur dioxide (SO2), Nitrogen oxides (NOx), Fine
particulate matter (PM2.5), Volatile organic compounds (VOCs), Ammonia (NH3), and CO2,
were found in an analysis combined with satellite-derived fire radiative energy [16]. Based
on the total energy consumption, emission factors, efficiency, and effectiveness of renewable
energy, the total emissions of NOx, PM, CO, and CO2 in Germany were estimated over
several years, addressing the impact of power network congestion [17]. Taking the Brenner
Base Tunnel as an example, a heuristic method for the accounting of CO2 emissions (for
economic evaluation) in transport was developed, in which the phases of construction and
operation were both considered; meanwhile, the uncertainties were analyzed in detail [18].
The carbon footprint of a rackmount electronic server was measured, accounting for
the uncertainty arising from temporal variability and technological specificity [19]. A
growing number of studies suggest that CO2 and air pollutants possess similar emission
sources [20–22]; thus, synergistic policies to control emission sources can aid in both air
quality improvements and climate-change mitigation. The physical substances emitted into
the atmosphere are the core control objects, in addition to the relevant emission activities.

Environment: Air quality is the ultimate optimization object in the control policies
of the present study. The effects of controls on regional air pollution and CO2 emis-
sions during the 2014 Youth Olympic Games in Nanjing, China, were evaluated based
on monthly concentrations of air pollutants and simulated CO2 emissions [23]. Observed
and simulated hourly PM2.5 concentrations in Qingdao, China were analyzed for three
PM2.5 pollution events [24]. Through source apportionment, it was established that the
particulate pollutions in Lanzhou, China, were highly influenced by vehicle emissions [25].
Observational recording of concentrations, identification of composition via sampling
analysis (e.g., source apportionment), and temporal and spatial distribution simulated
by models or observed by satellites comprise a series of methods for the comprehensive
evaluation of air quality, which is itself a consequence of the policy, activity, and emissions
in a specified area.

However, apart from the observational recordings, each approach to air quality evalua-
tion is applied relatively independently, due to the highly specialized skills and equipment
required in fields as varied as environmental science, computer science, atmospheric chem-
istry, and remote sensing imagery. Therefore, the establishment of a connection between
policymaking and those fields is becoming essential, in order to ensure the adequacy and
the effectiveness of policy. To meet this demand, firstly, the environmental parameters
should be connected to the relevant policy contents, and secondly, a rapid and simplified
pattern by which users can evaluate the effects of such controls is necessary, in order to
identify both past and future policy effects, based on comprehensive evaluation of the
circumstances. As such, this study aimed to explore such a perspective.

As a government functional unit to promote the optimization and improvement of
environmental quality, the Shenzhen Ecological Environment Bureau has committed to
ensuring that by 2025 the annual average concentration of PM2.5 in Shenzhen will be lower
than 20 µg/m3, and the CO2 emissions peak will have been achieved [26,27]. Although
Shenzhen has implemented an abundance of relevant policies, and achieved good outcomes
supported by empiricism and comprehensiveness, the evaluation of the policy effects in
terms of clear interaction mechanisms has yet to be carried out. This constitutes a problem
from a scientific perspective, with regard to normalization of the data.

Therefore, the city of Shenzhen, China, was selected as an example, and the present
study had three main objectives: (1) to establish the connection between environmental
parameters and policy context using a quantifiable methodology; (2) to formulate a rapid
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and simplified pattern for the evaluation of the effects of policy on the atmospheric envi-
ronment, with an explanation of the interaction mechanism; and (3) to apply the evaluation
pattern in order to improve/modify the policies in the sample city, so as to achieve CO2
reduction and better air quality. In general, the uniqueness of the present study is in the
preliminary establishment of a complete workflow by which environmental policy can be
evaluated, addressing the full cycle of policy, activity, emissions, and environment.

2. Data and Methodology

A flowchart of the present study’s methodology is shown in Figure 2. The first
objective of this study was achieved through the identification of similarity (i.e., “Similar
category” shown in Figure 2) between the policy section and the emissions section. The
second objective was achieved via the full view of Figure 2, in which the loops are the key
processes by which to identify policy effects in specific scenarios. The third objective was
fulfilled by the application of the evaluation pattern to Shenzhen, and the discussion of
potential future policy improvements. This study focuses on the effects of policy on air
quality in a limited timespan (i.e., years), and carbon emissions (as a proven cooperative
phenomenon with air pollution) are also partially addressed for the discussion of synergism
in management.

Figure 2. Research flowchart of the present study.

Materials including data on base year air quality and base year air pollutant emissions,
in addition to the relevant policy documents implemented in the time period, are necessary.
Models are essential tools for the outputs of air quality, i.e., for the loops in Figure 2. The
details of each element in Figure 2 are explained in the following subsections.

2.1. Meteorology, Energy, Economy, and Air Quality in Shenzhen
2.1.1. Meteorology, Energy, and Economy

Shenzhen is located to the east of the Pearl River Estuary (113◦46’ to 114◦37’ E, 22◦27’
to 22◦52’ N) (excluding the Shenzhen–Shanwei Special Cooperation Zone [28] in this study),
and hot summers can last for more than 6 months (from April to October) [29]. The average
temperature in July is the highest, with the best Ozone (O3) conditions, whereas the worst
O3 concentrations are frequently found in October [30].

Shenzhen’s total energy consumption was 3711.72 (10,000 tons of SCE) in 2014 [31],
and 4534.14 (10,000 tons of SCE) in 2019 [32], of which (in 2019) secondary industries
accounted for approximately 35%. The proportions of gross domestic product (GDP)
created by primary, secondary, and tertiary industries in Shenzhen have changed from 0%,
40.3%, and 59.7%, respectively, in 2016 to 0.1%, 37.8%, and 62.1%, respectively, in 2020 [33].
Tertiary industries with low-carbon and high-tech characteristics are the key development
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fields in the 14th Five-Year Plan [34], and the energy consumption of these fields usually
depends on electricity supply.

2.1.2. Air Quality Findings from Studies and Observational Reports

(1) Source apportionment research

According to the source apportionment of PM2.5 in Shenzhen in 2014 [35], vehicle
emissions are one of the main sources of air pollutants. By comparison, regional pollutant
contributions are clearer—vehicle emissions, secondary nitrate, coal burning, fugitive dust,
and building dust were the main local emissions. A study [36] based on the monitoring data
in Shenzhen in 2015 showed that geographic and meteorological characteristics significantly
influenced the concentration of PM2.5; the contributions to the PM2.5 from the surrounding
area were greater than those from local area; and the highest local contribution was from
industry, followed by vehicle emissions and road dust.

As one precursor of O3, VOCs in some areas of Shenzhen [37] mainly come from road
vehicle emissions (29%), solvent and paint use (31%), the chemical industry (23%), and
stationary combustion (17%).

(2) Analysis based on simulation

According to the simulated analysis of O3 source apportionment at the East Coast of
the Pearl River Estuary (where Shenzhen’s Bao’an district is located) in October 2014 [38],
approximately 60% of the O3 in the afternoon was background concentration; the contribu-
tion of local emissions was relatively less, but the emissions from the neighboring cities
were relatively high; and the O3 in this area was mainly generated in the morning and late
afternoon in the NOx sensitive region, and near noon in the VOCs sensitive region.

(3) Annual report of air quality

As described in the annual environmental bulletin, 5 annual indicators of air quality
assessment from 2014 to 2019 were collected, and are displayed in Table 1. The average
annual concentration of PM2.5 has steadily decreased from 34 µg/m3 in 2014 to 24 µg/m3

in 2019, achieving the WHO’s IT-2 [39].

Table 1. Basic information on air quality in Shenzhen [27,40–45].

Annual Air Quality Indices 2014 2015 2016 2017 2018 2019

Annual average of PM2.5
(µg/m3) 34 30 27 28 26 24

90th percentile of the daily
maximum 8 h of O3 (µg/m3) —— —— 135 * 147 ** 137 156

Percentage of days with the daily
maximum 8 h of O3 (µg/m3)

lower than 160
98.9% 99.6% 99.4% 94.8% 94.8% 91.0%

Annual average of O3 (µg/m3) 57 56 59 61 —— ——

Loading factors (%) of six air
pollutants in Shenzhen-O3

20.3 21.9 24.3 26.4 26.0 30.7

* Average; ** calculated by 2018 report.

Table 1 shows that the poor air quality caused by PM2.5 has been significantly im-
proved, but the O3 concentration in Shenzhen has increased, and has become the main
impediment to the improvement of air quality. Therefore, the improvement of air quality
in Shenzhen highly depends on the collaborative control of concentrations of PM2.5 and
O3—the two substances on which this study focuses.

According to the WHO Air Quality Guidelines: Global Update 2005 [39], WHO’s IT-1 for
annual mean concentration of PM2.5 is 35 µg/m3, whereas IT-2 is 25 µg/m3—which were
achieved in Shenzhen in 2014 and 2019, respectively. IT-3 is 15 µg/m3, but the target of
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Shenzhen for 2025 is 20 µg/m3. Therefore, it will still be necessary to significantly reduce
the concentration of PM2.5 even when Shenzhen’s 2025 target has been achieved.

The WHO’s IT-1 for the daily maximum 8 h mean of O3 is 160 µg/m3, and the Ambient
Air Quality Standards (GB 3095-2012) of China [46] apply the same value as a secondary
concentration limit standard. Since the issuance of the Technical Regulation for Ambient Air
Quality Assessment (On Trial) (HJ 663095-2013) in China [47] in 2013, the 90th percentile of
the daily maximum 8 h means of O3 concentrations has been applied as the key indicator for
the concentration of O3, and is the value that has been used by the Shenzhen government
since approximately 2017, as shown in Table 1. Due to the required model settings in this
study, and the effectiveness of the simulated concentration, the monthly outputs of the 90th
percentile of the daily maximum 8 h means of O3 were assigned and obtained for further
analysis, instead of annual outputs. In the subsequent sections, “the 90th percentile of daily
maximum 8-h means of O3 concentrations” is abbreviated as “the concentration of O3” or
“O3 concentration”.

2.2. Data and Scenario Settings
2.2.1. Data Sources for Air-Quality Simulation

In 2014, the Shenzhen government invited research institutions to establish a pollutant
emission inventory, and to simulate the “whole year” and “typical months” of the air
quality. The School of Environment, Tsinghua University, was one of these institutions,
and completed the research on benefit and cost analysis regarding the improvement of air
quality in Shenzhen, using the Response Surface Model-Visualization and Analysis Tool
(RSM-VAT) [48], based on the outputs of the Community Multiscale Air Quality Model
(CMAQ) [49]. The default RSM-VAT results for 2014 were applied in this study as the base
year (i.e., 2014) conditions.

The simulated air quality in all of the corresponding years (i.e., 2014, 2019, and
2025) was obtained based on scenario settings. Atmospheric conditions in each year were
assumed to be the same as in 2014. The annual PM2.5 concentrations in 2014 and 2019, as
shown in Table 1, were used as the calibrated reference for the simulation outputs in 2014
and 2019, respectively.

2.2.2. Reference of Air Pollutant Emissions and Reductions from 2014 to 2019

Table 2 presents the annual reduction ratios for the SZ area and OTHER, in accordance
with the public document Air Quality Improvement Plan of Shenzhen (2017–2020) (issued by
the Shenzhen Government [50]), with information about the scale of emissions reduction
from 2012 to 2016. The reduction ratios for OTHER are half of those in SZ, with the
assumption that the reduction in OTHER was weaker than in SZ.

Table 2. Reduction ratio of air pollutants.

Air Pollutants PM2.5 SO2 NOx VOCs NH3 *
Emission amount

reduced from 2012
to 2016 (ton)

11,000 70,000 33,000 51,000 ——

Ratio of reduction
from 2012 to 2016 41% 27% 28% 34% ——

SZ Annual
reduction ratio 10.25% 6.75% 7% 8.5% 2%

OTHER Annual
reduction ratio 5.13% 3.38% 3.5% 4.25% 1%

* Due to the lack of information, 2% was calculated based on calculations of 2014 and 2019. The accounting results
are introduced in the following section.

The annual reduction ratios in Table 2, based on the annual conditions in 2012–2016,
were applied in this study as the ratios for 2014–2019, i.e., regarded as the idealized capacity
of annual reduction due to the lack of precise information on emissions for 2014. This
assumed settings in Table 2 were calibrated by the simulation scenarios for 2014 and
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2019 using the annual concentrations of PM2.5 (i.e., 35 and 24 µg/m3, respectively; see
Table 1). The simulations for 2019 and 2025 were based on higher reduction ratios compared
with the 2014 emissions. The principles underlying the scenario settings are introduced
in Section 2.2.4.

2.2.3. Emission Inventory

Accounting for sources of emissions in different sectors is necessary not only for the
control of emissions and related activities, but also for policymaking. Table 2 presents the
reference level of emissions reduction for this study; however, data on the total emissions
of air pollutants from different sectors in 2014 are lacking in this study (i.e., as mentioned
above, information on the exact emission inventory for 2014 is incomplete). Therefore,
guidance on the creation of an emission inventory was partially applied, along with the
RSM-VAT input, in order to estimate the emission contributions by different sectors, and to
meet the demands for policy analysis and improvements.

The report of the Technical Manual for Preparation of Urban Air Pollutant Emission
Inventory [51,52] (hereafter referred to as the “Technical Manual”) edited by HE, K.B. et al.,
was applied as the key guidance. Appendix B in the Technical Manual provides a four-
level coding system for the emission sources and control technologies, and parts of this
coding system (see Table 3, translated from Chinese) are utilized as keyword labels in the
policy analysis, i.e., this coding system is applied as the “similarity” between the policy
and emissions sections illustrated in Figure 2. The air pollutant emission inventory for
Guangdong province [53] was also consulted.

The absolute values of air pollutant emissions in the base year (2014) were generally
estimated using 6 sectors: primary industry, secondary industry, road mobile, non-road
mobile, living, and dust. Five air pollutants were included: SO2, NOx, VOCs, NH3,
and PM2.5. The data used in the estimation were sourced from statistical yearbooks,
environmental bulletins, and published research.

For instance, because NH3 emissions have not been a mainstream concern in Shenzhen,
the emission amounts in 2014 and 2019 were estimated: the emissions from primary
industry were based on the Technical Manual, and emissions from road mobile were based
on the study by Cao, Y. [54] and the Technical Manual. According to the estimation presented
in Table 4, the reduction ratios for NH3 presented in Table 2 were obtained.

2.2.4. Scenario Settings for RSM-VAT Simulations

Scenarios with different emission ratios are presented in Table 5, and are divided into
three clusters pertaining to the three years of concern: 2014, 2019, and 2025. The meaning
of each scenario is presented in Table 6. In general, the scenarios are designed for the
continuous reduction in each air pollutant starting from 2014-S0. Furthermore, referring to
the process of “modification if required” described in Figure 1, in addition to the necessary
loops illustrated in Figure 2, the settings in Table 5 (with the exception of 2014-S0) were
finalized based on a number of cycle tests, in order to ensure that the air quality can be
improved as expected. For instance, the emission ratios for 2025 were calculated based on
the reduction ratio applied in 2019, increasing the intensity until the scenario reached the
PM2.5 target (i.e., an annual average of 20 µg/m3); this condition can be found in 2025-S4.
Based on the reduction ratio for 2025-S4, the settings for 2025-S5, 2025-S6, and 2025-S7 were
designed for emissions testing based on O3 concentration.
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Table 3. Leveled codes for categories and subcategories of air pollutant emission sources.

Level 2 Fuel/Products Level 3 Combustion Mode/Processing Technology
01## Coal (solid fuel) 01## Boiler type

02## Gaseous fuel 02## Integral Coal Gasification Combination Cycle Power
Generation

03## Liquid fuels (e.g., gasoline) 03## Stove type
04## Naphtha, lubricating oil, solvent oil 04## Sintering or pelletizing
0500 paraffin wax 05## Coking
06## Other petroleum products 06## Converter, electric furnace, casting
07## Biomass 07## blast furnace
08## Steel products 08## Steel rolling
09## Nonferrous Metals 09## Smelting
10## Nonmetallic mineral products 10## Cement and lime
11## Chemical raw materials 11## Glass
12## Synthetic resins 12## Coatings
13## Synthetic fibers 13## Inks

14## Fertilizers 14## Surface coating related to automobile manufacturing and
maintenance

15## Coatings and inks 15## raising methods
16## Rubber, alcohol and other chemical products 16## Solid waste treatment
17## Food, agricultural and sideline products 17## Treatment of denitrification flue gas
18## Silk thread textiles 18## National exhaust emission standard
19## Road mobile source 1900 Open burning
20## Non road mobile source-construction machinery 20## Soil type
21## Non road mobile source-Agricultural machinery 21## Road pavement type
22## Non road mobile source-General machinery 22## Construction process
2300 Diesel generator set 23## Material handling process
24## Non road mobile source-boats and ships 9999 Technology insensitive
25## Non road mobile source-Railway diesel locomotive Level 4 Terminal control technology
2600 Non road mobile source-Civil aircraft 01## Industrial desulfurization technology
27## Insecticides 02## Industrial denitration technology
28## Herbicides 03## Industrial dust removal technology
29## Fungicides 04## Oil/gas recovery
30## Architectural coatings 0500 Cooking fume purifier

31## Automobile and bicycle surface spraying 06## Dust emission control of farmland, road, construction site,
storage yard

32## Surface coating of other products 9999 No control technology
33## Printing and dyeing 40## Type/stage of construction project
34## Industrial solvents 41## Stacking type
35## Civil solvents 42## Forest types
36## Livestock and poultry 43## Grassland type
37## Cultivated land, crops, compost and population 44## Waste type (solid, liquid, gas)
38## Surface type 45## Liquid/gas fuel production, processing and storage
39## Road type 4600 Cooking fume

Table 4. NH3 emissions in Shenzhen in 2014 and 2019.

Source Primary Industry Road Mobile Total

2014
Amount (ton) 999.43 7364.03 8363.46

Ratio (%) 12% 88% 100%

2019
Amount (ton) 821.637 7364.03 8185.67

Ratio (%) 10% 90% 100%
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Table 5. Emission ratio in each scenario.

Year-Scenario Zone NOx SO2 NH3 VOCs PM2.5

2014-S0
SZ 100% 100% 100% 100% 100%

Other 100% 100% 100% 100% 100%

2019-S1
SZ 65% 66% 98% 58% 49%

Other 100% 100% 100% 100% 100%

2019-S2
SZ 65% 66% 98% 58% 49%

Other 83% 83% 99% 79% 74%

2025-S1
SZ 60% 60% 95% 50% 40%

Other 83% 83% 99% 79% 74%

2025-S2
SZ 55% 55% 90% 45% 35%

Other 80% 80% 98% 75% 70%

2025-S3
SZ 50% 50% 85% 40% 30%

Other 78% 78% 95% 73% 68%

2025-S4
SZ 45% 45% 80% 35% 25%

Other 75% 75% 93% 70% 65%

2025-S5
SZ 25% 45% 80% 15% 25%

Other 65% 75% 93% 60% 65%

2025-S6
SZ 45% 25% 60% 35% 25%

Other 75% 65% 83% 70% 65%

2025-S7
SZ 25% 25% 60% 15% 25%

Other 65% 65% 83% 60% 65%

Table 6. Meaning of each scenario.

Year-Scenario Zone Meaning of Settings

2014-S0
SZ Base year emission

OTHER Base year emission

2019-S1
SZ Emission strength compared to 2014, decreasing with the annual ratio presented in Table 2 for SZ

OTHER Keep the base year emission

2019-S2
SZ Emission strength compared to 2014, decreasing with the annual ratio presented in Table 2 for SZ; a scenario

achieved the reported air quality (SZ annual PM2.5 = 24 µg/m3), regarded as the calibration

OTHER Emission strength compared to 2014, decreasing with the annual ratio presented in Table 2 for OTHER; a scenario
achieved the reported air quality (SZ annual PM2.5 = 24 µg/m3), regarded as the calibration

2025-S1
SZ Emission strength compared to 2014 and decreasing more than that in 2019 for SZ; a process scenario towards the

simulated air quality (PM2.5) reaching to 20 µg/m3

OTHER Emission strength compared to 2014 and decreasing more than that in 2019 for OTHER; a process scenario towards
the simulated air quality (PM2.5) reaching to 20 µg/m3

2025-S2
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S1 for SZ; a process scenario towards

the simulated air quality (PM2.5) reaching to 20 µg/m3

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S1 for OTHER; a process scenario
towards the simulated air quality reaching (PM2.5) to 20 µg/m3

2025-S3
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S2 for SZ; a process scenario towards

the simulated air quality (PM2.5) reaching to 20 µg/m3

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S2 for OTHER; a process scenario
towards the simulated air quality (PM2.5) reaching to 20 µg/m3

2025-S4
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S3 for SZ; a scenario achieved the

simulated air quality (SZ PM2.5 = 20 µg/m3), regarded as the target

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S3 for OTHER; a scenario achieved the
simulated air quality (SZ PM2.5 = 20 µg/m3), regarded as the target

2025-S5
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S4 for SZ; a scenario of NOx- and VOCs-

sensitive analysis for O3

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S4 for OTHER; a scenario of NOx- and
VOCs- sensitive analysis for O3

2025-S6
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S4 for SZ; a scenario of SO2- and NH3-

sensitive analysis for O3

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S4 for OTHER; a scenario of SO2- and
NH3- sensitive analysis for O3

2025-S7
SZ Emission strength compared to 2014 and decreasing more than that in 2025-S4 for SZ; a scenario of NOx-, VOCs-,

SO2-, and NH3- sensitive analysis for O3

OTHER Emission strength compared to 2014 and decreasing more than that in 2025-S4 for OTHER; a scenario of NOx-,
VOCs-, SO2-, and NH3-sensitive analysis for O3
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2.2.5. Source of Policy Text

Over the past 10 years, Shenzhen has conscientiously implemented the commands
issued by the State Council [55–57], and the documents of policies related to Shenzhen’s
ecological environment form the key basis of this study (i.e., original documents listed
in Table 7). As early as 2013, Shenzhen issued a medium- and long-term low-carbon
development plan covering a comprehensive grouping of social sectors through to 2020.
Due to the similarity in emission sources of CO2 and air pollutants, this document (labeled
“T-11–20” in Table 7) was included. T-13 in Table 7 is almost the oldest document identifying
the management fields in Shenzhen for the pursuit of better air quality, and the subsequent
documents have inherited a significant portion of its content.

Table 7. Policy documents issued in Shenzhen for environmental improvement.

Documents of Atmosphere Environmental Policies Word Count
(≈1000 in Chinese)

Year of
Release Text-Nr. *

Medium- and Long Term Plan of Low-carbon Development in Shenzhen (2011–2020) [58] 25 2013 T-11–20

Air Quality Improvement Plan of Shenzhen [59] 10 2013 T-13

Ten Key Tasks for Improving Environmental Quality of Shenzhen in 2015 [60] 7 2015 T-15

Air Quality Improvement Plan of Shenzhen (2017–2020) [50] 10 2017 T-17–20

Sustainable Action Plan of “Shenzhen Blue” in 2018 [61] 10 2018 T-18

Sustainable Action Plan of “Shenzhen Blue” in 2019 [62] 7 2019 T-19

Sustainable Action Plan of “Shenzhen Blue” in 2020 [63] 17 2020 T-20

* Abbreviations of the documents to be briefly addressed in analysis.

Therefore, the policies addressed in this study pertain to air quality, carbon emis-
sions, and energy consumption, and the synergy in management between these issues
is considered. All of these documents possess three characteristics: (1) the issuance time
is relatively continuous; (2) the policies within are not unchangeable; and (3) the topics
covered in the text can be divided into 8 sectors: agriculture, industry (manufacturing),
industry (energy and water), road mobile, non-road mobile, living, dust, and ecological
items. The differences in sector scope were considered in the analysis of the results. The
codes listed in Table 3 played a key role in textual reading and truth table label counts.

2.2.6. Estimation of CO2 Emissions and Economic and Social Activities

The report [64] Achieving Triple Goals of Carbon Emission Peaking, Air Quality Standard
Attainment, and Economic Prosperity at the City Level: The Shenzhen Case (hereafter referred
to as the “Triple Goals Study”) was applied to discuss emission sources of CO2 and PM2.5 by
sector. Furthermore, direct carbon emissions from primary energy consumption in secondary
industries were calculated based on Table 8 for the discussion of synergism in this sector.
The data from the Shenzhen Statistical Yearbook [31] are abundant, and support this discussion
particularly in the estimation of CO2 emissions and energy consumption.

Table 8. Factors in the calculation of direct CO2 emissions from each energy type [65–67].

Energy Types Calculation Factors (t-CO2/t)
Coal (ton) 1.9003

Crude Oil (ton) 3.0202
Gasoline (ton) 2.9251
Kerosene (ton) 3.0179
Diesel Oil (ton) 3.0959
Fuel Oil (ton) 3.1705

Liquefied Petroleum Gas (ton) 3.1013
Natural Gas (10,000 m3) 2.1622 × 10 (t-CO2/m3)
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The relative weightings of economic and social activities related to emissions of air
pollutants and CO2 are also based on the data reported in the Shenzhen Statistical Yearbook.

2.3. Model and Methods
2.3.1. Application of ABaCAS

As an integrated assessment system linking a set of decision support tools for the
conduction of integrated assessments of air quality, the “Air Benefit and Cost and Attain-
ment Assessment System” (ABaCAS) [68,69] was developed to be user-friendly for both
researchers and policymakers. The ABaCAS includes 8 parts, of which the RSM-VAT was
the specific module applied in this study. As an air quality assessment tool, the RSM-VAT
provides real-time estimates of air quality responses to changes in emissions using air
quality models (e.g., CMAQ), and has been widely applied in studies on air quality [70–73].

Based on the simulated air quality in 2014, this study applied the RSM-VAT as the core
model for simulations of air quality in 2019 and 2025, with a specific focus on emissions
reduction, i.e., to evaluate the effects of policies (management and control measures) in the
past, and identify their possible modifications for the future.

The path by which to approach the ABaCAS and RSM-VAT is presented in Figure 3a,b,
respectively. The simulated areas distinguished by SZ (red, marked with “A-SZ”) and
OTHER (blue, marked with “B-OTHER”) are labeled in Figure 3c, and these areas are
divided into administrative regions where different reduction ratios and policies can be
implemented. The distribution of annual average concentration of PM2.5 in the simulated
area of the base year of 2014, as an example of the simulated results of the RSM-VAT, is
presented in Figure 3d.

1 

 

 

 

 

 

 

 

 

 

   

(a)  (b) 

 

 

(c)  (d) 

 

Figure 3 

 

Figure 3. Key interface and parameters in the ABaCAS: (a) interface of the ABaCAS [68]; (b) interface
of the RSM-VAT [69]; (c) geographical boundary of simulation [74]; (d) concentration distribution
(default visualization of the annual average concentration of PM2.5 in the base year) [74].

The RSM-VAT control panels operated in this study were the PM2.5-related control
panel and the O3-related control panel. Both sets of control panels were divided between
SZ and OTHER. The emission ratios of NOx, SO2, NH3, VOCs, and PM2.5 are parameters in



Atmosphere 2021, 12, 1221 12 of 28

the PM2.5-related control panel, whereas all but the latter are parameters in the O3-related
control panel.

Based on the simulation conducted for the base year of 2014, the impact of reduced
emission of air pollutants on both PM2.5 and O3 concentrations between each scenario is a
key reference for the evaluation of the adequacy and effectiveness of policies. Although the
simulated outputs can take the form of distrubution maps (e.g., Figure 3d), this research
focuses on the analysis of the simulated value ranges via statistical methods (i.e., boxplots).

2.3.2. Application of Qualitative Comparative Analysis

Qualitative comparative analysis (QCA) has been widely used in policy analysis [75–77].
The method of policy matrix analysis also involves quantitative analysis of policy items [78,79].
In the process of policy analysis, the labels (i.e., the leveled codes in Table 3 and the 8 sectors
mentioned in Section 2.2.5) were first applied to mark the policy texts, and then the counts
of the labels were utilized to construct a quantitative table (i.e., a truth table) containing time
series (i.e., the years as presented in Table 5). Subsequently, the truth table was abstracted
into two bar charts—depicting the number of codes appearing in the text labeling, and
the recognition of key words in the text labeling—for QCA analysis of policy impacts on
emissions reduction.

3. Results
3.1. Estimation of Total Emissions in 2014

Estimated emissions of air pollutants in the base year of 2014 are detailed in Figure 4
by sector, together with the proportion of each pollutant. In 2014, the total emissions of
NOx and VOCs (more than 100,000 tons of each) were significantly higher than those of
the other three air pollutants. This suggests that the influence of NOx and VOCs on the
air quality is higher than that of other pollutants with similar reduction ratios in each
scenario. In addition, secondary industries, including the sectors mentioned in policies
concerning industry (manufacturing), industry (energy and water), and organic solvent
usage in living, and emissions from the sector of living, are specified from the perspective
of energy consumption.

Figure 4. Estimated emissions in 2014, by sector. * Living emissions are taken from the China National
Environmental Monitoring Centre (http://www.cnemc.cn/, accessed on 12 September 2021).

When analyzed by sector, the emission sources of VOCs in 2014 appear to be mainly
from secondary industries and road mobile sectors, which are also the two sectors that
contributed the greatest PM2.5 emissions. The emission sources of NOx appear to be mainly
from the road mobile sector, followed by non-road mobile and secondary industries. The
non-road mobile sector appears to have contributed the greatest SO2 emissions in 2014.
These estimates are consistent with studies mentioned in Section 2.1.2.

3.2. Simulated Concentrations of PM2.5 in Each Scenario in Shenzhen

The boxplots presented in Figure 5 show the simulated annual concentrations of PM2.5
(µg/m3) in SZ in each scenario listed in Table 5. In the first boxplot, the average value in

http://www.cnemc.cn/
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the base year 2014 (2014-S0) is almost equal to 34 µg/m3, which is reported in Table 1 as
the annual concentration of PM2.5 in 2014. Therefore, the base year conditions simulated
by the RSM-VAT can be considered as being representative of the reality in 2014. Similarly,
the average value in the calibration year 2019 (2019-S2) is close to 24 µg/m3, which Table 1
reports as the annual average value for 2019. Therefore, the simulated concentrations of
PM2.5 in 2019-S2 can be regarded as being close to the actual conditions in SZ in 2019.

Figure 5. PM2.5 concentrations in each scenario.

Furthermore, due to the two scenario settings for the simulations in 2019 (i.e., 2019-S1
and 2019-S2), the influence of OTHER on SZ can be clearly identified and, thus, reduction
in air pollutant concentrations both within and outside SZ are necessary. This also indicates
that the isolated efforts of SZ alone cannot achieve the required air quality in 2019, proving
the existence of the synchronous reduction related to PM2.5 in OTHER.

The average value in the boxplot of 2025-S4 in Figure 5 is 20 µg/m3, which is equal to
the target set by the Shenzhen government for 2025. In this simulated condition, each air
pollutant (excluding NH3) was reduced dramatically (see the settings in Table 5), which
would be a significant challenge in reality in both economic and social terms.

According to the comparison between 2025-S4, 2025-S5, 2025-S6, and 2025-S7, even
with a stronger reduction in the four air pollutants both within and outside Shenzhen,
no obvious changes in the annual concentrations of PM2.5 can be found in the boxplots,
particularly in 2025-S5, in which only the emissions of NOx and VOCs are reduced (proba-
bly with a much higher absolute reduction, according to Section 3.1). Two aspects might
explain this phenomenon: Firstly, the PM2.5 emissions are not reduced after 2025-S4, and
according to the PM2.5 source apportionment analysis, a huge amount of PM2.5 originates
from background sources (e.g., secondary sulfate and secondary nitrate). Secondly, al-
though reduction in NOx and VOCs emissions can also reduce the annual concentrations
of PM2.5 (comparing 2025-S4, 2025-S5, and 2025-S7), such concentrations may be more
sensitive to PM2.5 and SO2 emissions (comparing 2025-S4, 2025-S6, and 2025-S7).

3.3. Concentrations of O3 in Each Scenario in Shenzhen

The boxplots in Figure 6 present the statistical characteristics of the simulated con-
centrations of O3 (µg/m3) in SZ in July and October. The boxplots in Figure 7 present
the statistical characteristics of the changes in the simulated concentration of O3 (µg/m3)
in each grid (i.e., the minimum position unit in the outputted maps) between six pairs
of scenarios in SZ in July and October; the six pairs of boxplots can be divided into two
clusters for analysis: comparisons with 2014-S0 and comparisons with 2019-S2.
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Figure 6. O3 concentrations in each scenario in July and October.

Figure 7. Changes in O3 concentrations between six pairs of scenarios.

Comparing the July group and the October group in Figure 6, the conditions in
October are worse than those in July (i.e., much higher concentrations), but all of them
are far below WHO’s IT-1 for the daily maximum 8 h mean of O3 (160 µg/m3). These
simulated differences are consistent with the actual conditions reported by public bodies
(mentioned in Section 2.1.1). Because emissions of air pollutants are generally intended to
be continually reduced, the simulated concentrations of O3 are also expected to improve.
However, a clear trend of improvement can be observed only in July; in general, differences
between scenarios in Shenzhen in October are not clear. Considering the ground air
passing through Shenzhen in October (mentioned in Section 2.1.2), this may be related to
the adverse weather conditions. According to a study on the contribution of vegetation to
VOCs [80], the levels of O3 concentration shown in the 2025-S7 boxplots may be mainly
caused by background sources.

Focusing on the boxplots related to 2025-S5, 2025-S6, and 2025-S7 in Figures 6 and 7,
and considering the meaning of each scenario displayed in Table 6, the phenomenon was
clearly simulated by the RSM-VAT: reductions in NOx and VOCs tend to be the main factors
driving the changes. This phenomenon (i.e., in which the concentrations of O3 are more
sensitive to NOx and VOCs emissions) has also been mentioned in other studies [81–83].

According to the actual conditions summarized in Table 1, the concentrations of O3
increased in the period of 2014–2019; in contrast, however, the simulated conditions from
2014-S0 to 2019-S2 in Figures 6 and 7 present reductions. Therefore, the actual reduction
in PM2.5 and SO2 emissions (more strongly related to PM2.5 concentrations) may have
been implemented well; however, the actual NOx and VOCs emissions (more strongly
related to O3 concentrations) were not reduced as much as expected in the scenarios after
2014, or were not reduced/controlled well in specific periods, which may be the cause
of the frequent appearance of high O3 concentrations. Considering the findings of Lin,
C.X. et al. [38] (i.e., that the contributions from background sources and neighboring cities
are significant), the reduction in actual NOx and VOCs emissions may also have not been
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implemented well in the surrounding area in the simulation, i.e., the reduction ratio of
“OTHER” shown in Table 5 was probably not achieved in reality.

3.4. Analysis of the Implementation of Policies
3.4.1. Statistical Analysis of Policy Contents Based on Truth Table

The count of each label (i.e., the leveled codes introduced in Table 3) in a given year’s
policies was obtained in a truth table, according to the eight sectors mentioned in Section
2.2.4, and this truth table is presented in Table S1. Figures 8 and 9 show results based on
Table S1. “Number of codes” in Figure 8 signifies how many leveled codes were considered
in policy documents in each year, whereas “Incidence of key words” in Figure 9 represents
how many contents related to a specific code were mentioned in policy documents of
each year. According to Figures 8 and 9, the control measures or management have
involved an abundance of issues with respect to fuel/products (i.e., Level-2), combustion
mode/processing technology (i.e., Level-3), and terminal control technology (i.e., Level-4);
furthermore, comprehensive management entails continuity over the years.

Figure 8. Evaluation of policy contents by the number of codes appearing in each year.

Figure 9. Evaluation of policy contents by the incidence of keywords recognized in each year.

Controls related to industry (energy and water) focus on the fuel type at Level-2,
boilers at Level-3, and flue gas treatment at Level-4, with a particular focus on the latter.
However, the improvements in industry (energy and water) appear to be in the plateau
phase (decreasing trend in both Figures 8 and 9), because relevant advanced measures
may have already been applied, and power plants or water plants in Shenzhen cannot be
relocated. However, the achieved status must be maintained.

Policy texts concerning industry (manufacturing) mainly focus on VOCs emissions
related to products at Level-2, together with a small number of control items regarding
factory-owned boilers at Level-3. It is worth considering that the terminal control tech-
nology (i.e., Level-4) for VOCs emissions may be a new research direction for future
application. From 2015, the issues with management at each level decreased slightly (see
Figure 8), but their contents increased dramatically (e.g., see incidence of key words as
recognized in Figure 9 for 2015, 2017, 2018, 2019, and 2020 at Level-2). The decrease is
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mainly because the products being considered in this sector of policy texts (e.g., fuel con-
sumed by the (non-)road mobile sector labeled as 19##, 20##, 21##, etc. in Level-2) have
been almost narrowed to organic solvent products (e.g., coatings and inks). The trend of
increase shown in Figure 9 presents more detailed considerations of diverse industrial
products in Shenzhen, in addition to identifying more types (e.g., concentrations of organic
solvents for the dry-cleaning industry in recent years).

The consideration of living in the policy analysis involves not only the simple en-
ergy consumption and cooking involved in daily life, but also the painting/coating de-
manded in municipal engineering, construction projects, and oil storage and transportation
(e.g., drawing traffic lines, building façade coatings, adhesive substances, and gas station
management), and this involvement of living issues is different from that presented in
Section 3.1, which refers only to energy consumption. Therefore, the continuity and trends
in the number of codes and the incidence of keywords related to living are similar to those
in industry (manufacturing) at Level-2. Moreover, the 1900 at Level-3 (open burning) and
0500 at Level-4 (cooking fume purifier) are the objects managed in the policies related to
living issues. The domestic utilization of natural gas is at the encouraged level for both
cooking and bathing in Shenzhen.

Policy texts regarding the road mobile sector are mostly confined to only two codes:
19## at Level-2 (road mobile sources) and 18## at Level-3 (national exhaust emissions
standards). According to Figure 8, up to four codes at Level-2 involving fuel types were the
focus of management during the early stage, because the elimination of old motor vehicles,
improvement of gasoline and diesel oil quality, and installation of exhaust absorbers
were major priorities. Since 2017, the policies have mainly focused on the increase in the
number of new energy vehicles, together with the construction of charging facilities, and
also demand the simultaneous implementation of the latest national exhaust emissions
standards. Therefore, although the number of codes remains unchanged in Figure 8,
diverse implementation of these contents has resulted in a growing trend of the incidence
of keywords recognized in each code (see Figure 9). It should be noted that an explicit
policy objective pertaining to a limit on the total number of fuel vehicles has not yet
been directly mentioned in current policy texts implemented by agencies concerned with
environmental protection. However, in the policy brief released in 2012 (see Table 7), “to
increase the travel rate of public transport, and to construct slow travel system” indirectly
reflects the control of “the total number of motor vehicles”.

Polices concerning the non-road mobile sector devote attention to many more topics
at Level-2 (see Figure 8). At Level-3, 18## (national exhaust emissions standards) is the
only relevant code, whereas 04## at Level-4 appeared only once (in 2013), pertaining to
the management of oil and gas storage for port ships. Due to the diversity of topics
at Level-2, the analysis of Figure 9 must be compared with Table S1. The codes 20##
(construction machinery), 22## (general machinery), and 24## (boats and ships) at Level-2
present time-continuous features. The number of mentions of boats and ships reached a
relatively high value by 2013. This is largely because considerably more detailed regulations
(e.g., fuel quality, channel types, shore power, research, and financial support) were released
in document T-13 (see Table 7) compared with polices relating to the same issues in other
documents; furthermore, shipping is an important economic activity not only in Shenzhen,
but also in the region around the Pearl River Estuary. Codes 21## (agricultural machinery),
25## (railway diesel locomotive), and 26## (civil aircraft) have not received such a continuous
focus. In addition, the references to 26## in T-17–20, T-18, and T-20 in Table S1 concern
controls on motor vehicles in airports, rather than direct controls on aircraft.

As shown in Figure 8, the management of dust sources was a point of continuous focus,
with a variety of relevant codes (see Table S1), since 2013. Because dust is not considered
to be a source of carbon emissions, the concept does not appear in documents from 2012.
According to Figure 9, keywords pertaining to dust appear more frequently with time,
with their peak reached in 2020. According to the Technical Manual, all dust sources have
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been considered and controlled in Shenzhen, particularly dust from construction projects.
Therefore, strict management and control of dust sources have been implemented.

In the sector of ecology, improvement of the ecological environment (i.e., 38##, 42##,
and 43## at Level-2, and 20## at Level-3) was mentioned in both 2012 and 2015, which may
have had an indirect impact on dust emissions. However, since 2017, this sector was not
clearly mentioned, because green spaces have been relatively well protected in Shenzhen,
and the related duties may have begun to change during the process of adjustment of
departments and institutions of the State Council in 2018 [84].

Consideration of primary industries was only recognized in 2012 and 2020 in a few
codes; this is mainly due to the small scale of primary economy and production in Shenzhen.

A number of issues have been overlooked in policymaking: specifically, polices
pertaining to the extraction of petroleum and natural gas (related to 02##, 03##, 04##,
0500, and 06## at Level-2; 03## and 17## at Level-3; and 01##, 02##, 03##, and 04## at
Level-4), manufacture of non-metallic mineral products (related to 10## at Level-2, 23## at
Level-3, and 06## at Level-4), and aircraft (2600 at Level-2 directly, and possibly 18## at
Level-3). However, at present there are significant economic challenges, e.g., in limiting
the extraction of petroleum and natural gas and the use of aircraft. The manufacture of
non-metallic mineral products (e.g., cement factories) can be expected to decrease alongside
construction projects.

3.4.2. Possibility of Emissions Reductions as a Result of Management and Controls

Compared with 2014, Figure 10 presents the estimated reduction expected in 2019 and
2025, as calculated according to Table 5 (i.e., reduction ratios of 2019-S2 and 2025-S4 for
SZ) and Figure 4 (i.e., total emissions in 2014); that is, according to the simulations, the
total emissions of each air pollutant as presented in Figure 10 for 2019 and 2025 are the
targets necessary to reproduce/achieve the desired air quality for those years. It should be
noted that if the required reduction for 2019 cannot be achieved, the reduction goals for
2025 in Shenzhen would be difficult to be met in practice. This evaluation can identify the
challenges within Shenzhen that must be confronted in order to ensure the reduction in
emissions, although similar reductions in OTHER are also necessary.

2 

Figure. 12 

Figure 10 
Figure 10. Expected reduction in emissions of air pollutants in 2019 and 2025.

The changes in the economic and social activities related to energy consumption in
Shenzhen are summarized in Table 9, in addition to predictions of the trends of such
changes through to 2025. Each activity is also clustered into the most relevant sector. The
quantifications in Table 9 for 2014–2019 were used to judge whether the required reduction
in emissions was achieved, whereas the predictions through to 2025 were applied to identify
the obstacles to reducing emissions.
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Table 9. Social activities in Shenzhen related to energy consumption.

Sector Representative Items of Energy
Consumption 2014 2019 Trend * of Changes Trend to 2025 Reason

Primary
Industry

Sown Areas of Farm Crop (10,000 mu) 7.38 7.77 ↑ 5.28% → Limited by land type in the past several years

Animal Husbandry-Cattle (head) 4211 2584 ↓ 38.6% ↘ or→ Limited by land use pattern

Animal Husbandry-Raised Hogs
(10,000 heads) 10.06 10.16 ↗ 0.99% ↗ or→ Limited by land use pattern

Animal Husbandry-Raised Poultry
(10,000 heads) 287.86 211.27 ↓ 26.61% ↓ Limited by land use pattern; not

famous products

Secondary
Industry

Fossil energy consumption (excluding coal)
in industrial (10,000 tons of SCE) 427.53 342.57 ↓ 19.9% ↓ Industrial restructuring, and will be partially

replaced by tertiary industry

Coal consumption in power generation
(10,000 tons of SCE) 278.40 222.57 ↓ 20.1% ↘ or→ Rigid demand in Shenzhen, with limitations

Road
mobile

Motor vehicles (10,000 units) 319.35
(2015) 350 ↑ 9.6% ↑ Population continues increasing.

New energy vehicles (10,000 units) 4.07
(2015) 36.28 ↑ 791.4% ↑ The target in the 14th Five-Year Plan of

Shenzhen is 100.

Oil-fired motor vehicles (10,000 units) 315.28
(2015) 313.72 ↘ 0.5% ↘ Not encouraged; new licenses for such

vehicles are limited.

Volume of Passenger Traffic of Operation
Lines (10,000 person-times) 103,675 203,216 ↑ 96.01% ↑ Encouraged in the urban traffic system

Number of Passengers Carried of Bus Lines
(10,000 person-times) 225,739 158,973 ↓ 29.58% ↘ Encouraged in the urban traffic system, but

less convenient than operation lines

Non-road
mobile

Energy consumption of Construction project
(10,000 tons of SCE) 45.06 39.13 ↓ 13.2% ↘ or→ 100% urbanization has been completed, but

(re)construction in limited spaces still exists

Aircraft takeoff and landing (sortie) 286,300 369,596 ↑ 29.1% ↑ Towards the regional center at the Pearl River

Total Civil Transport Vessels (unit) 265 286 ↑ 7.9% ↑
Ports in Shenzhen are important to
Guangdong Province (and China more
broadly) in transportation by sea and river

Total Berths (unit) 156
(2017) 156 → 0% ↗ or→ Limited by ecological protection

Berths with Shore Power/Total Berths (%) 14%
(2017) 24% ↑ 72.7% ↑ Highly valued in policy guidance

Living
and
Dust

Total Households at the Year-end
(10,000 households) 89.76 116.64 ↑ 29.95% ↑ Population continues increasing.

Parks, Gardens and Green Areas (hectare) 98,805 101,822 ↑ 3.1% ↗ or→ Limited by land use pattern

* ↑: Greatly increased;↗: increased;→: almost not changed;↘: decreased; ↓: greatly decreased.
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Due to the diverse emission features, the emission factors of vehicles are addressed
in Appendix F-3 in the Technical Manual. According to the national exhaust emissions
standards, factors pertaining to gasoline, large passenger cars, medium trucks, and heavy-
duty trucks are characterized by high emissions of NOx and VOCs. Regarding diesel oil,
emissions of NOx, SO2, and PM2.5 are generally higher than those from gasoline (especially
NOx), but the emissions of VOCs and NH3 are generally lower. The highest emissions of
NOx are from large passenger cars powered by diesel oil. Medium passenger cars powered
by diesel oil can emit significantly more VOCs, and their emissions of SO2 and NH3 are
also as high as those from larger passenger cars, medium trucks, and heavy-duty trucks.

Reduction in SO2 emissions: As shown in Figure 10, three sectors contribute as
the main SO2 emission sources, of which non-road mobile is the most important sector.
According to Table 9, the total number of civil transport vessels increased by 7.9% from
2014 to 2019, whereas the ratio of berths with shore power increased by 72.7%; furthermore,
the oil quality of boats and ships improved significantly. Therefore, policies pertaining
to non-road mobile can be considered to have achieved the reduction for 2014–2019 with
respect to boats and ships. Coal consumption in power generation was reduced by 20.1%,
and the factory-owned boilers were reduced in number or replaced with gas-fired boilers.
Therefore, policies related to secondary industries can also be considered to have achieved
the required reduction. Although the total number of oil-fired motor vehicles remained
almost unchanged, the reduction in the number of diesel-oil vehicles and oil-fired large
passenger cars (i.e., 100% bus electrification in 2017 [85])—both of which have high SO2
emissions—was well implemented. Thus, the policies pertaining to the road mobile sector
should also be considered to have achieved the desired reduction. Because there remains
a high possibility of further reduction in the sectors of non-road and road mobile (e.g.,
reduction in the number of oil-fired trucks), the target reduction in SO2 emissions by 2025
may be achievable.

Reduction in NOx emissions: The reduction in emissions from road mobile appears
to be the greatest, and partial reduction should be similar to the reduction analyzed in
Reduction in SO2 emissions. However, based on the actual data for oil-fired motor vehicles
(i.e., stable total numbers since 2015, as shown in Table 9) under the polices implemented
until 2020, the reduction presented in Figure may might be difficult to achieve for 2014–2019,
and for 2021–2025, if the control strength remains similar. Based on the same analysis
used in Reduction in SO2 emissions, the actual reduction in emissions from the non-road
mobile sector may be achieved under the current control scheme, and for 2021–2025. The
reduction in emissions from secondary industries should have been achieved by the proper
implementation of 17## at Level-3 and 02## at Level-4 shown in Table 3; therefore, the
reduction for 2014–2019 should have already been completed; however, due to the updating
of most of the boilers in Shenzhen, the reduction expected in 2021–2025 may be covered by
the other two sectors, or by increased electrification.

Reduction in VOCs emissions: According to Table 9 (based on the decrease in industrial
fossil fuel consumption), and the analysis in Section 3.4.1, the scale of partial secondary
industry followed a decreasing trend, and the utilization of organic solvents was strictly
controlled in the production process; therefore, the reduction in emissions from secondary
industries should have been completed for 2014–2019, and a further decrease should be
possible for 2021–2025, with the potential to even surpass those targets with the better
use of terminal control technologies in the production process (and during the utiliza-
tion). Based on the analysis of the road mobile sector in Reduction in NOx emissions, the
desired reduction in emissions from this sector may also be difficult to achieve, because
gasoline-powered vehicles with relatively high VOCs emissions make up the majority of
the unchanged total number of oil-fired vehicles [85]. A relatively small reduction in emis-
sions from the non-road mobile sector should have been achieved, and can be completed
in the future.

Reduction in PM2.5 emissions: As shown in Figure 10, the road mobile sector would
appear to have contributed to the greatest reduction in emissions; this may be a result
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of similar reasons to those outlined above: reduction in the number of diesel-oil vehicles
and 100% bus electrification, together with strict management to equip diesel particulate
filters (DPFs). DPFs are also an important reason for the reduction in emissions by the
non-road mobile sector. Secondary industries should have reduced their emissions through
the effective implementation of 03## at Level-4 in 2014–2019, as shown in Table 3; however,
the potential for further decrease may be weak in 2021–2025. Reduction in emissions from
dust are certain, because the main sources from construction projects, roads, and storage
yards have been continuously controlled since 2013, with a large number of terminal
control methods in relation to 06## at Level-4, as shown in Table 3. Because the amount
of construction may still decrease in the future (see Table 9), this reduction is expected to
continue through 2021–2025. Because the total emissions of PM2.5 were maintained at a
relatively low level, the main sources of PM2.5 in the future may be background sources.

Reduction in NH3 emissions: Because NH3 emissions are significantly lower than
those of the other four studied air pollutants, and their main source is from the road mobile
sector, there was not an obvious reduction in their levels for 2014–2019. Due to the relatively
stable status of primary industries (see Table 9), the expected reduction in 2021–2025 (see
Figure 10) should be mainly from the road mobile sector. Therefore, the challenge is similar
to that faced in the reduction in VOCs emissions, wherein the decrease in the total number
of gasoline-powered vehicles is the key solution.

4. Discussion
4.1. Comparison of Emissions with the Triple Goals Study

As shown in Figure 11, the emissions estimated in this study are close to the amounts
reported in the Triple Goals Study, with the exception of the considerably higher PM2.5
emissions (if these emissions were included, the higher sensitivity of the concentration
of PM2.5 to the PM2.5 emissions would be as assumed in Section 3.2). Therefore, it can
be further asserted that the emissions of SO2 and PM2.5 in Shenzhen have been greatly
reduced in reality, but emissions of NOx and VOCs remain high, posing a significant
problem in the prevention and control of O3 pollution.

Figure 11. Comparison of levels of emissions between the findings of this study and those of the
Triple Goals Study.

4.2. Trend of CO2 Emissions in the Industrial Sector

Table 10 shows the results of the Triple Goals Study, by which the values in Figure 4
were also calibrated. In general, comparing Table 10 with Figure 4, reduction in CO2
emissions can be implemented synergistically with the reduction in air pollutant emissions.
More specifically, road mobile is the sector with the highest synergistic control potential
in Shenzhen, offering potential reductions in emissions of CO2, NOx, VOCs, PM2.5, and
NH3. A significant reduction in emissions of CO2 and SO2 could also be synergistically
implemented in the non-road mobile sector. The reduction in emissions of SO2, NOx,
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VOCs, and PM2.5 by secondary industries also displays apparent synergistic results in the
reduction in CO2 emissions for 2014–2019.

Table 10. Proportion of main sources of carbon emissions and PM2.5 emissions in Shenzhen.

Sector
Contribution Rates

Carbon Emission PM2.5 Emission

Road mobile 51.8% 41.0%
Non-road mobile 13.2% 11.0%

Secondary industry for power
and heat 19.1% 8.0%

Secondary industry not for
energy supply 3.4% 15.0%

In total 87.6% 75.0%

Figure 12 presents calculations of direct CO2 emissions from secondary industries
based on the consumption of primary energy. Compared with the base year of 2014, the
CO2 emissions decrease continuously, with some fluctuations. The peak in CO2 emissions
from secondary industries may have occurred prior to 2011 due to industrial restructuring,
as suggested by the stable decrease in the proportion of GDP contributed by secondary
industries from 2016 to 2020 in Section 2.1.1.

2 

Figure. 12 

Figure 10 

Figure 12. Annual CO2 emissions in relation to primary energy consumption in secondary industries
of Shenzhen from 2011 to 2019 (consumption of coal is estimated by identifying the parts of the
Shenzhen–Shanwei Special Cooperation Zone, in which the coal consumption was added to the
Shenzhen Yearbook since 2017).

Considering the data on the consumption of energy by sector as detailed in year-
books [31], the main sources of CO2 emissions are the consumption of coal (e.g., ~70% in
2018) and natural gas (e.g., ~24% in 2018), which are the major fuel sources for “production
and distribution of electricity, heat, and gas” in Shenzhen. Because (1) coal-fired power
generation equipment provides a guaranteed power supply for both SZ and OTHER, and
(2) natural gas is strongly advocated in Shenzhen, not only for the production of electricity,
but also for daily use by residents, the potential reduction in direct CO2 emissions from sec-
ondary industries may be limited in the future, with the exception that carbon capture and
storage can be applied in practice. However, the reduction in emissions of air pollutants
from this sector may be limited in 2021–2025.

4.3. Policies in 2021–2025

In general, the formulation of policy is tending towards maturity; however, the objects
of the management and control measures are still systematically weak. Hence, the contents
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in the emission inventory (e.g., Table 3) should be applied as a checklist; furthermore, the
sources of CO2 emissions should be combined within the policy formulation, due to their
similar emission activities. Thereby, the duplication of work (e.g., onsite verification) may
be avoided.

The biggest challenge is presented by the road mobile sector, due to the significant
emissions of precursors of O3 (i.e., NOx and VOCs). Because the O3 conditions appear to be
worse in reality, stricter policies should be implemented. In the short term, the large number
of oil-fired vehicles used in Shenzhen and the surrounding region should be reduced. For
instance, the limitation of vehicles by license plate number during specific periods can
directly reduce the emission of precursors of O3. Furthermore, as mentioned in document
T-11–20 in Table 7, a traffic system comprising operation lines, bus lines, and zero-carbon
transportation (i.e., bicycles and walking) should be developed, not only in Shenzhen,
but also in the surrounding region (i.e., the metropolitan area surrounding Shenzhen).
Furthermore, the promotion of new energy vehicles, i.e., one aspect of electrification of
the road mobile sector, should be continued. Regarding the operation process of oil-fired
vehicles and oil-production storage, the policies advised above can also contribute to the
synchronous reduction in CO2 emissions.

In secondary industries, manufacturing industries in Shenzhen have been encour-
aged to move to industrial parks that provide a centralized energy supply with a more
efficient energy-consumption scheme. In the process of planning these parks, the sustain-
able capacity of the atmospheric environment (i.e., the level of air pollutant emissions
that can be allowed) of the region should be evaluated and opened to the public for
necessary supervision.

Thirdly, polices pertaining to the non-road mobile sector can be still diversified, due to
the continuous development of some segments in this sector (e.g., boats and ships, aircraft).
The strength of controls should be continually implemented, and the reduction in CO2
emissions can also be achieved. Effective regional cooperation between the administrative
units around the Pearl River Estuary should be sufficiently clear to be fully implemented.
In addition, the emissions from aircraft should be considered.

In practice, reductions in emissions are achieved via cooperation between government
departments, enterprises, and individuals. Despite the precise management and controls
implemented by the Ecological Environment Bureau in Shenzhen, future polices should
take advantage of cooperation and collaborations between stakeholders—for instance, the
cooperation between the departments of transportation and environmental protection on
the limitation of motor vehicles, the supply of clean energy by energy enterprises, or the
support of individuals for the banning of outdoor barbecues.

4.4. Potential and Limitations

Because the synergy of management and control of emissions of CO2 and air pollu-
tants has become the mainstream approach to achieving a safer and better atmospheric
environment, this study proposes an approach in which the reduction in emissions can
be evaluated in an efficient and user-friendly manner, based on the RSM-VAT model in
the ABaCAS. In terms of a comprehensive understanding of the whole cycle of policy-
activity–emission–environment, the practical implications of the evaluation pattern reflect
the possibility of predicting the effects of policy, based on quantitative analysis of the imple-
mented policy, and the weakening of obstacles to interdisciplinary cooperation. Although
the outputs from other numerical simulations are initially necessary, this evaluation pat-
tern can omit the complicated recalculation procedures if the emission conditions change.
Thereby, the real-time simulated air quality can be directly used as feedback for the modifi-
cation of policies, and the model can be used by the policymakers or urban planners who
work to modify economic and social activities.

Regarding the temporal scale, the year and month were selected for the measurement
of the time span; however, in future studies, combinations with different times of day would
be helpful in the identification of the impacts on O3 concentrations. The policy contents
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of the current study have not involved economic issues (e.g., economic evaluation of CO2
emissions [86]) or social issues (e.g., social inclusion [87]); however, these are inevitable
consequences of the environmental quality, and should be considered and evaluated in a
systematic approach.

Due to the lack of an emission inventory, the present study applied the RSM-VAT
to analyze policy effects in the following order: (1) estimation of total emissions and
verification with other studies; (2) sufficiency tests of emission reduction strength via
multiple simulations of air quality with specific targets; (3) analysis of the efficiency of
policies pertaining to existing economic and social activities in achieving the desired
reduction; and (4) identification of the necessary optimization of policies to achieve specific
air quality levels in the future. If the emission inventories for 2014 and 2019 were available,
the application of the model could be simplified as follows: (1) simulations of air quality
based on the reductions/increases in emissions between 2014 and 2019; (2) identification
of the necessary optimization of policies to achieve specific air quality levels in the future.
Therefore, the scientific, comprehensive, and timely preparation of air pollutant emission
inventories can assist in and facilitate the process of efficient policymaking, in addition
to providing the same influence in the control of CO2 emission reductions. Furthermore,
whether the control objects are activities or emission quantities should be clarified in
the policy.

5. Conclusions

This study presents a rapid and simplified pattern for the evaluation of the effects of
environmental policies. The connection between environmental parameters and policy context
was identified and applied via a qualitative comparative analysis. The evaluation pattern
was applied to the city of Shenzhen. The whole process of the present study can be similarly
applied in the context of other cities, in terms of the evaluation of the effects of environmental
policies, and professional barriers can be weakened by interdisciplinary cooperation.

The main sources of VOCs emissions in 2014 appear to be from secondary industries
and the road mobile sector, which are also the two sectors that contributed the most PM2.5
emissions. The main sources of NOx emissions appear to be from the road mobile sector,
followed by the non-road mobile and secondary industries. The non-road mobile sector
appears to have contributed the greatest SO2 emissions in 2014.

Regarding air quality, according to the simulated scenarios of the concentration of
PM2.5 in 2019, reductions in the concentrations of air pollutants both within and outside
SZ are necessary, and there is clearly a synchronous reduction related to PM2.5 in OTHER.
Background weather conditions may be the main reason for the worse concentrations of
O3 in October than in July. Reductions in NOx and VOCs emissions tend to be the main
factors driving changes in O3 concentrations; however, reductions in the emissions of those
two pollutants in 2014–2019 may have not been achieved as expected in practice, in either
SZ or OTHER.

Analysis of policy implementation shows that controls pertaining to industry (energy
and water) have focused on the fuel type; however, the efficacy of this policy appears to
have plateaued. Policy pertaining to industry (manufacturing) has mainly concentrated
on products’ VOCs emissions, in addition to controls on factory-owned boilers, and more
detailed considerations of diverse industry products have been recognized in Shenzhen.
Different measures concerning the road mobile sector have been implemented at different
stages in Shenzhen—for instance, the installation of exhaust absorbers in the early stages,
and the increase in the use of new energy vehicles since 2017; however, the number of fuel
vehicles has not been directly limited.

In the evaluations of policy effects, the required reduction in SO2 emissions from 2014
to 2019 should have been achieved due to the contributions of policies pertaining to the
non-road mobile, secondary industries, and road mobile sectors; their continued reduction
in 2021–2025 may be possible. The desired reduction in NOx emissions from 2014 to 2019
has likely not been achieved due to the stable total number of fuel vehicles since 2015; the
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required reduction in 2021–2025 may derive mainly from controls of the road mobile sector.
The reason for the insufficient reduction in VOCs emissions from 2014 to 2019 may be the
same as that for NOx. Although the proportion of emissions from secondary industries and
non-road vehicles should have been reduced as expected, there remain significant grounds
for further effort in 2021–2025. The total PM2.5 emissions were maintained at a low level
until 2019 through strict and continuous controls during the period; further reductions in
2021–2025 will mainly rely on regional cooperation.

In general, considering the economic and energy structure of Shenzhen, the process
of air quality improvement may have entered a bottleneck period. The requirement in
2021–2025 to maintain the average annual concentration of PM2.5 within 20 µg/m3 may
be relatively modest, but to control the increase in O3 concentration poses a much greater
challenge. Due to the synergy between CO2 emissions and air pollutant emissions, the
policies pertaining to the improvement of air quality have resulted in positive effects—for
instance, in secondary industries. The greatest potential for further collaborative reduction
in emissions is in the road mobile, secondary industries and non-road mobile sectors.
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