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Abstract: A fuzzy optimization model based on the entropy weight method for investigating air
pollution problems in various cities of Zhejiang Province, China has been proposed in this paper.
Meanwhile, the air quality comprehensive evaluation system has been constructed based on the six
major pollutants (SO2, NO2, CO, PM10, PM2.5 and O3) involved in China’s current air quality national
standards. After analyzing the monthly data of six pollutants in 11 cities of Zhejiang Province from
January 2015 to April 2018 by the above method, the authors found that, although the air quality of
cities in Zhejiang Province did not reach the long-term serious pollution of Beijing, Tianjin, and Hebei,
the air quality changes in the northern cities of Zhejiang were worse than those in southern Zhejiang.
For example, the air quality of Shaoxing in northern Zhejiang has dropped by 14.85% in the last study
period when compared with that of the beginning period, and Hangzhou, the provincial capital of
Zhejiang, has also seen a decrease of 6.69% in air quality. The air quality of Lishui, Zhoushan and
Wenzhou in southern Zhejiang has improved by 8.04%, 4.67% and 4.22% respectively. Apart from the
geographical influence, the industrial structure of these cities is also an important cause for worse
air quality. From the local areas in southern Zhejiang, cities have developed targeted air pollution
control measures according to their own characteristics, including adjusting the industrial structure,
changing the current energy consumption structure that heavily relies on coal, and improving laws
and regulations on air pollution control, etc. In the four cities in central Zhejiang, the air quality at the
end of the period (April 2018) has decreased from the beginning of the period (January 2015), given
that there were no fundamental changes in their industrial structure and energy pattern.
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1. Introduction

Environmental pollution refers to the matters released from human activities (such as during
the process of production and living) into the environment that are harmful to living organisms [1–3].
The ecosystem has self-purifying functions on the pollutants, but if the pollutants released have
exceeded the limits allowed by the ecosystem, they would cause great harm to the human society.
If the environment is polluted by harmful matters, the growth and reproduction of organisms will
be affected, disturbing the normal life of human beings and endangering human health and the
sustainable development of human beings [4–8]. Since the 1970s, China has achieved rapid economic
development, but its growth model is characterized by extensive production and high pollution.
The labor-intensive industry structure and relatively backward production technologies have made
the pollution problem of China, especially its air pollution issues keep deteriorating, which has caused
serious threats to China’s sustainable development [9–13].
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In 2016, the total emissions of SO2, nitrogen oxides and smoke/dust of China reached 11.03
million tons, 13.94 million tons and 10.11 million tons, respectively, which caused great pressure on
the environment and sustainable development [14]. According to international standards, 38% of
the Chinese people are breathing unhealthy air every day; and about 1.6 million people die of heart
disease, lung disease and stroke every year due to air pollution (especially the particulate pollutants
in haze) [15]. According to the statistics of the World Bank, China is the most negatively affected
country in the world by air pollution, with various types of air pollutants and shocking amounts of
emissions. The annual economic losses caused by air pollution are as high as 10% of China’s GDP
(Gross Domestic Product), which mainly includes premature death, loss of working time and increase
of related welfare expenses [16]. These figures and research results have driven us to reflect on the
interrelations between China’s air pollution and sustainable development.

This paper has selected China’s Zhejiang Province as the research object of air pollution evaluation
standards and air pollution governance policies (please refer to Figures 1 and 2). Zhejiang Province is
on the southeast coast of China, with the Yangtze River Delta in the north, Shanghai in the southeast,
Anhui and Jiangxi in the west, and Fujian in the south. It is one of the most developed provinces
in China, and has 11 prefecture-level cities. Zhejiang Province is not rich in natural resources and
mainly relies on industrial production to support rapid economic growth [17,18]. In 2000, Zhejiang’s
GDP was 641.10 billion yuan, and its total inflation-adjusted GDP in 2017 after rough calculation was
5176.80 billion yuan, which has achieved an increase of 842.99% [19,20].
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However, just like China’s overall economic development model, Zhejiang’s rapid economic
growth has always been driven by the consumption of limited natural resources, and its economic
development is still at the stage of extensive growth characterized by quantity expansion and low-cost
competition [21]. In addition, the enterprises with high energy consumption, high emissions and
backward production technologies are still in operation, thus driving the growth rate of Zhejiang’s
industrial waste gas emissions to continuously rise and causing serious environmental pollution. In
2013, the industrial waste gas emissions of Zhejiang Province totaled 2456.5 billion cubic meters, and
this number rose to 2695.8 billion cubic meters in 2014 with an increase of almost 9%. At the same time,
the proportion of major air pollutants in the waste gas emissions has always been high. In 2016, the
total emissions of SO2, nitrogen oxides and smoke/dust in Zhejiang Province reached 268,400 tons,
380,400 tons and 182,300 tons, respectively.

Therefore, the choice of Zhejiang Province as a research object has the following important
meanings: (1) Zhejiang is the most active area of China’s private economy, covering an area of 105,500
square kilometers which exceeds South Korea [22,23], with many small and medium-sized private
enterprises. However, while Zhejiang’s economy has grown rapidly since the reform and opening up,
the protection of the environment, especially of the air quality, is seriously inadequate; (2) Unlike in
Jiangsu and Shanghai, which are the other two provinces located in the Yangtze River Delta region, air
pollution control in Zhejiang is faced with the task of adjusting the economic structure and many small
and medium-sized private enterprises. The change in air quality reflects not only the effectiveness of
the air pollution control policy, but also the effectiveness of Zhejiang’s environmental adjustment of
the industrial structure and the private economy; (3) Under the background of China’s implementation
of the “Integration Development of Yangtze River Delta” strategy in recent years, the governance of air
pollution in Zhejiang will represent the implementation of environmental protection and sustainable
development strategies in the most developed areas of China’s private economy.
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The academic circle has given great attention to the air pollution issue of Zhejiang Province.
In the field of outdoor air pollution research, Ni et al. used the Weather Research and Forecasting
with Chemistry Model to study the air pollution characteristics and its root causes in Hangzhou
(the provincial capital of Zhejiang Province) during the second World Internet Conference in the
winter of 2015. Their results showed that the control measures implemented one week before the
meeting did help reduce the PM2.5 pollution to some extent, with the total PM2.5 concentration
in Hangzhou decreased by 15% [24]. Feng et al. used the WRF/CMAQ (Weather Research and
Forecasting/Community Multi-scale Air Quality) Model to analyze the air pollution level in Hangzhou
based on observation data from five local environmental monitoring stations in downtown Hangzhou.
According to their findings, in 2017, the local pollution sources in Hangzhou accounted for 15.8%,
68.6%, 48.3% and 59.2% of the total concentrations of SO2, NO2, PM2.5 and PM10, respectively [25].
PM2.5 refers to particulate matter with an aerodynamic equivalent diameter of 2.5 µm or less in ambient
air, and PM10 refers to particulate matter with an aerodynamic equivalent diameter of 10 µm or less in
ambient air [26]. Based on the daily PM10 and PM2.5 concentration data from 50 monitoring stations
in Zhejiang Province from 1 February 2015 to 28 February 2017, Wu et al. conducted a quantitative
study on the relationship between PM10 and PM2.5 concentration and green spaces and landscape
structure through Principal Composition Cluster Analysis (PCA) and Hierarchical Cluster Analysis
(HCA). Their results showed that the increase of urban green space can reduce PM pollution, and the
correlation between green space and PM2.5 concentration is stronger than that between green space
and PM10 on the scale of 5 km or less [27]. Xu et al. selected four representative locations (two cities,
one suburb site and one rural site) in Hangzhou and Ningbo from December 2014 to November 2015 in
order to study the seasonal and spatial variation in terms of fine particle pollution in Zhejiang Province.
With help of the Principal Component Analysis (PCA) method, they found that industrial emissions,
biomass burning, and formation of secondary inorganic aerosols are the major sources of fine particles
in Zhejiang Province [28]. Fu et al. studied the potential correlation between conjunctivitis and air
pollution based on the air pollutant data from the Environmental Protection Department of Zhejiang
Province from 1 July 2014 to 30 June 2016 and data of 9737 outpatient visits for conjunctivitis at the
Eye Center of the Second Affiliated Hospital of Zhejiang University School of Medicine. Their results
indicated significant correlations between the number of conjunctival outpatient visits and air pollution
in Zhejiang [29]. Xu et al. conducted a sample survey on air pollutants in Ningbo, Zhejiang Province
from 3 December 2012 to 27 June 2013 in order to study the chemical characteristics of highly polluting
aerosols in the air of Zhejiang Province. By analyzing the meteorological conditions, air mass backward
trajectories, distribution of fire spots in surrounding areas and various categories of aerosol pollutants,
they concluded that stagnant weather conditions and long-range transport of air masses from heavy
industries and biomass burning from northern China to Ningbo are the main contributors to the high
aerosol pollution during their study period [30].

In the field of indoor air pollution study, Sun et al. studied the indoor air pollution in Hangzhou.
Through high-frequency detection of indoor and outdoor homogenous pollutants, they found that
air-conditioning filters play a significant role in the indoor propagation of outdoor pollutants, especially
the home and office dust [31]. Mestl et al. studied the relationship between indoor air pollution and
deaths in Zhejiang, Shaanxi and Hubei provinces. By analyzing the PM concentrations in kitchens and
living rooms, they believed that the premature mortality in these three provinces should reach 60,600
instead of the current estimate of 46,000 [32].

Most of the above studies on air pollution in Zhejiang Province only considered 1–2 major
pollutants (such as PM2.5, PM10, SO2, etc.), and their study period was relatively short. In order
to conduct a comprehensive and objective assessment on the air quality of the 11 cities in Zhejiang
Province in recent years, this paper has included the six major air pollutants (SO2, NO2, CO, PM10,
PM2.5 and O3) covered by China’s regular monitoring and routine air quality evaluation based on
China’s current National Ambient Air Quality Standards (GB3095-2012) [33], and Technical Regulation
on Ambient Air Quality Index (HJ 633-2012) [26]. This paper would also like to illustrate the
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overall change and movements of these air pollutants over a longer period. Therefore, based on
the above-mentioned domestic and overseas research, this paper has further incorporated the six major
pollutants (SO2, NO2, CO, PM10, PM2.5 and O3) into the air quality assessment indicator system, and
studied the air quality of the 11 cities in Zhejiang from January 2015 to April 2018 based on related
data in order to present a comprehensive picture of air quality of various cities.

Therefore, the research topic of this paper has the following important significance for
sustainability, especially for China’s future sustainable development:

(1) The important symbol of sustainable development is the sustainable use of resources and
a good ecological environment [34–36]. In recent years, the serious air pollution in China has
caused tremendous damage to the atmospheric environment in which human beings depend for
survival and development. Therefore, this paper takes Zhejiang Province as the research object and
quantitatively evaluates the air pollution status of the city under its jurisdiction, which provides a
scientific basis for Chinese governments to formulate air pollution prevention policies and achieve
sustainable development.

(2) Sustainability requires economic and social construction under conditions that protect the
environment and sustainably use resources [37,38]. China’s future sustainable development should
maximize the quality of life of the people without exceeding the capacity to maintain the capacity of
the ecosystem, and must not destroy the environment and deplete resources for the cost of economic
growth [39,40]. Hence, the evaluation index system for the construction of major pollutants provides
scientific tools for measuring the carrying capacity of China’s atmospheric environment and achieving
sustainable development in the future.

In the following parts of this paper, Part 2 introduces the research method; Part 3 provides the
calculation results and analysis on the air quality of cities in Zhejiang Province since January 2015; Part
4 offers conclusions of this paper and related policy recommendations.

2. Materials and Methods

In order to take the six major air pollutants into consideration, this paper has introduced the
Entropy Weight Method based on the traditional Fuzzy Optimization Model to construct a Fuzzy
Optimization Measurement and Evaluation Model for the air quality in Zhejiang Province. In its
application, the key of successful modeling is how to reasonably determine the weight of different
indicators [41–44] and objective function [45,46]. To this end, this paper has adopted the Entropy
Weight Method to determine the weight of indicators in the Fuzzy Optimization Model. Entropy is a
concept in thermodynamics that represents a measure of the degree of disorder in a system. When
the Entropy Weight Method is applied to the Fuzzy Optimization Model, the smaller the information
entropy of an indicator is, the larger amount of information is contained in that indicator; the greater
role it plays in this model, and therefore the higher weight it should have in the model. Otherwise, the
larger the information entropy of an indicator is, the smaller role it plays in this model, and therefore
the lower weight it should have [47–50].

The specific steps of applying the Entropy Weight Method to the Fuzzy Optimization Model are
as follows:

(1) Construct a Fuzzy Comprehensive Evaluation Matrix
Given the evaluation object P, its related Factor Set U = {u1, u2, · · · , un}, and a Rating Set

V = {v1, v2, · · · , vm} for each of the factors, after performing fuzzy evaluation on the Rating Set of
each factor in U based on the membership function, this paper could obtain a Fuzzy Evaluation Matrix
with m× n elements:

R =


R1

R2
...

R4

 =


r11 r21 · · · rm1

r12 r22 · · · rm2
...

...
. . .

...
r1n r2n · · · rmn

. (1)
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The element rij in the above matrix represents the Fuzzy Membership Degree of factor ui with
respect to the Rating element vi, that is, a fuzzy relationship of U to V, thereby determining the Fuzzy
Evaluation Matrix of the evaluation object P.

(2) Determine the Weight of Indicators by the Entropy Method
In the Fuzzy Comprehensive Evaluation Matrix, the Fuzzy Comprehensive Evaluation Vector

needs to be obtained by weighted summation. This paper has used the Entropy Method to determine
the weight of different indicators of the same rating. Since the calculation of the Entropy Method uses
the proportion of a certain indicator of each rating to the sum of indicators with the same nature, no
standardization is needed. The specific calculation steps are as follows:

A. Calculate the proportion of the jth indicator preferred by the ith program (Pij):

Pij =
rij

∑m
i=1 rij

, (i = 1, 2, · · · , m; j = 1, 2, · · · , n), (2)

B. Calculate the entropy value of the jth indicator (ej):

ej = −k ∗
m

∑
i=1

PijlnPij, (3)

where ln represents the natural logarithm, and the constant k is related to the m of the Rating Set.
Generally, let k = 1

lnm , and it would have 0 ≤ ej ≤ 1.
C. Calculate the variation coefficient of the jth indicator (gj):

gj = 1− ej. (4)

The above formula shows that, for the jth indicator, the smaller the Entropy Value (ej) is, the larger
the variation coefficient (gj) becomes.

(4) Calculate the weight of the jth indicator:

wj =
gj

∑n
j=1 gj

. (5)

(3) Calculate the Fuzzy Comprehensive Evaluation Score
After calculating the weights of different indicators, this paper could obtain the Fuzzy Evaluation

Set B by matrix and vector algorithm based on the Fuzzy Evaluation Matrix and Weight Vector:

B = W ∗ RT =


r11 r21 · · · rm1

r12 r22 · · · rm2
...

...
. . .

...
r1n r2n · · · rmn

 ∗ [w1, w2, · · · , wn]
T = [b1, b2, · · · , bm]. (6)

Finally, this paper could obtain M = max(b1, b2, · · · , bm) based on the principle of maximum
membership degree, whose value represents the Fuzzy Comprehensive Evaluation Score of the
evaluation object (please refer to Appendix A for the MATLAB Algorithm for Fuzzy Optimization
Model Based on Entropy Weight Method). The higher the score, the better the city’s air quality is; the
lower the score, the worse the city’s air quality is.

One disadvantage of the above method, especially the entropy weight method, is that the index
values are all required to be greater than zero. If the value of some indicators has an outlier of zero or
less than zero, the calculation result of the entropy method will be invalidated [51,52]. Since the data
of the six pollutant indicators involved in this study are all greater than zero, this deficiency of the
entropy weight method is avoided.
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3. Results

The data used in this paper are from the monthly air quality and pollutant monitoring data of
cities in Zhejiang Province published by China’s National Environmental Monitoring Center [53], and
the Data Center of China’s Ministry of Environmental Protection [54]. The study period is from January
2015 to April 2018, covering the monthly average concentration data of the six major air pollutants of
PM2.5, PM10, CO, NO2, O3 and SO2 in China’s current air quality standards [26,33]. The data used in
this study is the monthly average concentration data of the six pollutants in the target cities (calculated
according to the daily data of each city, including 1215 days). In the study of this paper, according to
the availability and completeness of the data, the selected period is from January 2015 to April 2018
(partial city data is missing in 2014, so it is not included in the calculation range). The data quoted here
are the raw data of the day obtained by the official observation points, so we calculated the monthly
average concentration data of the six pollutants in the target cities based on the original daily data,
and then used the method in Part 2 to achieve the evaluation outcomes.

Based on the Fuzzy Optimization Model with Entropy Weight Method introduced in Part 2.1 and
the above air pollutant data, this paper has calculated the air quality evaluation scores of the 11 cities
in Zhejiang Province from January 2015 to April 2018 (as shown in Figure 3 below and Tables A1–A4
in Appendix B):
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4. Discussion

According to the above model and calculation results, the higher the score, the better the city’s air
quality is; the lower the score, the worse the city’s air quality is. Therefore, the below characteristics in
the air quality scores of cities in Zhejiang Province from January 2015 to April 2018 have been found:

(1) Overall evaluation results and trends. According to official statistics, since January 2013, the
Ministry of Environmental Protection of China has started air quality monitoring and evaluation
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on key regions (such as the Beijing–Tianjin–Hebei region, the Yangtze River Delta region, and the
Pearl River Delta region) and the so-called “74 cities” (including municipalities, provincial capitals,
and other key cities) with air quality reports published monthly. According to the air quality reports
published during the study period, the air quality of cities in Zhejiang Province was generally at the
middle level [55], which fully supports the calculation results in this paper. During the study period,
the air quality evaluation scores of cities in Zhejiang range from 0.3 to 0.7. Although the evaluation
scores of some cities (such as Jiaxing, Huzhou and Hangzhou) have always been low (never exceeded
0.5), the lowest air quality score is still above 0.34 (0.3491 of Hangzhou in March 2016). Therefore, the
air pollution of Zhejiang Province is not as enduring and severe as that in areas such as Beijing, Tianjin
and Hebei [56–58].

(2) Seasonal trends. Although the differences between the quarters were not large during the study
period, the air pollution in cities in Zhejiang Province still showed a certain seasonal trend—the air
quality in autumn and winter was generally relatively poor, while in spring and summer is generally
relatively good. This trend has been confirmed in relevant researches [59–62]. The reason is that,
although Zhejiang is located in southern China, with higher temperature in winter than that in the
northern regions such as Beijing, Tianjin and Hebei, the demand for heating in winter still exists, so
the increase in energy consumption has increased air pollution to a considerable extent.

Compared with the above research, we calculated the air quality evaluation values of all
prefecture-level cities in Zhejiang Province based on the six kinds of atmospheric pollutants, which
overcame the limitation of only 1–2 pollutants and several cities of Zhejiang. Moreover, we calculated
the weight of different pollutant indicators by using the fuzzy optimization model and based on the
entropy weight method, to enrich existing research methods of seasonal changes literature.

(3) The air quality in Zhoushan and the southern cities of Zhejiang is obviously improved. As
the first prefecture-level city in China that is formed by an archipelago, Zhoushan consists of large
numbers of islands and is surrounded by sea, and thus enjoys unique geographical advantages in
maintaining good air quality. In 2017, the air quality of Zhoushan ranked third among all cities
in China [63]. According to the calculation results of this paper, the air quality evaluation score of
Zhoushan has always ranked top in Zhejiang Province, and its air quality score has improved by 4.67%
at the last study period when compared with that of the beginning period. At the same time, the air
quality of Lishui and Wenzhou in southern Zhejiang has improved by 8.04% and 4.22% respectively
during the study period (please refer to Table 1 below).

Table 1. The air quality assessment results for key months in Zhoushan and the southern cities
of Zhejiang.

January 2015 April 2018
Improvement Ratio at the End of the Study

Period (April 2018) Compared to the
Beginning of the Study Period (January 2015)

Lishui 0.5312 0.5739 8.04%
Wenzhou 0.4999 0.5210 4.22%
Zhoushan 0.5722 0.5989 4.67%

Apart from geographical reasons, these three cities have formulated tailored air pollution
prevention and control measures based on their own characteristics and the “Regulations on the
Prevention and Control of Air Pollution in Zhejiang Province” officially passed by the Standing
Committee of Zhejiang Provincial People’s Congress on 1 July 2016 [64]:

• Lishui City has formulated a “Detailed Code of Practice for Air Pollution Prevention and
Control Campaigns”, clearly specifying air pollution prevention and control work in terms of six
perspectives: industrial structure, energy structure, mobile pollution sources (motor vehicles),
industrial waste gas, urban smoke and dust, and rural waste gas [65].
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• Based on the characteristics of its industries, Wenzhou is working to build a low-carbon city to
control air pollution by developing a recycling economy. Wenzhou is promoting industrial
transformation and upgrade by cultivating large clustering industries and large enterprise
headquarters, vigorously develops the marine economy, and aims to build an industrial structure
with the modern service industry as the main part, supported by an advanced manufacturing
industry, and with an urban modern agriculture in synergetic development. By the end of 2017,
the energy consumption per unit of industrial added value of Wenzhou has reduced by 17%
compared with that in 2012. The recycled proportion of main non-ferrous metals and steel was
over 40%, and more than 70% of the industrial parks of the above provincial level have completed
recycling upgrade and reconstruction [66].

• Zhoushan strictly controls coal consumption: it has set a control target regarding total coal
consumption, and determines detailed responsibility and accountability of specific enterprises and
equipment that consume coal with monthly monitoring. In addition, Zhoushan also works hard
to develop clean energy by taking advantage of its favorable geographical location (surrounded
by sea), such as building onshore wind farms and independent power supply systems on islands
in order to utilize ocean energy [67].

(4) The air quality of the northern cities of Zhejiang is relatively poor. During the study period, the
air quality of the four cities in northern Zhejiang (Jiaxing, Hangzhou, Huzhou, and Shaoxing) has been
ranked at the bottom. The air quality score of Shaoxing even declined by 14.85% at the ending period
when compared with that of the beginning period, and Hangzhou’s air quality score also decreased by
6.69% (please refer to Table 2 below).

Table 2. The air quality assessment results for key months in the northern cities of Zhejiang.

January 2015 April 2018
Improvement Ratio at the End of the Study

Period (April 2018) Compared to the
Beginning of the Study Period (January 2015)

Jiaxing 0.4104 0.4069 −0.85%
Hangzhou 0.4412 0.4117 −6.69%

Huzhou 0.4252 0.4103 −3.50%
Shaoxing 0.4869 0.4146 −14.85%

The main reason behind is that these four cities have always been the most densely populated and
economically developed region in Zhejiang Province; their industries have generated large amounts
of air pollutants. Moreover, the four cities are geographically located in the inland areas of northern
Zhejiang, and are heavily affected by the air pollutants spread from northern China [68,69], unlike
coastal cities (such as Zhoushan) where the air pollutants can be easily dispersed [70,71]:

• Shaoxing is located in the intersection of the hills of western Zhejiang, the mountains of eastern
Zhejiang and the northern Zhejiang plain, surrounded by mountains and with a terrain high
in the south and low in the north [72]. Once the air pollutants gathered over the city, it is more
difficult for them to dissipate. Meanwhile, Shaoxing has been relying on the heavily polluting
printing and dyeing industry as a pillar industry for many years, with this industry’s production
capacity taking over 60% of the total production capacity in Zhejiang Province, and accounting for
one-third of the national production capacity of the printing and dyeing industry in China [73].

• As for Hangzhou, the provincial capital of Zhejiang, its permanent population reached 9.47
million at the end of 2017, and its total population may have exceeded 10 million if taking the
migrant population into consideration; its annual industrial investment was 86.1 billion yuan in
2017 and its total number of motor vehicles reached 2.79 million at the end of 2017 [74], resulting
in large amounts of air pollutant emissions of all kinds that have brought tremendous pressures
to the environment.
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Therefore, although these cities have adopted a series of pollution prevention measures, the air
quality of these cities still ranked bottom among cities in Zhejiang during the study period.

(5) The air quality of the four cities in central Zhejiang (Jinhua, Ningbo, Quzhou and Taizhou)
has declined at the last study period when compared with that of the beginning period. Among them,
Jinhua and Ningbo have seen a large decline in air quality, which are 6.80% and 8.15%, respectively
(please refer to Table 3 below).

Table 3. The air quality assessment results for key months in the central cities of Zhejiang.

January 2015 April 2018
Improvement Ratio at the End of the Study

Period (April 2018) Compared to the
Beginning of the Study Period (January 2015)

Jinhua 0.4853 0.4523 −6.80%
Ningbo 0.4697 0.4314 −8.15%
Quzhou 0.5023 0.4981 −0.84%
Taizhou 0.5109 0.5099 −0.20%

• In Jinhua City, industrial emissions are the main source of air pollutants responsible for 67.31%
of the SO2, 34.42% of the NOx, 30.39% of the CO, 53.02% of the PM10 and 50.95% of the PM2.5.
Among the industrial pollution sources, the building materials manufacturing industry and the
textile printing and dyeing industry account for the largest proportion [75].

• Ningbo is also short in natural resources and lacks the energy resources needed to fuel economic
growth, with more than 90% of its energy imported from other regions in which industrial
consumption accounts for over 75% [76]. Meanwhile, the heavy usage of fossil energy in industrial
production is also an important reason for decline in air quality of Ningbo. Therefore, although
Ningbo have adopted a series of measures to control air pollution, given that their industrial
structure and energy structure have not fundamentally changed, their air quality has not improved
during the study period and has even deteriorated along with rapid economic development [77].

• The same thing is observed in Quzhou and Taizhou too. Although the decline in their air quality
is not as big as in Ningbo and Jinhua (Quzhou 0.84% and Taizhou 0.20%), the fact that there is no
obvious improvement in their air quality when comparing that in the last period with that of the
beginning period has indicated that the air pollution control campaign still has a long way to go
for these cities.

In summary, the main reasons for the above air quality status during the study period in cities in
Zhejiang Province are:

(1) The industrial structure is not reasonable and industrial upgrading is not yet in place.
(2) Coal-based energy consumption structure has not changed, and energy efficiency is not ideal.
(3) The laws and regulations on air pollution control need to be further improved.

Compared with similar literature, this paper has made innovations and contributions in the
following two aspects:

(1) By constructing the six major pollutants defined by China’s air quality standards, we have
evaluated the air quality of Zhejiang Province more comprehensively than the existing research. In
similar studies of air quality in Zhejiang Province, scholars often use particulate pollutants as research
objects [27,28,78]. Then, few research works contain the six major pollutants.

(2) In terms of research methods, the paper has introduced the Entropy Weight Method based
on the traditional Fuzzy Optimization Model to construct a Fuzzy Optimization Measurement and
Evaluation Model, in order to calculate the weight more accurately. Comparing the current literature
on the evaluation of air quality in Zhejiang and the Yangtze River Delta region (such as Shanghai and
Jiangsu) [79–83], we have innovated the traditional evaluation model and tried to make the evaluation
results more reliable.
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5. Conclusions

This paper has constructed an air quality evaluation system incorporating the six major air
pollutants covered in China’s current national air quality standards (SO2, NO2, CO, PM10, PM2.5 and
O3), and attempts to obtain a comprehensive evaluation of the air quality of cities in Zhejiang by
analyzing the monthly data of the six pollutants in the 11 cities of Zhejiang Province from January
2015 to April 2018. In terms of the research method, this paper has introduced the Entropy Weight
Method to the traditional Fuzzy Optimization Model to construct a Fuzzy Optimization Measurement
and Evaluation Model for the air quality of Zhejiang Province. The conclusions of this paper are:

(1) During the study period, the air pollution in cities in Zhejiang Province still showed a certain
seasonal trend. Moreover, the air quality scores of cities in Zhejiang Province range from 0.3 to
0.7, which indicates the air pollution in Zhejiang is not as severe as in Beijing, Tianjin, Hebei and
other regions.

(2) The air quality of northern Zhejiang cities (such as Jiaxing, Huzhou, Shaoxing and Hangzhou)
is worse than that of the southern cities. The air quality of Shaoxing has dropped by 14.85% at the
last study period when compared with that of the beginning period, and Hangzhou, the provincial
capital of Zhejiang, has also seen a decrease of 6.69% in air quality. Apart from geographical factors,
the industrial structure of these cities is also an important reason for their poor air quality.

(3) The air quality of Lishui, Zhoushan and Wenzhou has improved by 8.04%, 4.67% and 4.22%,
respectively, at the last study period when compared with that of the beginning period. In addition to
geographical reasons, these three cities have formulated tailored air pollution prevention and control
measures based on their own characteristics and the “Regulations on the Prevention and Control of
Air Pollution in Zhejiang Province”.

(4) The air quality of the four cities in central Zhejiang (Ningbo, Jinhua, Quzhou and Taizhou)
has declined at the last study period when compared with that of the beginning period given that
their industrial structure and energy structure have not fundamentally changed during the study
period. Among them, Ningbo and Jinhua have seen a large decline in air quality, which are 8.15% and
6.80%, respectively.

The main feature of this study is the comprehensive evaluation of air quality in Zhejiang Province
using the data of six air pollutants. Compared with the existing Chinese air pollution research literature,
on the one hand, this paper comprehensively evaluates the impact of six kinds of pollutants instead of
1–2 kinds of pollutants according to Chinese national standards. On the other hand, we try to make
innovation in the research methods of air pollution by using the Fuzzy Optimization Model Based on
Entropy Weight Method, in order to enrich the literature on air pollution and sustainable development.

Based on the findings above, this paper has provided the following policy recommendations for
further enhancing air pollution control in the cities of Zhejiang Province:

(1) Adjust the industrial structure as soon as possible to promote industrial upgrading. In the cities
of Zhejiang Province, especially in Shaoxing and Ningbo, industry still accounts for a large proportion
of the Gross Domestic Product (GDP). In 2017, Shaoxing’s secondary industry output accounted for
48.8% of its total GDP, while its service industry output accounted for 47.2% of its GDP [84]; Ningbo’s
secondary industry output accounted for 51.8% of its total GDP, while its service industry output
accounted for 45.0% of its total GDP [85]. These cities need to accelerate the development of their service
industry and promote the transition of its industrial structure towards a low carbon and environmental
friendly structure. The key in reducing air pollution in these cities is to optimize the industrial structure
and promote industrial upgrade. In order to promote the transformation and upgrade of heavy
pollution industrial enterprises, these cities must abandon the old production model and processing
mode that sacrifice energy and environment, improve their GDP structure, and lower their level of air
pollution. At the same time, it is necessary to vigorously develop advanced manufacturing industries,
improve the industrial capacity with help from the advancement of information technologies, promote
environmentally friendly industries to form related industrial clusters, and control the emissions of
industrial waste gas from their sources. In addition, given the current industrial waste gas emission
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levels of Zhejiang Province, it is also necessary to speed up the construction of eco-industrial parks,
attract funds and talents, and reduce the cost of sewage disposal and pollution treatment in order to
facilitate resource saving, industrial upgrading, and pollution/emission reduction.

(2) Increase investment in science and technology, change the current energy consumption
structure that heavily relies on coal, and improve the efficiency of energy utilization. Currently, the
cities in Zhejiang Province still rely on coal as their main energy source for production. In 2016,
the province’s total coal consumption reached 139.48 million tons [14], which increased by 0.89%
compared with that in year 2015 [86]. Therefore, cities in Zhejiang Province need to enhance the
investment in science and technology, change the energy structure over-relying on coal as soon as
possible, eliminate coal-fired equipment with heavy pollution, reduce emissions resulted from coal
burning, and improve their overall air quality and environment quality. On the one hand, they should
continuously reduce the pollution emissions of coal-fired equipment; on the other hand, they need to
continuously increase the proportion of clean energy and renewable energy in energy consumption,
such as by using subsidies and incentives to encourage enterprises and residents to use clean energy,
in order to fundamentally change the current coal-based energy consumption structure. At the same
time, they should work to increase the output per unit of energy consumption by applying the latest
scientific and technological achievements in the energy field to industrial production and daily life,
reducing the energy consumption per unit of regional GDP with help from scientific and technological
advancement in order to effectively control air pollution.

(3) Further improve laws and regulations on air pollution control, and enhance the legislation
and law enforcement work on environmental protection. All cities in Zhejiang Province need to
strengthen their legislation on air pollution control, especially the legislation of laws and regulations
on industrial waste gas emission. The cities need to scientifically classify the enterprises by pollutant
emissions, monitor and control the pollution emissions based on a grading standard and have clear
rules and standards to follow. In law enforcement work, the cities need to suspend the production of
enterprises that fail to meet national and provincial standards and order them to rectify, strictly
supervise and control the approval and construction of high-pollution projects, and completely
eradicate illegal pollution emission. It is necessary to strictly restrict the emissions of enterprises
by legal provisions, investigate the enterprises that have violated the laws, and hold their responsible
persons accountable by law. Furthermore, it is necessary to strengthen environmental protection
supervision work, determine and clarify the accountability in environmental protection among
governments at all levels, and actively cooperate with environmental protection departments to
perform supervision/investigation and law enforcement work. At the same time, the cities should
encourage their residents to participate in environmental supervision and management, and accept
social supervision in order to eventually establish a long-term system for air pollution control with
continuous improvement.
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Appendix A MATLAB Algorithm for Fuzzy Optimization Model Based on Entropy Weight Method

Algorithm: Fuzzy Optimization Model Algorithm

function[B]=fuzzy_zhpj(model,A,R)
B=[];
[m,s1]=size(A);
[s2,n]=size(R);
if(s1~=s2)

disp(‘The column of A is not equal to the row of R’);
else

if(model==1)
for(i=1:m)

for(j=1:n)
B(i,j)=0;
for(k=1:s1)

x=0;
if(A(i,k)<R(k,j))

x=A(i,k);
else

x=R(k,j);
end
if(B(i,j)<x)

B(i,j)=x;
end

end
end

end
elseif(model==2)

for(i=1:m)
for(j=1:n)

B(i,j)=0;
for(k=1:s1)

x=A(i,k)*R(k,j);
if(B(i,j)<x)

B(i,j)=x;
end

end
end

end
elseif(model==3)

for(i=1:m)
for(j=1:n)

B(i,j)=0;
for(k=1:s1)

B(i,j)=B(i,j)+A(i,k)*R(k,j);
end

end
end
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else if(model==4)
for(i=1:m)

for(j=1:n)
B(i,j)=0;
for(k=1:s1)

x=0;
x=min(A(i,k),R(k,j));
B(i,j)=B(i,j)+x;

end
B(i,j)=min(B(i,j),1);

end
end

elseif(model==5)
C=[];
C=sum(R);
for(j=1:n)

for(i=1:s2)
R(i,j)=R(i,j)/C(j);

end
end
for(i=1:m)

for(j=1:n)
B(i,j)=0;

for(k=1:s1)
x=0;
x=min(A(i,k),R(k,j));
B(i,j)=B(i,j)+x;

end
end

end
else

disp(‘improper assignment of model’);
end

end
end

Appendix B Air Quality Evaluation Score of Cities in Zhejiang Province (January 2015 to April 2018)

Table A1. Air quality evaluation score of cities in Zhejiang Province (January 2015 to October 2015).

January
2015

February
2015

March
2015

April
2015

May
2015

June
2015

July
2015

August
2015

September
2015

October
2015

Hangzhou 0.4412 0.4498 0.4095 0.4673 0.3943 0.4803 0.4642 0.4274 0.4165 0.4127
Huzhou 0.4252 0.4450 0.4110 0.3972 0.4239 0.3892 0.3783 0.3895 0.4015 0.3994
Jiaxing 0.4104 0.4285 0.3821 0.4073 0.4281 0.4167 0.4101 0.3807 0.4210 0.3955
Jinhua 0.4853 0.5090 0.4434 0.4891 0.4218 0.4923 0.4625 0.4537 0.4290 0.4268
Lishui 0.5312 0.5491 0.4890 0.5497 0.5623 0.6167 0.6359 0.6039 0.5872 0.5906

Ningbo 0.4697 0.4453 0.5002 0.4850 0.5051 0.4703 0.4747 0.5221 0.4654 0.4466
Quzhou 0.5023 0.4958 0.5172 0.4962 0.4766 0.5859 0.4952 0.4663 0.4820 0.4838
Shaoxing 0.4869 0.4811 0.4651 0.5340 0.4111 0.4137 0.4401 0.3834 0.4149 0.4366
Taizhou 0.5109 0.4895 0.5587 0.4929 0.5529 0.4802 0.5447 0.5624 0.5076 0.5016

Wenzhou 0.4999 0.5358 0.4820 0.4367 0.5066 0.4318 0.4837 0.5537 0.5228 0.4828
Zhoushan 0.5722 0.5555 0.5959 0.5781 0.5933 0.5294 0.5127 0.6437 0.5758 0.5338
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Table A2. Air quality evaluation score of cities in Zhejiang Province (November 2015 to August 2016).

November
2015

December
2015

January
2016

February
2016

March
2016

April
2016

May
2016

June
2016

July
2016

August
2016

Hangzhou 0.3966 0.3710 0.3902 0.4437 0.3491 0.4250 0.4368 0.4120 0.4010 0.4321
Huzhou 0.4173 0.3594 0.4429 0.4461 0.3754 0.4048 0.4114 0.3763 0.3609 0.3633
Jiaxing 0.3796 0.3819 0.4290 0.4417 0.4485 0.4320 0.4302 0.3807 0.3750 0.4413
Jinhua 0.4300 0.4543 0.4833 0.4856 0.4227 0.5505 0.5048 0.5107 0.4630 0.4463
Lishui 0.5290 0.6652 0.5824 0.5862 0.5702 0.6248 0.5887 0.6318 0.6159 0.5464

Ningbo 0.4031 0.4070 0.4524 0.5240 0.5162 0.4520 0.4436 0.4919 0.5173 0.5163
Quzhou 0.5369 0.5715 0.5369 0.4306 0.4145 0.5395 0.5077 0.5365 0.5364 0.4894
Shaoxing 0.4079 0.3843 0.4243 0.4854 0.4328 0.5381 0.4915 0.4536 0.4727 0.4410
Taizhou 0.5480 0.6026 0.5607 0.4896 0.5127 0.4792 0.5112 0.5555 0.5559 0.5394

Wenzhou 0.4736 0.6182 0.5263 0.5582 0.4840 0.4388 0.4558 0.4438 0.4974 0.4894
Zhoushan 0.5980 0.5672 0.5769 0.5754 0.6321 0.5227 0.4964 0.5939 0.6206 0.6375

Table A3. Air quality evaluation score of cities in Zhejiang Province (September 2016 to June 2017).

September
2016

October
2016

November
2016

December
2016

January
2017

February
2017

March
2017

April
2017

May
2017

January
2017

Hangzhou 0.4519 0.4324 0.3930 0.4066 0.3790 0.4053 0.4198 0.4448 0.4048 0.4046
Huzhou 0.3973 0.4532 0.3705 0.4159 0.3868 0.4285 0.4393 0.3994 0.3874 0.3562
Jiaxing 0.4517 0.4798 0.3765 0.4209 0.4833 0.4623 0.4361 0.4000 0.4338 0.4052
Jinhua 0.4910 0.4372 0.4330 0.4154 0.3983 0.4994 0.5093 0.4960 0.4527 0.5069
Lishui 0.5768 0.5227 0.5519 0.5271 0.5329 0.5606 0.5839 0.6125 0.5776 0.6460

Ningbo 0.4947 0.4268 0.4094 0.4317 0.5254 0.4926 0.4555 0.4585 0.5147 0.4558
Quzhou 0.5368 0.4575 0.4136 0.4421 0.3928 0.4919 0.5153 0.5448 0.4945 0.6207
Shaoxing 0.4831 0.4309 0.3856 0.3909 0.3993 0.4214 0.4258 0.4325 0.4183 0.4528
Taizhou 0.5710 0.5500 0.5287 0.5521 0.5019 0.5721 0.5544 0.5673 0.5813 0.5523

Wenzhou 0.5277 0.4701 0.4554 0.4940 0.4979 0.4864 0.4490 0.4549 0.4880 0.4781
Zhoushan 0.5961 0.5685 0.6248 0.6144 0.6103 0.5612 0.5555 0.5527 0.6030 0.4855

Table A4. Air quality evaluation score of cities in Zhejiang Province (July 2017 to April 2018).

July
2017

August
2017

September
2017

October
2017

November
2017

December
2017

January
2018

February
2018

March
2018

April
2018

Hangzhou 0.4126 0.4507 0.4128 0.4328 0.4504 0.4202 0.3729 0.4218 0.4232 0.4117
Huzhou 0.4207 0.4078 0.4189 0.4294 0.4619 0.4043 0.3914 0.4233 0.4285 0.4103
Jiaxing 0.3884 0.3918 0.4426 0.4472 0.4427 0.3954 0.3969 0.4259 0.4207 0.4069
Jinhua 0.4826 0.4730 0.4530 0.4131 0.4449 0.4535 0.4665 0.4382 0.4496 0.4523
Lishui 0.6025 0.6076 0.5461 0.4913 0.5623 0.5604 0.6296 0.5470 0.5723 0.5739

Ningbo 0.4949 0.4691 0.5208 0.5101 0.4259 0.4110 0.4422 0.4598 0.4330 0.4314
Quzhou 0.5285 0.5619 0.4675 0.4365 0.4150 0.5031 0.5472 0.4677 0.4696 0.4981
Shaoxing 0.4444 0.4474 0.4480 0.4994 0.4249 0.4007 0.4052 0.4459 0.4203 0.4146
Taizhou 0.6114 0.5367 0.5113 0.4940 0.5119 0.5258 0.4875 0.5026 0.5079 0.5099

Wenzhou 0.4934 0.4845 0.4858 0.5146 0.5259 0.5442 0.4817 0.5162 0.5188 0.5210
Zhoushan 0.5984 0.4899 0.5695 0.5788 0.5423 0.6000 0.6289 0.5857 0.5798 0.5989
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