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Abstract: China’s current Air Quality Index (AQI) system only considers one air pollutant which has
the highest concentration value. In order to comprehensively evaluate the urban air quality of Jiangsu
Province, this paper has studied the air quality of 13 cities in that province from April 2015 to March
2018 based on an expanded AQI system that includes six major air pollutants. After expanding the
existing air quality evaluation standards of China, this paper has calculated the air quality evaluation
scores of cities in Jiangsu Province based on the six major air pollutants by using the improved Fuzzy
Comprehensive Evaluation Model. This paper has further analyzed the effectiveness of air pollution
control policies in Jiangsu Province and its different cities during the study period. The findings
are as follows: there are distinct differences in air quality for different cities in Jiangsu Province;
except for coastal cities such as Nantong, Yancheng and Lianyungang, the southern cities of Jiangsu
generally have better air quality than the northern cities. The causes of these differences include
not only natural factors such as geographical location and wind direction, but also economic factors
and energy structure. In addition, air pollution control policies have achieved significant results
in Nantong, Changzhou, Wuxi, Yangzhou, Suzhou, Yancheng, Zhenjiang, Tai’an and Lianyungang.
Among them, Nantong has seen the biggest improvement, 20.28%; Changzhou and Wuxi have
improved their air quality by more than 10%, while Yangzhou, Suzhou, and Yancheng have improved
their air quality by more than 5%. However, the air quality of Nanjing, Huai’an, Xuzhou, and Suqgian
has worsened by different degrees compared that of the last period within the beginning period,
during which Sugqian’s air quality has declined by 20.07% and Xuzhou's by 16.32%.

Keywords: air quality; air quality evaluation standards; AQI; Jiangsu province; fuzzy
comprehensive evaluation

1. Introduction

Since the reform and opening-up of China, with the rapid expansion in the size of its
economy, its ecological environment, especially air quality, has been facing serious threats [1-6].
Increasing energy consumption, the energy structure over-relying on primary energy sources (such as
coal) with low conversion efficiency and high pollution emissions, as well as the lack of environmental
awareness, have all contributed to the severe deterioration in China’s air quality [7-12]. In recent years,
China has experienced frequent heavy pollution weathers, especially in the eastern coastal region.
The devastating, long-lasting, and wide-ranging smog and haze phenomenon is typical proof of the
deterioration in air quality. Apart from its negative impact on traffic, the growing problem of air
pollution has also caused great loss to normal people’s daily life, health [13,14], and the operation and
production of enterprises, which has drawn great attention from the academic community [15-19].
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As the most economically developed province in the eastern coastal areas of China, Jiangsu
Province has also been seriously plagued by air pollution problems in recent years. According to
the “Jiangsu Province Environmental Bulletin” published by the Jiangsu Provincial Environmental
Protection Department every year, although the air quality of Jiangsu has improved since 2013, none
of its 13 cities has reached the Level II Air Quality Standards stated in China’s “Ambient Air Quality
Standards (GB3095-2012)” on air pollutants’ annual average concentration limits since 2013 (see Table 1
below) [20]. Moreover, the annual average concentration of NO; and O3 rebounded in 2017, and the
province’s air quality compliance rate decreased by 2.2% in that year [21].

Table 1. Annual Average Concentration of Major Air Pollutants and Air Quality Compliance Rate of
Jiangsu Province (2013-2017).

2013 2014 2015 2016 2017

PM, 5 (ug/m3) 73 66 58 51 49
PMyg (ng/m®) 115 106 96 86 81
SO, (ug/m?) 35 29 25 21 16
NO; (ug/m3) 41 39 37 37 39
CO (mg/m?) 2.1 1.7 1.7 1.7 1.5
03 (ug/m3) 139 154 167 165 177
Air Quality Compliance Rate in Jiangsu (%) 60.3 64.2 66.8 70.2 68.0
Number of Cities in Jiangsu that Reached Level II Air Quality Standards 0 0 0 0 0

Therefore, although the official statistics of Jiangsu Province’s air quality compliance rate have
improved in recent years [20], it is worth studying how to objectively evaluate the air quality and policy
effectiveness in Jiangsu Province, given that the emissions of major air pollutants are still increasing [22].

In recent years, the academic community has also carried out various explorations on the
measurement and evaluation of Jiangsu Province’s air quality. Wang et al. (2016) used the Logarithmic
Mean Divisia Index (LMDI) to analyze the driving factors of SO, emissions in Jiangsu Province,
and found that energy intensity is the main reason for the increase. They believe that the government
needs to determine specific emission reduction targets and policy initiatives according to the actual
energy structure of different cities [23]. Ge et al. (2017) used the Projection Pursuit Cluster (PPC)
Model to analyze the Social Vulnerability for Air Pollution of the Yangtze River Delta (YRD) region
represented by Jiangsu Province. By calculating the Social Vulnerability Index (SVI), they concluded
that Jiangsu’s SVI was higher than that of Shanghai [24]. He et al. (2018) studied the impact of
various factors including the industrial structure, energy consumption structure, and energy efficiency
on air quality in Jiangsu Province from 2006 to 2015, and further explored the impact of relevant
policies on energy consumption and air quality. Their study showed that every 1% optimization of
the industrial structure in Jiangsu Province would result in an improvement of 0.0054% in the Air
Quality Index [25]. Zhang et al. (2017) analyzed the spatial distribution of acid rain using the recent
data of acid rain and urban pollutant emissions in the eastern coastal areas. They concluded that since
2009, the increase of NH4 * and Ca?* has led to an increase in the number of haze days in Jiangsu,
and that the long-distance spread of pollutants and alkaline pollutants are key drivers of acid rain
and haze problems [26]. Xu et al. (2017) used the Structural Decomposition Analysis (SDA) method
to decompose the factors behind the increase of CO, emissions in Jiangsu Province. They pointed out
that the economic growth of Jiangsu Province has generally contributed to the increase of CO, emissions,
and that the transfers-out and investment effects are the main reason for the increase of CO, emissions [27].
Chen et al. (2017) studied the relations between short-term ozone exposure and daily total mortality
using a generalized additive model and univariate random-effects meta-analysis. By studying seven cities
in Jiangsu Province from 2013 to 2014, they concluded that there was a significant correlation between
premature total mortality and short-term ozone exposure [28]. Wang et al. (2017) divided the factors
reducing air pollution into three stages: source prevention, process control, and end-of-pipe treatment
based on index decomposition analysis and a whole process treatment perspective. After studying the
treatment of energy-related SO, emissions in 13 cities of Jiangsu Province, they divided these cities into
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4 types: the leading type, process-dependent type, end-dependent type, and lagging type. They also found
that the development pattern of “Pollute First, Govern Later” still has not fundamentally changed for
Jiangsu Province [29].

The above research on the air quality of cities in Jiangsu were still based on the existing air quality
measurement standards of China, and most of them only considered 1-2 major pollutants such as
PMj; 5 and PM;g. However, using only China’s current national air quality standards—Ambient Air
Quality Standards (GB3095-2012) and the Technical Regulation on Ambient Air Quality Index (HJ
633-2012)—it is difficult to make a comprehensive and objective assessment on the air quality of
Jiangsu Province in recent years. This is because, first of all, China’s current air quality assessment
standards essentially only involve one type of pollutant (the pollutant with the highest concentration
on the day), so it is difficult to fully reflect the overall air quality [30,31]. Secondly, China’s current
standards are only based on the average concentration value of each pollutant within a certain period
of time, so it is difficult to reflect the extreme concentration values of the pollutant and its fluctuations
in that period. Finally, the above standards were established in 2012, which set the upper limit of the
“24-h average PM;5” as 500 [30,31]. However, this limit can no longer adapt to the reality because
currently, the actual PM2.5 concentration values of many cities in China were far exceeding this upper
limit (i.e., off the charts) [32]. Under such circumstances, the current assessment of China’s air quality
is often simplified into vertical and horizontal comparisons of the PM; 5 statistics of different regions.

Therefore, based on above research, and drawing on the research of Cannistraro et al. (2016) [33],
this paper has constructed a comprehensive air quality evaluation system that encompasses the six
major pollutants (SO,, NO,, CO, PMjg, PM; 5 and Os) [30,31] covered in China’s national routine
monitoring and air quality assessment. Based on the statistics of the six air pollutants in cities of
Jiangsu Province from April 2015 to March 2018, this paper has also utilized the Fuzzy Comprehensive
Evaluation Model in order to measure and evaluate the air quality of various cities in Jiangsu Province,
and to enrich the existing academic literature on Jiangsu Province’s air quality. Scholars have adopted
new approaches to the evaluation of air quality in Jiangsu in recent years. Cao et al. (2018) studied the
air pollution caused by the exhaust gas from inland ships in the Jiangsu section of the Beijing-Hangzhou
Grand Canal. Their results indicated that dry cargo ships are the most important air pollution sources
in the Jiangsu section of the Grand Canal, while ships with a gross tonnage between 200 and 600 tons
had the largest exhaust gas emissions [34]. Yang et al. (2018) derived the Variogram Model using
the daily average concentration data of PM2.5 in the southern part of Jiangsu Province in 2014,
and generated the distribution information maps of pollutants in the southern area of Jiangsu with
help of the spatiotemporal ordinary kriging (STOK) technology. Their results showed that in 2014,
about 29.3% of the area in southern Jiangsu was polluted by PM2.5, which also showed a spatial
trend of the PM2.5 pollutants declining from the west to the east of southern Jiangsu [35]. This paper
decided to calculate and evaluate the air quality of Jiangsu by Fuzzy Comprehensive Evaluation Model.
Compared with other methods, the Fuzzy Comprehensive Evaluation Model describes the air quality
level of evaluation with the membership function, and can evaluate the parameters in the model,
which makes the results as close as possible to objective fact [36,37]. Moreover, this paper improves
the original model in order to better evaluate the air quality of Jiangsu on the basis of six pollutants
(please refer to Part 2).

The structure of this paper is as follows: Part 2 introduces the research methods used; Part
3 lists the calculation results; Part 4 analyzes the air quality of various cities of Jiangsu Province
since April 2015; Part 5 summarizes the findings in this paper and provides corresponding
policy recommendations.
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2. Methodology and Data

2.1. Improved Fuzzy Comprehensive Evaluation Model

The air quality evaluation system constructed in this paper includes six major air pollutants: SO,,
NO,, CO, PMyg, PM; 5, and Os. In this complex system, the evaluation of the air quality of each city
in Jiangsu Province is determined by these six pollutants. Therefore, in the calculation of air quality
evaluation scores, we first need to calculate the evaluation score of each pollutant, and then obtain the
overall air quality evaluation result of that city based on the evaluation scores of each pollutant. In the
actual evaluation process, in order to deal with the uncertainties of a complex systems containing six
major pollutants of SO,, NO,, CO, PM;g, PM; 5, and Og, this paper has made a few improvements to
the Fuzzy Comprehensive Evaluation Model commonly used in academic circles [38—42] in order to
reduce the uncertainty of this evaluation system. The specific steps are as follows:

A city’s air quality evaluation object P. U = {uy,uy, - - - ,uy } represents a set of pollutant indicators
related to this evaluation object P. For each pollutant, there is a Rating Set V = {v1,v2,- -+, U }.
After making a fuzzy evaluation on the Rating Set of each pollutant in U, this paper has obtained (1) the
fuzzy evaluation matrix about # factors:

Rq 11 12 e T1n
Ry 21 2 e T2
Ry Tm1 'm2 e T'mn

where 7 is determined by the membership function. The calculation steps are as follows.
Equations (2)-(4):

(1) Rating Level 1:
0 ri > Upp
ri—v;
ra(ri) = —shag Vit <1i < Vi )
1 ri < Uil
(2) Rating Level j:
0 ri < 01,1 2 Vijg
Ti7vij1 y ) 3y
rz-]-(rl-) = %051 vij—1 < t; < 0jj (3)
Ti T Vij . . .
_'Ui/'+1_771/ 01]71 <r < Ul]+1
(3) Rating Level n:
0 ri < Oin
Ti—0Vip—
Fin(1i) = 4 7=t Vin—1 <71 < Uiy (4)
1 i 2 Uiy

The element r;; in the above matrix represents the fuzzy membership degree of the factor u;
with regard to the rating v;, that is, a fuzzy relationship from U to V; thus, the determined (U, V, R)
constitutes a Fuzzy Comprehensive Evaluation Model.

In order to calculate the comprehensive evaluation value of different cities” air quality, it is also
necessary to determine the weight of each factor. Since the degree of harm of the six pollutants has
not yet been uniformly quantified, we weigh all pollutants equally in the calculation. Let the weights
be W = {w;y,ws,--- ,w,}, which denotes the weight of each indicator, and satisfies the condition
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n

Y. w; = 1. By using the matrix and vector algorithm, this paper can obtain Fuzzy Evaluation Set B
i=1
with the following Equation (5):

11 r2 Tt T'in
21 T2 e T2n T

B:WXRT: . . . . ><[w1,w2,~~,wn] :[blleI"'/bm] (5)
Tm1 "'m2 s TYmn

Finally, based on the principle of maximum membership degree, this paper can obtain a
comprehensive evaluation value of different cities’ air quality by analyzing the Fuzzy Evaluation Vector
B: in this Fuzzy Evaluation Set B = (b1, by, - - - , by ), let b; be the membership degree of Level v; to this
Fuzzy Evaluation Set B. Let M = max(by, by, - - - , b)), M’s value represent the Fuzzy Comprehensive
Evaluation Score of the evaluation object, i.e., the comprehensive evaluation value of the air quality of
the city. Ranging from 0 to 1, the larger the M’s value, the better air quality of the city; the smaller the
M'’s value, the worse the air quality.

2.2. Data Sources

In February 2015, the Jiangsu Provincial People’s Congress officially published the “Regulations
on the Prevention and Control of Air Pollution in Jiangsu Province”, which was officially implemented
from March 2015 [43]. As the first local regulation reviewed and approved by the Jiangsu Provincial
People’s Congress since 2001, this regulation has gone through four rounds of review, which was
a record in the local legislation of Jiangsu Province [22]. This regulation strictly stipulates the
acquisition and disclosure of air pollution monitoring data, the development and publication of
the heavy-pollution industrial projects list, as well as the enforcement actions including rectification,
production restriction, production suspension, and closure, which provided effective local regulatory
guidance on air pollution control to different cities of Jiangsu Province [43]. In March 2018, the second
meeting of the Standing Committee of the 13th People’s Congress of Jiangsu Province adopted a
resolution to formally amend the regulations [44].

This paper has selected April 2015 to March 2018 as the study period, which was after the
regulations were first implemented but before the amendment took place in order to analyze the
influence and effectiveness of this regulation based on the six major air pollutants. This paper’s
calculation is based on the monthly air quality and pollutant monitoring data published by the
Data Center of China’s Ministry of Environmental Protection and China’s National Environmental
Monitoring Center, covering the monthly average concentration data of six major pollutants, i.e., PM; 5,
PMjy, CO, NO,, O3, and SO, [45,46].

3. Results

By adopting the Fuzzy Optimization Theory introduced in Part 2.1, this paper has calculated the
air quality evaluation results for 13 cities in Jiangsu Province from April 2015 to March 2018 based on
the aforementioned air pollutant data (as shown in Tables 2-5 and Figures 1-4 below).
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Table 2. Air Quality Evaluation Score of Cities in Jiangsu Province (April 2015-December 2015).

April 2015 May 2015 June 2015 July 2015 August 2015 September 2015 October 2015 November 2015 December 2015

Nanjing 0.5078 0.4561 0.4464 0.5025 0.4522 0.4712 0.4796 0.5141 0.5031
Nantong 0.5023 0.5110 0.4219 0.4226 0.4595 0.4774 0.4991 0.5425 0.5281
Sugian 0.5671 0.5598 0.4169 0.5073 0.5027 0.5209 0.4746 0.4360 0.4499
Changzhou 0.4251 0.4412 0.5918 0.4965 0.5023 0.4711 0.5129 0.5460 0.4783
Xuzhou 0.4354 0.3811 0.4156 0.5256 0.5413 0.5015 0.4517 0.4554 0.4719
Yangzhou 0.4622 0.4152 0.4165 0.4605 0.4659 0.4731 0.5067 0.5417 0.5522
Wuxi 0.4409 0.4820 0.4952 0.4847 0.4541 0.4278 0.5235 0.5389 0.4879
Tai’an 0.5000 0.4869 0.3814 0.4362 0.4872 0.4746 0.4466 0.5039 0.5069
Huai’an 0.5363 0.5268 0.4034 0.5267 0.5125 0.5612 0.5049 0.5295 0.4825
Yancheng 0.5172 0.5781 0.4812 0.5224 0.5149 0.5674 0.5297 0.5416 0.5152
Suzhou 0.4939 0.4987 0.5106 0.4928 0.4620 0.4509 0.5419 0.5614 0.5243
Lianyungang 0.5527 0.5319 0.4431 0.4999 0.5145 0.5087 0.5427 0.5195 0.4630
Zhenjiang 0.4478 0.4901 0.3907 0.4126 0.4321 0.4375 0.5113 0.5202 0.5232

Table 3. Air Quality Evaluation Score of Cities in Jiangsu Province (January 2016-September 2016).

January 2016 ~ February 2016 March 2016 ~ April 2016 May 2016 June 2016 July 2016 August 2016 September 2016

Nanjing 0.5017 0.5163 0.4603 0.5163 0.4329 0.4763 0.4889 0.3910 0.4528
Nantong 0.5490 0.5354 0.5671 0.4766 0.4709 0.4742 0.4229 0.5417 0.5318
Sugian 0.4550 0.4272 0.4795 0.5459 0.6062 0.5217 0.5450 0.5195 0.5080
Changzhou 0.5114 0.4952 0.4439 0.4836 0.4601 0.4782 0.4688 0.4450 0.4958
Xuzhou 0.4226 0.4517 0.4518 0.4337 0.4692 0.4708 0.5016 0.4610 0.4870
Yangzhou 0.5316 0.5409 0.4953 0.5111 0.4650 0.5004 0.4484 0.5064 0.5171
Wuxi 0.5212 0.5380 0.4838 0.4485 0.4538 0.5090 0.4596 0.4541 0.4975
Tai’an 0.5124 0.4549 0.4397 0.4915 0.4743 0.4753 0.4302 0.5111 0.4970
Huai’an 0.4966 0.4833 0.4704 0.4948 0.5083 0.4862 0.5006 0.5470 0.5037
Yancheng 0.5021 0.5167 0.5509 0.5418 0.5691 0.5510 0.5927 0.6346 0.5506
Suzhou 0.5570 0.5409 0.5577 0.5176 0.4904 0.4983 0.4752 0.4927 0.5089
Lianyungang 0.4655 0.5381 0.5253 0.4592 0.5008 0.4927 0.5721 0.5498 0.4982

Zhenjiang 0.5190 0.4876 0.4867 0.5554 0.5202 0.5281 0.4402 0.4188 0.4846
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Table 4. Air Quality Evaluation Score of Cities in Jiangsu Province (October 2016—June 2017).

October 2016 November 2016 December 2016  January 2017  February 2017 March 2017 April 2017 May 2017 June 2017

Nanjing 0.4996 0.5976 0.5778 0.5359 0.5573 0.5393 0.5328 0.5593 0.4724
Nantong 0.5831 0.5627 0.6058 0.6149 0.5783 0.5556 0.4985 0.5737 0.4972
Sugian 0.5225 0.5059 0.5055 0.4737 0.4633 0.5306 0.5044 0.4556 0.4465
Changzhou 0.5355 0.5471 0.5404 0.5477 0.5160 0.5265 0.5196 0.5768 0.4594
Xuzhou 0.3773 0.4003 0.3694 0.3725 0.4045 0.4091 0.4556 0.3653 0.3874
Yangzhou 0.5447 0.4927 0.5354 0.5100 0.4575 0.4707 0.4835 0.5255 0.4291
Wuxi 0.4925 0.5243 0.5466 0.5630 0.5632 0.5453 0.5096 0.5667 0.4786
Tai’an 0.5403 0.4616 0.5403 0.5231 0.4827 0.5140 0.4887 0.5428 0.4628
Huai’an 0.5623 0.5181 0.5180 0.5148 0.4980 0.5200 0.4773 0.5208 0.4634
Yancheng 0.5602 0.5527 0.5951 0.5432 0.5130 0.5170 0.5319 0.6203 0.5707
Suzhou 0.5074 0.5637 0.5360 0.5926 0.5615 0.5358 0.4805 0.5951 0.5641
Lianyungang 0.5097 0.4891 0.5521 0.5265 0.5374 0.5189 0.5390 0.5645 0.5893
Zhenjiang 0.5719 0.5598 0.5724 0.5352 0.4760 0.4841 0.5111 0.5376 0.4572

Table 5. Air Quality Evaluation Score of Cities in Jiangsu Province (July 2017-March 2018).

July 2017 August 2017 September 2017 October 2017 November 2017 December 2017  January 2018  February 2018 March 2018

Nanjing 0.4905 0.5343 0.5277 0.5377 0.5249 0.4723 0.4189 0.4983 0.4879
Nantong 0.3523 0.4103 0.4970 0.6436 0.5820 0.5737 0.6621 0.6210 0.6042
Sugian 0.5265 0.4668 0.5104 0.4812 0.4841 0.4722 0.3686 0.4575 0.4533
Changzhou 0.4253 0.4587 0.4998 0.5359 0.5206 0.4471 0.4539 0.4987 0.4882
Xuzhou 0.4723 0.4301 0.4060 0.3263 0.3928 0.3759 0.3133 0.3469 0.3644
Yangzhou 0.3598 0.4609 0.5262 0.5650 0.4818 0.5013 0.5240 0.5274 0.5033
Wuxi 0.4320 0.4637 0.4931 0.5254 0.5136 0.4806 0.4867 0.5063 0.5002
Tai’an 0.4414 0.5191 0.5353 0.5949 0.5144 0.5005 0.5201 0.5450 0.5189
Huai’an 0.5172 0.5342 0.5391 0.4978 0.4988 0.4858 0.4860 0.4933 0.4925
Yancheng 0.5404 0.5642 0.5101 0.6055 0.5517 0.5234 0.5637 0.5700 0.5521
Suzhou 0.4595 0.4800 0.5303 0.5579 0.5500 0.5039 0.5270 0.5393 0.5340
Lianyungang 0.6237 0.5682 0.5865 0.5468 0.5778 0.5896 0.5184 0.5559 0.5639

Zhenjiang 0.4094 0.4624 0.4674 0.5283 0.4669 0.4650 0.4612 0.4900 0.4700
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Figure 1. Air Quality Evaluation Score of 13 Cities in Jiangsu Province (April 2015-December 2015).
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Figure 2. Air Quality Evaluation Score of 13 Cities in Jiangsu Province (January 2016-September 2016).
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Figure 3. Air Quality Evaluation Score of 13 Cities in Jiangsu Province (October 2016-June 2017).
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Figure 4. Air Quality Evaluation Score of 13 Cities in Jiangsu Province (July 2017-March 2018).

4. Discussions

9of 16

Based on the air quality evaluation scores of various cities in Jiangsu Province from April 2015 to

March 2018, this paper concludes that:

(1) Although none of the cities in Jiangsu Province has reached the Level II Air Quality Standards
stated in China’s “Ambient Air Quality Standards (GB3095-2012)” on air pollutants” annual average
concentration limits within the study period [20,30], the lowest air quality evaluation score in the study
period was that of Xuzhou in January, 2018 (0.3133), which was much higher than 0. Moreover, most
cities” air quality scores ranged between 0.4-0.6 in the study period, which indicates that the overall air
quality of Jiangsu cities was quite good. This is also why the Chinese central government, especially
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the Ministry of Environmental Protection, didn’t enforce intensified air pollution control policies (such
as those on the Beijing-Tianjin-Hebei region) on Jiangsu Province.

(2) However, there are still some concerns regarding the air quality of cities in Jiangsu Province,
such as:

o  Although the air quality of the three coastal cities, Jiangsu-Nantong, Yancheng, and Lianyungang,
was quite good during the study period—especially Nantong, whose air quality score has ranked
top one among all Jiangsu cities for 5 months during the six months from October 2017 to March
2018—there have been large seasonal fluctuations in these cities” air quality. Taking Nantong as
an example, according to the statistics of Jiangsu Provincial Academy of Environmental Science,
in terms of the pollution sources of the six major air pollutants, local pollution sources accounted
for 51%-73% (average 62%). In terms of the types of the pollution sources, coal burning accounts
for the largest proportion, 26%; mobile pollution sources account for 24%; industrial pollution
sources account for 23%, dust pollution accounts for 18%,; other “scattered pollution” sources
account for 9% [47]. Therefore, although Nantong has adopted a series of control measures
in order to improve air quality, including the 39 so-called “strictest in history” relocation (or
closure) projects targeting heavy pollution companies that were completed by the end of 2017 [48],
its air quality during summers is still quite poor due to the impact of mobile pollution sources
and dust pollution, resulting in significant fluctuations in air quality. In addition, although
Yancheng’s air quality ranked top among Jiangsu cities for four consecutive years according
to official statistics, taking all the six major air pollutants into consideration, Yancheng’s air
quality has also experienced large fluctuations during the study period. Taking the factors of
geographical location and wind direction into account, the air pollution in these three cities is
greatly affected by the wind in offshore waters. Because of stronger winds in southern Jiangsu
compared with the northern regions, the air quality of Nantong, which is located in the south,
is generally better than that of Yancheng and Lianyungang in the north. Due to the clear seasonal
pattern in wind direction in coastal areas of Jiangsu Province (east to southeast during spring
and summer, and northerly winds in autumn and winter) and stronger winds during winter
compared with that of summer [49], the air pollutants would linger for a long time above these
three cities in summertime due to weaker east and southeast wind than in winter, resulting in
worse air quality during summer than in winter.

e  Thereis a clear difference in the air quality of different cities in Jiangsu Province; except for coastal
cities, the air quality of southern cities in Jiangsu is generally better than that of the northern
cities. During the study period, the air quality of southern cities (such as Suzhou, Wuxi and
Changzhou) is generally better than the northern cities (represented by Xuzhou, Sugian and
Huai’an). The reasons for this are, on the one hand, Suzhou, Wuxi, and Changzhou enjoy better
economic condition and are less dependent on heavy-pollution energy sources such as coal. On the
other hand, these cities have adopted low-carbon and energy-saving policies. Taking Suzhou as
an example, it successfully decreased the energy consumption per unit of industrial production to
0.917 tons of standard coal per 10,000 yuan in 2010, and its total energy consumption per unit
of GDP has also dropped from 1.043 tons of standard coal per 10,000 yuan of GDP in 2005 to
0.824 in 2010, with an average annual decrease of 4.87% [50], which has laid a good foundation
for further implementation of air pollution control policies. In the above comparison, the GDP
values are inflation-adjusted. While looking at the northern cities of Jiangsu Province, Xuzhou
has long relied on coal resources, and there were once more than 250 coal mines in the city. As of
2017, 70% of the mountains in Xuzhou have suffered severe damage, and there are, in total,
381,900 mu of coal mining subsidence land in the city [51], which has not only caused serious air
pollution, but has also caused severe damage to land resources. From 2010 to 2015, in the energy
consumption structure of industrial companies of Sugian City, coal has taken a proportion of over
70%. In 2016, industrial smoke and dust emissions mainly from coal burning accounted for 46%
of the city’s total exhaust gas emissions [52]. Hua’an’s average annual standard coal consumption
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has increased by nearly 10% since 2008, and coal has taken the largest proportion in its energy
structure, almost reaching 65% in 2015 [53].

(3) During the study period, the cities adopted a series of air pollution control policies based on

the “Regulations on the Prevention and Control of Air Pollution in Jiangsu Province”. These policies
have shown different effects in different cities with regard to the changes in air quality evaluation
scores. More specifically:

Despite differences in effectiveness, the air pollution control policies have achieved improvements
in the nine cities, i.e., Nantong, Changzhou, Wuxi, Yangzhou, Suzhou, Yancheng, Zhenjiang,
Tai’an, and Lianyungang. Among them, Nantong’s air quality has seen an improvement of
20.28% when comparing that of the ending period (March 2018) to that of April 2015, when
the air pollution control policies were first implemented. Changzhou and Wuxi have improved
their air quality by more than 10%, while Yangzhou, Suzhou, and Yancheng have improved
theirs by more than 5%. These cities have all initiated their own pollution control policies with
local characteristics based on the “Regulations on the Prevention and Control of Air Pollution
in Jiangsu Province”. For example, Nantong has actively promoted the relocation of heavily
polluting companies out of its main urban zones, carried out pilot projects for the ultra-low
emission transformation of coal-fired power plants, and upgraded the standards for smoke
and dust emissions from cement industries and coal-fired boilers [48]. By the end of 2017,
the relocation and transformation of all heavily polluting companies in Nantong’s central urban
area (Chongchuan District) has been completed [54]. Wuxi City has shut down three coal-fired
power plants in its urban area, completed the rectification of more than 1200 small coal-fired
boilers in its main urban area and subordinate counties, and implemented ultra-low emission
transformation for eight large coal-fired power units in the city [55]. Suzhou and Yancheng have
also formulated and implemented their annual work plan for air pollution prevention and control
based on the “Regulations on the Prevention and Control of Air Pollution in Jiangsu Province”,
as well as the characteristics of their own pollutants and industrial structure [56,57], which has
achieved remarkable results. Meanwhile, although Yangzhou's air quality has improved by 8.89%
at the ending period compared with that of the beginning period, there has been clear decline since
May 2017. According to the official environmental quality report issued by Yangzhou Municipal
Government, the proportion of days with good air quality in Yangzhou City from January to
September 2017 was 59.7%, down 12.2 percentage points year-on-year; meanwhile, the indicators
on PM; 5, PMyg, O3, and NO; have all exceeded the standards by varying degrees [58]. The reason
behind is that although Yangzhou has formulated the annual work plan for air pollution
prevention and control, the implementation of the work plan has not been detailed enough
since the end of 2016, resulting in a decline in air quality in 2017. After realizing this problem,
Yangzhou local government revised and approved the “Yangzhou City Heavy Air Pollution
Early Warning and Emergency Plan” in October 2017, included 31 high-emissions companies
in the municipal-level key emission monitoring list, and incorporated the heavy air pollution
warning and emergency response into the environmental performance evaluation of the CPC and
local government leaders under a system of responsibility and accountability [59]. In December
2017, the provincial-level inspection team for air pollution prevention and control set up by the
Jiangsu Provincial Environmental Protection Department officially started their one-month on-site
inspection of Yangzhou [60]. As such, Yangzhou's air quality has shown clear improvements
since January 2018.

The air quality of Nanjing, Huai’an, Xuzhou and Sugian has shown different degrees of decline
when comparing their ending score with the beginning score. Among them, Suqian’s air quality
has declined by 20.07%, and Xuzhou'’s by almost 20% (16.32%). The reason for this is that, on the
one hand, for historical and geographical reasons, these cities rely more on coal burning in
terms of energy structure and have more heavy-pollution companies. Taking Nanjing as an
example, in the study on pollution sources of key monitoring cities for air pollution prevention
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and control completed by China’s Ministry of Environmental Protection in 2015, the primary
pollution source of Beijing, Hangzhou, Guangzhou, and Shenzhen is motor vehicles, while that of
Nanjing and Shijiazhuang is coal burning. The biggest consumers of coal in Nanjing are the four
high-energy-consumption industries of electricity, steel, petrochemicals, and cement. From 2015 to
2016, Nanjing’s total coal consumption exceeded 35 million tons, its sulfur dioxide emissions per
unit of GDP ranked top one among sub-provincial cities, and its average chemical oxygen demand
(COD) emissions ranked second [61]. As discussed above, the energy structure of Xuzhou, Suqian,
and Huai’an also relies heavily on coal combustion. A major action to control air pollution by
Xuzhou is to gradually transform the mining area into ecological parks, such as the ecological
restoration project of coal mining subsidence areas around Pan’an Lake in the Jiawang District
which was completed in 2017. This was the comprehensive project with the largest individual
investment in Jiangsu Province since the establishment of People’s Republic of China, covering
17,400 mu [62]. In addition, the fluctuations and decline in these cities” air quality is also partly
due to the dust and smog spread from northern China since October 2017. With the cold air in
northern China moving southward, the dust and smog in northern China has intensified the air
pollution in these four non-coastal cities in northern Jiangsu, especially in 2018 [63-66].

5. Conclusions

This paper has studied the air quality of 13 cities in Jiangsu Province from April 2015 to March
2018 based on an expanded AQI system of six major air pollutants. After expanding the existing air
quality evaluation standards of China, this paper has calculated the air quality evaluation scores
of various cities in Jiangsu based on the six major air pollutants by using the improved Fuzzy
Comprehensive Evaluation Model. This paper has further analyzed the effectiveness of air pollution
control policies in Jiangsu Province and its different cities during the study period. The conclusions are:
there are distinct differences in air quality of different cities in Jiangsu Province; except for the coastal
cities such as Nantong, Yancheng and Lianyungang, the southern cities of Jiangsu generally have
better air quality than the northern cities. Apart from natural factors such as geographical location,
economic conditions and energy structures are also important causes of this situation. In addition,
air pollution control policies have achieved significant results in the cities of Nantong, Changzhou,
Wuxi, Yangzhou, Suzhou, Yancheng, Zhenjiang, Tai’an, and Lianyungang. Among them, Nantong has
achieved the biggest improvement, i.e., 20.28%; Changzhou and Wuxi have improved their air quality
by more than 10%, while Yangzhou, Suzhou and Yancheng have improved theirs by more than 5%.
However, the air quality of Nanjing, Huai’an, Xuzhou, and Sugian has declined by different degrees
when comparing that of the last period with the beginning period: Sugian’s air quality has declined by
20.07%, while Xuzhou's has declined by 16.32%.

Based on above findings, this paper provides the following policy recommendations in order to
further improve air pollution control of Jiangsu Province.

(1) Fundamentally change the energy structure of Jiangsu cities that are overly-reliant on coal
combustion (especially the northern cities) with the latest revision and implementation of the
“Regulations on the Prevention and Control of Air Pollution in Jiangsu Province” in April 2018 [44].
Establish long-term treatment measures against air pollution through industry upgrade and
technological advancement in order to achieve a long-term and stabilized pollution control
performance as well as to minimize the cyclical fluctuations of air quality, and ensure the
sustainability in air pollution control.

(2) Take advantage of the trend of regional economic integration of the YRD region and integrate the
formulation and implementation of air pollution control policies in Jiangsu Province. Since 2015,
there haven’t been many integrated measures for air pollution control by Jiangsu Province
except the “Regulations on the Prevention and Control of Air Pollution in Jiangsu Province”.
Therefore, under the overall trend of regional economic integration in the YRD region, it is
suggested that Jiangsu Province further improve the information sharing and decision-making
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®)

mechanism for air pollution control and treatment among its different cities by using various air
pollution control programs such as the “Yangtze River Delta Regional Air Quality Improvement
and Treatment Program (2017-2020)" [67], “Key Emphasis in the Cooperation of Yangtze River
Delta Regional Air Pollution Prevention and Control (2018)” [68], etc. and by learning from
the successful experience of Shanghai, Anhui, and other provinces, in order to fully realize the
integration of air pollution control policies in the province.

It is necessary to fully consider the local differences in air pollution of various cities of Jiangsu
Province, and make targeted pollution control policies based on coordinated work and different
characteristics of each city’s air pollution sources and industrial structure. For northern cities
such as Xuzhou, Sugian and Huai’an, it is necessary to change the energy structure which is
overly-reliant on coal, to strictly restrict the number of new coal mining and coal-fired plants
construction projects, and to prohibit various types of loose coal combustion while accelerating
the development of clean energy. For cities such as Suzhou, Wuxi, and Changzhou, it is necessary
to further improve and optimize the public transportation system, and strictly control the number
of motor vehicles in order to curb the growth of mobile pollution sources.
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