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The priority of national development has always been economic development

during the recent decades in China, so a lot of energy consumption was needed

to support rapid economic development, accompanied by a number of

different air pollution emissions, including SO2, NO2 CO, and PM2.5. Based

on awareness of environmental protection and sustainable energy

development, researchers aimed to propose strategies to reduce the

amount of air pollution generation in China derived from intense

industrialization. The calculation of the correlation coefficient showed high

values, so the correlation of air pollutants is highly related. This study aimed to

realize the outcome of the implementation of air pollution reduction acts.

Therefore, the grey relational grade and grey entropy were used to analyze the

air pollution trend from 2013 to 2020 due to the specific function of the grey

theory. The results of this study showed that the curves of SO2, PM2.5, and CO

showed a clear decreasing trend. Furthermore, the SO2 curve still decreased in

the periods of 2018–2020. The most important index for air pollutants is

SO2 after the calculation of grey entropy, which corresponds to the fact that

the coal resource is the main energy source in the fossil fuel industries for

economic growth. However, the effects of these implementations regarding air

pollution reduction sufficiently control air pollution emission, especially

SO2 emission.

KEYWORDS

economic development, air pollution, grey relational grade, grey entropy, fossil fuel
industries

Introduction

During recent decades in China, the national development priority has always been

economic development, and high energy consumption was the main contributor to

supporting the rapid growth of economic development, accompanied by high emissions

of various pollutants (Khoshnevis Yazdi and Khanalizadeh, 2017; Jiang et al., 2020; Dong

et al., 2021; Li P et al., 2021). These pollutants were recognized as harmful to human

beings’ health, and air pollution belonged to one pollutant caused by energy consumption.

The coal resource was represented as an important energy source in many industries,

especially in fossil fuel industries, and various air pollution, including sulfur dioxide
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(SO2), nitrogen dioxide (NO2), carbon oxide (CO), carbon

dioxide (CO2), and particulate matter (PM), are generated

during the operational processes of fossil fuel industries.

Moreover, air pollution has become a critical problem based

on intense economic development in the past decades, and

environmental pollution has become the most serious

challenge in economic progress. The consumption cost from

resource depletion and environmental degradation has

approached one-tenth of gross domestic product (GDP) in

China during the past decade (Jin et al., 2016; Ma et al., 2020).

Air pollution emissions tended to be a serious problem due to

the fast development of the economic system in China during the

past decade, and one-tenth of GDP was consumed at the cost of

national resource depletion and environmental degradation (Ma

et al., 2020). Due to the awareness of environmental protection and

sustainable energy development, the researchers aimed to offer

strategies to reduce the generation of air pollution in cities of

China with intense industrialization (Sofia et al., 2020; East et al.,

2021; Huang et al., 2021). Therefore, the Chinese government

implemented air pollution reduction due to the intense impact of

air pollution on the living environment. In the past decade, two

significant policies have been launched to mitigate air pollution in

China: atmosphericpollution prevention (test) was first announced

in 2014 (Ministry of Ecology and Environment of the People’s

Republic of China, 2014), and the Environmental Protection Tax

Law was introduced in 2018 (State Taxation Administration, 2018).

The goal of atmosphericpollution prevention (test) was to focus on

the reduction of particulate matter, and the aim of the

Environmental Protection Tax Law was to target the tax charge

from the user.

Based on the situations of rapid economic growth, severe air

pollution, and the implementation of air pollutionmitigation policy,

this study aimed to observe the effects of these acts on air pollution

reduction by analyzing air pollution trends. The grey theory model

(Wen, 2004; You et al., 2012; You and Chen, 2014; Li Z et al., 2021)

was used to analyze air pollution, including SO2, NO2, CO, and PM,

from 2013 to 2020. Two useful methods from the grey theorymodel,

grey relational grade and grey entropy, were applied to analyze the

air pollution data. The results of these twomethods were available to

indicate the weighting range of these air pollutants. Consequently,

the results of this study could also be used to evaluate the efficacy of

air pollution reduction actions.

Literature review

Source of air pollution from China

The economic system of China belonged to a developing

country because its economic system progressed much later than

other countries around the world. However, China is rich in natural

resources due to its national territorial area, so the economic system

of China has the potential for rapid development. Therefore, the

massive consumption of natural resources resulted in the bombing

of economic and industrial developments, causing a great deal of

pollution generation during the past decades in China. The coal

resource is a useful and inexpensive natural energy resource inmany

applications (Jiang et al., 2020; Dong et al., 2021; Li P et al., 2021),

including the use of livelihoods, industrial use, power generation,

and the demand for military use, and energy in Asia can reach the

level of 80% while using fossil fuels with coal as the primary energy

source (Carmichael et al., 2002). The content of coal contained a

great amount of carbon, hydrogen, oxygen compounds, and a small

amount of sulfur and nitrogen complexes, so the combustion of the

coal resource generated various air pollution, such as CO, CO2, SO2,

NO2, and PM.

Air pollution mitigation policy

The Chinese government proposed the act of atmospheric

pollution prevention (Rauch and Chi, 2010) at the end of 2013 for

mitigation of air pollution. Furthermore, the Chinese

government introduced another act regarding the assessment

of atmosphericpollution prevention results (test) in 2014 (Feng

and Liao, 2016; Shi et al., 2016) for the evaluation of air pollution

prevention. This act was recognized as the most rigorous

outcome assessment of atmosphericpollution prevention due

to the intensely growing problem of severe air pollution. As a

result, this act aimed at the goal of 10%, 35%, and 65% reductions

in PM2.5 or PM10 in 2014, 2015, and 2016, and the effect

evaluation of the reduction actions was regulated in April 2017.

The Chinese government proposed the law “Environmental

Protection Tax Law of the People’s Republic of China” on 1 January

2018 to promote the reduction of emissions and industrial progress.

This law is broadly applied in various industries that emit pollutants

directly into the environment (Hu B et al., 2020; Li Z et al., 2021).

The law also regulated that no policy of return tax would be given

back to provincial governments after tax revenues have been

collected. However, it is difficult to charge pollution discharge

fees from many enterprises on time because there is a lack of

compulsory means. Companies are willing to proactively reduce

emissions only when the fee is higher than the company’s marginal

abatement cost of the company. Otherwise, these acts will tend to the

invalid allocation of resources and environmental problems (Hu X

et al., 2020).

Analysis of the trends of air pollution

There are many algorithms, such as machine learning

(Udemba et al., 2020; Mele and Magazzino 2020; Mele et al.,

2021; Magazzino et al., 2021a; Magazzino et al., 2021b;

Magazzino et al., 2022), panel threshold regression (Li P et al.,

2021), and grey theory model (Wen, 2004; You et al., 2012; You

and Chen, 2014; Li Z et al., 2021), applied to evaluate the trend or
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relationship of real-time issues. Moreover, each algorithm

acquires its own traits and weaknesses, so the trend or

relationship of data was based on the desired outcome. This

study focused on the weighting range of air pollution, so the grey

relational grade and grey entropy were fitted to analyze the

weighting range of the data.

Samples and methodology

Samples

This study aimed to understand the effects of acts on air

pollution reduction via analyzing air pollution trends, where air

pollution involved PM2.5, SO2, NO2, and CO, and the test periods

were 2013–2020. Our data was obtained from the National Bureau

of China and China Stock Market & Accounting Research

(CSMAR). Figure 1 shows air pollution in China from 2013 to

2020, and 2014 and 2018 are two index years for assessing the

efficacy of air pollution reduction acts. The Chinese government

introduced air pollution control policies to mitigate air pollution at

the end of 2013 (Jin et al., 2016) and then implanted the act

concerning effect evaluation of atmospheric pollution prevention

(test) in 2014 (Feng and Liao, 2016; Shi et al., 2016). Furthermore,

the Chinese government proposed another law of the

“Environmental Protection Tax Law of the People’s Republic of

China” at the beginning of 2018 for decreasing emissions of air

pollution and progressing industrial processes (Hu B et al., 2020; Li

P et al., 2021). Therefore, this study adopted the period of air

pollution from 2013 to 2020.

Statistic method

Statistical product and service solutions (SPSS) were used to

analyze air pollution in China from 2013 to 2020, and the basic

statistical descriptions of four air pollution using SPSS analysis

are shown in Table 1.

Conception of a grey theory model

The grey theory model was derived from fuzzy set theory,

proposed by Zadeh in 1965 (Zadeh,1965), and fuzzy set theory

was sequentially extended to various advanced models,

including fuzzy sets, fuzzy logic, fuzzy systems, and fuzzy

algorithms. Moreover, these algorithm models have been

broadly applied in several industries, such as scientific,

commercial, and consumer products, and in market

applications (Zadeh 1978; Zadeh and Klir, 1996; Zadeh

1999). Furthermore, some current methods combined with

fuzzy set theory were developed, involving genetic algorithms,

chaos, neural networks, belief networks, grey theory, and

rough set theory, to present correct and flexible

calculations in real-time issues (Wen, 2004; You et al.,

2012; You and Chen, 2014; You et al., 2017; Li Z et al.,

2021). The grey relational grade and grey entropy were two

useful algorithm methods of the grey theory model from the

study of Prof. Wen, the grey system (Wen, 2004), which were

applied in some published studies (You et al., 2012; You et al.,

2017; Li P et al., 2021), and these two algorithm methods were

introduced as follows.

Introduction of grey relational grade

The sequences xi � (x1(k), ·, ··, xi(k)) ∈ X exist in grey

relational space {P(X); Γ}, where k � 1, 2, 3,/, n ∈ N, i �
0, 1, 2,/, m ∈ I , and then Eq. 1 is depicted as follows:

FIGURE 1
Distribution of air pollution in China during 2013–2020.

TABLE 1 Descriptive statistics of air pollutants.

Variable PM2.5 SO2 CO NO2

Mean 57.238 24.078 1.044 40.786

Median 53.085 19.859 1.001 39.678

Std. deviation 19.372 16.908 0.238 8.151

Skewness 2.001 1.587 1.648 1.914

Kurtosis 4.570 2.695 3.402 4.835

Minimum 41.419 9.679 0.805 31.602

Maximum 101.247 60.167 1.562 59.306
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x0 � (x0(1), x0(2), ·, ··, x0(k))
x1 � (x1(1), x1(2), ·, ··, x1(k))
x2 � (x2(1), x2(2), ·, ··, x2(k))
..
. � ..

.

xm � (xm(1), xm(2), ·, ··, xm(k)),

(1)

If the index x0(k) is set as the reference sequence and the

other sequences are inspected as sequences of grey relational

grade, then these sequences are defined as “localization of grey

relational grade.” If each sequence xi(k) can be the reference

sequence, then it is called the “globalization grey relational

grade.” Figure 2 presents the pattern of general grey entropy

under the assumption of monotonic in the range (Wen, 2004;

You et al., 2012; You and Chen, 2014). Nagai’s grey relational

grade (Li and Zhao, 2016; Nelabhotla et al., 2016; Zuo et al., 2016)

was used in this study to analyze air pollution from 2013 to 2020.

Based on the assumption of monotonicity in the range, the peak

entropy value is 0.6478, and the normalization coefficient is

reciprocal to the peak entropy value (1/0.6478).

Mathematical model of grey entropy

The basic concept of grey entropy and a random number was

described as the following contents. A function was expressed as

fi: [0, 1] → [0, 1] , i � 1, 2, 3, ..., n , while a finite set “Â” existed

in the whole set, and this function would follow three conditions

listed as fi(0) � 0, fi(x) � fi(1 − x), and fi(x) Eq. (2) is

derived from the previous statements, while these three

conditions are monotonic in the range of x ∈ (0, 0.5).

d(A) � g⎡⎣∑n
i�1
cifiÂ(ui)⎤⎦, (2)

where

i) g(x) is monotonic in the range of [0, a] → [0, 1].
ii) ci is a real value to support Equation (2) transferring to

Equation (3) because of those abovementioned conditions.

iii) d(A) is determined as the entropy of the set Â.

a � ∑m
i�1
cifi(0.5). (3)

Based on the conditions mentioned earlier, the new entropy

is derived from the original entropy, which is called the grey

entropy, as depicted in Eq. (4).

W(Â) � 1
0.6478

∑m
i�1
We(Xi), (4)

where

i) The value of 1
0.6478, named the normalization coefficient,

originates in adopting c1 � c2 � c3 � ... � cm � 1 into

Equation (5), which is respective to the number of factors.

ii) The condition of W(x) satisfies with the following, W(x) �
[xe(1−x) + (1 − x)ex − 1].

There are seven steps in the grey entropy calculation process,

and these steps are shown below (You et al., 2012).

Set the sequences

where: i � 1, 2, 3, ..., m, k � 1, 2, 3, ..., n. (5)

2) Calculating the total sum of the attribute of each factor

Dk � ∑m
i�1
xk(i). (6)

Calculating the normalization coefficient

k � 1
0.6478 × m

. (7)

4) Calculating the entropy of each factor

ek � 1
0.6478 × m

∑m
i�1
We(xi(k)

Dk
). (8)

5) Calculating the sum of entropy

E � ∑n
i�1
ek. (9)

6) Calculating the relative weighting

FIGURE 2
Pattern of grey entropy under the assumption of
monotonicity in the range (Wen K. L. 2004; You M. L., 2017).
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λk � 1
m − E

[1 − ek]. (10)

7) Normalization of the weighting: the value βk is called the

weighting for each factor.

βk �
λk

∑n
i�1
λi

. (11)

Results and discussion

Basic statistical descriptions of air
pollution

Table 1 shows the basic statistical descriptions that include

mean, median, standard deviation, skewness, kurtosis, minimum

value, and maximum value of four air pollutants. The standard

deviation values of four air pollutants are small, where the

smallest value is the CO index, and the small standard

deviation value shows that the difference in most values from

2013 to 2020 is small. Furthermore, the mean of each factor is

significantly different from zero, and the mean values are higher

than their relative median values. The skewness of air pollution

shows positive values for all factors, and the distribution of the

kurtosis for air pollution also seems to be leptokurtic, except for

SO2. The entire trend of air pollution seems to decrease

monotonically during the overall periods, as shown in

Figure 1. Especially, the effects on air pollution reduction

present a significant outcome at the beginning of

implementing the acts. Table 2 shows the correlation

coefficient of air pollutants, and the coefficient values range

from 0.889 to 0.986. The correlation coefficient between PM2.5

and other factors was 0.946, 0.973, and 0.889 for SO2, CO, and

NO2, respectively. Most correlation coefficients have a high

value, so the correlation of air pollutants is highly related. As

a result, it is not possible to realize which factor most influenced

the outcome of the implementation of air pollution reduction

acts. However, the principle of the grey theory model aimed to

weight the range of factors, so the grey relational grade and grey

entropy were fitted to analyze the effects of each reduction of air

pollutants after policy implementation.

Results of grey relational grade analysis

The grey relational grade was based on the minimum value

principle to evaluate the relational grade of air quality from

2013 to 2020, where the minimum values of each factor were

used as the standard sequence, and the other values were set as

inspection sequences. Then, the abovementioned sequences

were applied in Eq. 1 to derive grey relational grade for each

year, as displayed in Table 3. The relational grade of each year

is classified as 2020, 2019, 2018, 2017, 2016, 2015, 2014, and

2013, from high to low value of the grey relational grade,

which represents the best and worst degree of air quality,

respectively, 2020 and 2013. As a result, air pollution will be

alleviated from 2013 to 2020 after implementing these acts

and tax policies regarding air pollution reduction. In addition,

Figure 1 also shows obvious decreasing curves from 2013 to

2020, and the decreasing degree is much more vivid in the

curves from 2014 to 2018, compared to the curves from

2018 to 2020. Furthermore, the decrease in the curves of

SO2, PM2.5, and CO is much clear when compared with the

curve of NO2. Additionally, the SO2 curve still decreases from

TABLE 2 Correlation coefficient of air pollutants.

PM2.5 SO2 CO NO2

PM2.5 1 0.946 0.973 0.889

SO2 0.946 1 0.986 0.955

CO 0.973 0.986 1 0.931

NO2 0.889 0.955 0.931 1

TABLE 3 Grey relational grade for each year.

Year/item Grey relational grade Rank

2013 0.0000 8

2014 0.6660 7

2015 0.7901 6

2016 0.8555 5

2017 0.8796 4

2018 0.9711 3

2019 0.9759 2

2020 1.0000 1

Note: max.Δ = 52.1595 and min.Δ = 18.3217.

Standard values χ0 = (PM2.5, SO2, CO, NO2) = (40 μg/m−3, 0.06, 4, and 0.04 ppm).

TABLE 4 Values of “attribute D” of four air pollutants.

χ1 χ2 χ3 χ4

101.247 60.167 1.562 59.306

63.949 34.016 1.136 42.178

56.376 26.893 1.081 39.897

50.718 21.914 1.029 39.459

47.317 17.803 0.972 40.397

41.419 12.174 0.845 36.528

41.425 9.679 0.805 36.923

55.452 9.977 0.924 31.602

Attribute D =

457.903 192.623 8.354 326.29

Note: normalization coefficient k = 0.3859.
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2018 to 2020, and the curves of other air pollution do not

decrease well from 2018 to 2020.

Results of grey entropy

Tables 4 and 5 show the middle values of the processing

through the calculation steps of the formula in grey entropy by

Kansei Engineering Toolbox. The relative weighting lambda for

PM2.5, SO2, CO, and NO2 was 0.2353, 0.3280, 0.2198, 0.1577, and

0.2169, respectively, depicting the effects of air pollutants ranging

from SO2 > PM2.5 >NO2 > CO. The most important index on air

pollutants is SO2 after the calculation of grey entropy, which

corresponds to the previous statements that the coal resource is

the main energy source in the fossil fuel industries for economic

growth. SO2 emission is one of the main sources of air pollution

during operational processes of the fossil fuel industries. The

necessary energy demand for economic growth in China induces

the broad use of fossil fuels in industrial processes, so nearly half

of the air pollutant comes from fossil fuel combustion.

Furthermore, Li et al. proposed that the combustion of coal

and gas is the second largest energy resource in Taiwan, resulting

in the top two effects of air pollution, SO2 and PM10, by using the

grey entropy calculation. The possible reason for the

abovementioned statement is that the Taiwanese government

launched a policy on nuclear power reduction after 2014, which

resulted in the increase of energy generation sources from coal

combustion, accompanied by a decline in nuclear power (Li Z

et al., 2021). As a result, the concentration of SO2 emission was

generally associated with the combustion of coal. However, the

Chinese government implemented these acts and tax policies on

air pollution reduction to alleviate air pollution emissions, and

the effects of these implementations sufficiently control air

pollution emissions, especially SO2 emissions.

Conclusion

Some studies indicate that atmospheric pollution in China has

improved accordingly after the implementation of air pollution

reduction acts (Feng and Liao, 2016; Han and Li, 2020). There are

many studies that deal with the trend or relationship among economic

development, environmental pollution effect, and relative

implementation of policies in countries around the world. As a

result, various algorithms were employed to evaluate the trend or

relationship of real-time issues. Regression was a common algorithm

to depict the correlation of various factors, and a grey theory model

was available to calculate the weighting range of different factors. This

study focused on the discussion of the most efficient air pollution

reduction acts after the introduction of acts of air pollution protection.

The correlation of air pollutants is highly related after

calculating the correlation coefficient due to high coefficient

values. However, the grey theory model is based on the

weighting range of air pollution, so results through the

analysis of the grey theory model are available to identify the

influenced effect of air pollution.

We used the grey relational grade and grey entropy to analyze

the air pollution trend from 2013 to 2020 to understand the efficacy

of implementation of acts and laws of air pollution reduction. The

results of this study showed that the curves of SO2, PM2.5, and CO

showed a much clear decreasing trend when compared with the

curve of NO2. Furthermore, the SO2 curve still decreased in the

periods of 2018–2020, and the curves of other air pollution did not

decrease well. The most important index on air pollutants is SO2

after the calculation of grey entropy, which corresponds to the

previous statements that the coal resource is themain energy source

in the fossil fuel industries for economic growth. SO2 emission is

one of the main sources of air pollution during operational

processes of the fossil fuel industries. The energy demand for

economic growth in China relied on coal energy, so nearly half

of the air pollutant is from fossil fuel combustion (Xie et al., 2016;

Miao et al., 2019; Zhu et al., 2019). However, the effects of these

implementations adequately controlled air pollution emissions,

especially SO2 emissions, after the Chinese government

implemented these acts and tax policies on the reduction of air

pollution to alleviate air pollution emissions.

The method of this study is available to apply in the discussion

of target issues and their relative factors. However, the results are

highly associated with the target issues and their relative factors in

the specific country. Therefore, the results and conclusions of this

study might not be acceptable in other countries around the world,

except China, due to the regionalism variation.

Future work

The implementation of air pollution reduction acts was

available to many contributors, including air pollution

mitigation, energy consumption reduction, manufacturing

TABLE 5 Weighted values of each factor using grey entropy.

PM2.5 SO2 CO NO2

0.175 0.2165 0.155 0.1518

0.1233 0.1485 0.1206 0.1156

0.111 0.1232 0.1157 0.1104

0.1015 0.1038 0.1111 0.1094

0.0956 0.0866 0.1058 0.1115

0.085 0.0614 0.0938 0.1024

0.085 0.0496 0.0899 0.1033

0.1095 0.0511 0.1013 0.0903

Entropy E =

0.8858 0.8408 0.8933 0.8947

Relative weighting lambda =

0.2353 0.328 0.2198 0.2169

Rank = 2 > 1 > 3 > 4
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process progress, green and recycled energy development,

environmental improvement, and economic growth, so there

were many aspects for observing the effects of policies

implemented on the abovementioned issues. Economic growth

is an interesting and practical topic for future work because the

economic system in China is large and closely related to other

financial systems around the world.
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