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Abstract: Excessive particle concentrations during heating periods, which greatly affect people’s
physical and mental health and their normal lives, continue to be a concern. It is more practical
to understand and analyze the relationship between the fractal dimension and particle size con-
centration distribution of atmospheric particulate matter before and after adjusting heating energy
consumption types. The data discussed and analyzed in this paper were collected by monitoring
stations and measured from 2016 to 2018 in Xi’an. The data include fractal dimension and particle size
concentration changes in the atmospheric particulate matter before and after adjusting the heating
energy consumption types. The results indicate that adjusting the heating energy consumption types
has a significant impact on particulate matter. The average concentration of PM; 5 decreased by
26.4 ng/m3. The average concentration of PMy decreased by 31.8 pg/m3. At the same time, the
different particle sizes showed a downward trend. The particles ranging from 0.265 to 0.475 um
demonstrated the maximum decrease, which was 8.80%. The heating period in Xi’an mainly involves
particles ranging from 0 to 0.475 pm. The fractal dimensions of the atmospheric particulate matter
before and after adjusting the heating energy consumption types were 4.809 and 3.397, respectively.
After adjusting the heating energy consumption types, the fractal dimension decreased by 1.412. At
that time, the proportions of particle sizes that were less than 1.0 um, 2.0 um, and 2.5 pm decreased by
1.467%, 0.604%, and 0.424%, respectively. This paper provides new methods and a reference value for
the distribution and effective control of atmospheric particulate matter by adjusting heating energy
consumption types.

Keywords: adjusting heating energy; emissions; particles; application of fractals; fractal dimension

1. Introduction

The frequent occurrence of a high concentration of pollutants during the heating
season has always been a topic of concern [1]. Related studies have shown that, in recent
years [2], the concentration of pollutants exceeding the standard during the heating season
in China has been increasing year by year. Cities such as Shijiazhuang and Xi’an are
currently two of the major cities in China where smog occurs frequently [2,3]. Living in
this environment for a long time can cause varying degrees of harm to the human body [4].
Therefore, it is important to effectively control the concentration of pollutants during the
heating season.

Various countries around the world have adopted relevant policies and methods
to control the concentration of pollutants in the environment [5-8]. The World Health
Organization’s air quality guidelines provide mid-term goals, with the targets for levels
1 to 4 of PM; 5 being 75, 50, 37.5, and 25 ug/ m?3. The targets for levels 1 to 4 of PM;g are
150, 100, 75, and 50 pg/ m?3 [5]. Other countries have also formulated relevant standards
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based on their own situations [6,7]. China has formulated the “Environmental Air Quality
Standard” based on its current development situation [8], outlining a first-level standard of
35 ug/m?3 for the daily average concentration limit of PMy 5, with a secondary standard
of 75 ug/m?3. The first-level standard for the daily average concentration limit of PMyj
is 50 pg/m?3, with a secondary standard of 150 pg/m?>. The first-level standard and the
second-level standard represent good air quality and poor air quality, respectively. The
first-level standard refers to strict pollutant limits [8]. It is often used when there is a need to
ensure a sterile indoor environment or when there are extremely high control requirements
for indoor particulate matter pollution concentrations, specifically in clean rooms, wards,
dust-free workshops, production lines, etc. The second-level standard refers to relatively
relaxed pollutant limits [8], which can meet people’s daily needs without the need to
achieve 100% indoor-particulate-matter-free conditions. Specifically, it applies to places
such as residential buildings, shopping malls, schools, airports, and libraries. Of course,
this standard can also be used to meet the control needs for the indoor environmental
hygiene of different personnel according to their actual requirements.

In addition, with the formulation and implementation of relevant policies, scholars
from various countries have also conducted relevant research on the concentrations of
particulate matter in the atmosphere [9-13]. The main focus has been on the source and
composition of particulate matter [9], the harm caused by particulate matter [10], the
distribution differences of particulate matter [11], and the correlation between particulate
matter and other pollutants [12,13]. In addition, some research has been conducted on
the distribution of particulate matter during the heating season. Although some research
results have been achieved in this area, there is still a lack of research on the differences
in the quantity, concentration, and particle size distribution of atmospheric particulate
matter under the adjustment of heating energy consumption. The main reason for this
is that the distribution of particulate matter during the heating season is influenced by
many factors, such as the combustion of fossil fuels, differences in heating temperature and
duration, and subjective factors [14,15]. Adjustments to heating methods and energy use
can directly or indirectly affect the distribution of particulate matter [16], thereby requiring
continuous research on atmospheric particulate matter during the heating season. For
example, the transition from radiation heating to underfloor heating results in a relatively
more concentrated heating temperature and better heating efficiency [17], which does not
cause significant local temperature differences but still has a significant impact on the
distribution of small particles. The heating mode has changed from individual heating
to centralized heating, reducing the particulate matter emissions generated by individual
households for heating [18]. At the same time, it has also reduced energy waste caused by
incomplete combustion. Centralized heating also maintains a specific heating temperature
in households, and centralized combustion reduces energy consumption and pollutant
emissions. In addition, the transition from fossil fuel combustion heating to new energy
sources such as electricity and natural gas for heating has resulted in an overall reduction
in particulate matter emissions at the source [19], thereby promoting continuous research
on atmospheric particulate matter during the heating season.

Moreover, due to the significant impact of low outdoor temperatures during the heat-
ing season, there may also be differences in particulate matter in the environment [20].
Relevant studies suggest that particulate matter in the atmosphere exists in multiple
forms [20,21], and during the heating season, the probability of coagulation with partic-
ulate matter produced by fossil fuels increases [22], resulting in certain differences in its
related characteristics and motion trajectories compared to those during the non-heating
season [20]. According to [23], there are significant differences in the morphology of par-
ticulate matter during the heating season compared to the non-heating season, and there
are more significant differences when comparing this morphology to that of traditional
spherical particles. This requires continuous research on the quantity and concentration
distribution of particulate matter in the atmosphere. Fractal theory is widely used to
describe the different forms and particle size distributions of particulate matter due to
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its advantages [24-26]. Currently, some studies in China have applied fractal theory to
describe the morphology of particulate matter [27,28], especially its fractal dimension of
size [22]. However, there are few reports on the fractal dimension of atmospheric particulate
matter under conditions of heating energy adjustment and its relationship with the particle
size distribution concentration under these conditions. In addition, there is relatively little
research on the fractal dimension under conditions of heating energy adjustment in a
typical city such as Xi’an in the northwest region.

Therefore, monitoring and measured data from 2016 to 2018 are discussed and ana-
lyzed in this paper. The fractal dimension of atmospheric particulate matter in Xi’an under
the effect of heating energy adjustment and its relationship with the particle size distribu-
tion concentration under the effect of heating energy adjustment based on fractal theory
are also discussed. This paper provides reference value for an in-depth understanding
of the impact of heating methods and energy usage adjustments on the distribution of
atmospheric particulate matter and a new evaluation method for effective control under
the effect of energy adjustment during the heating season.

2. Methods

The heating season in Xi’an spans from 15 November of one year to 15 March
of the following year [7]. The data were sourced from the weather forecast website
(http:/ /www.tiangihoubao.com, accessed on 12 August 2022) and the Weather Network
website (http://www.tiangi.com, accessed on 12 August 2022) [29]. The daily average
concentrations of various pollutants in Xi'an City from 31 January 2016 to 31 December 2018
were identified. Among them, the heating energy consumption types in Xi’an were related
to the switch from coal to electricity and coal to gas in 2017 [30]. Before the adjustment
of heating energy consumption types, from 2016 to 2017, traditional coal was the main
source of heating energy, and new energy fuels were not used. With the implementation of
policies, the heating energy consumption types from 2017 to 2018 were mainly electricity
and natural gas, and measures for their transformation were increased to reduce the use of
traditional coal. Therefore, it is critical to analyze the concentration of particulate matter
before and after adjusting heating energy consumption types.

In order to make the data more representative, the locations for collecting particulate
matter data were selected from five regional locations in the east, west, north, south, and
center of Xi’an City to more accurately reflect the distribution of particulate matter after
energy adjustment. Particle testing was conducted by using relevant instruments for col-
lection. The GRIMM1.109 aerosol particle size spectrometer (GRIMM Aerosol Technology
Co., Ltd, Ainring, Germany) was used to test the concentration of particulate matter, with
a measurement range of 2,000,000 P/L and a repeatability of 5%, and it was supplied by
Beijing Saak-Mar Environmental Instrument Ltd., Beijing, China. A Teste480 detector was
used to measure temperature and humidity, with a temperature measurement range of
—100~+400 °C and a measurement accuracy of £0.3 °C (~0.1% of the measured value),
and it was supplied by Shanghai Baoxin Instrument Ltd., Shanghai, China. Humidity
measurement range: 0~100% RH; measurement accuracy: +1.4% RH (~0.7% measurement
value). To ensure the validity of the data, relevant standards for processing were used
as a reference [31,32]. The testing period was 5 months during the heating season, with
3 groups tested at each location every month. The 5th, 15th, and 25th of each month were
selected for testing, and the test was repeated 2 times per group, totaling 150 groups. Each
group was tested for 10 min, and the average value from these 10 min was taken.

The particle distribution was determined using the Mandelbrot fractal theory model.
The calculation is shown in Equation (1) [24,33,34]:

n(>x)=CxxP 1)

where n(> x) is the number of particles larger than x; D is the fractal dimension; and C is
the constant.
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The calculation steps were taken from [34,35], where, first, the percentage of particles
within different particle size ranges is calculated. Next, the percentage of quantities greater
than a certain particle size is determined, and the values pertaining particle size and the
percentage of quantities are plotted, followed by linear fitting. Finally, the fractal dimension
D is obtained based on the slope, expressed as Formula (2) [24,34,35].

D= —k 2)
Here, k is the slope of the straight line.

3. Results
3.1. Distribution of Pollutant Concentration under Adjustment of Heating Energy Consumption Types

The distribution of various pollutants before and after adjusting the heating energy
consumption types during the heating period is shown in Figure 1.
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Figure 1. Distribution changes for various pollutants.

From Figure 1, it can be seen that the concentrations of various pollutants show dif-
ferent trends over time before and after adjusting the heating energy consumption types.
Except for Oz, the other five pollutants show the highest concentrations in January and
December and the lowest concentrations in November and March. Oz shows the high-
est concentration in March and February and the lowest concentration in December and
November. The maximum difference in the concentration of PM; 5 before and after ad-
justing the heating energy consumption types occurred in December, with a difference of
59.9 ug/m3. The maximum difference in the concentration of PMy occurred in January,
with a difference of 67.2 pug/m?. The maximum difference in the concentration of SO,
occurred in January, with a difference of 8.32 pg/ m3. The maximum difference in the
concentration of NO, occurred in February, with a difference of 15.5 ug/m?>. The max-
imum difference in the concentration of CO occurred in December, with a difference of
0.700 mg/m3. The maximum difference in the concentration of O3 occurred in February,
with a difference of 8.5 ug/m3.

The average concentrations of PM; 5 before and after adjusting the heating energy
consumption types during the heating period are 135.5 pg/m? and 109.1 pg/m?3. The
average concentration decreased by 26.4 ug/m3. The average concentrations of PMyy were
205.6 pg/m? and 173.8 ug/m3, and the average concentration decreased by 31.8 pg/m?3.
The average concentrations of SO, were 31.7 pg/m3 and 24.2 pg/m3, and the average con-
centration decreased by 7.5 g/m?3. The average concentrations of NO, were 69.3 j1g/m?
and 70.6 pug/m3, and the average concentration increased by 1.30 ug/m?3. The average
concentrations of CO were 2.16 mg/m? and 1.76 mg/m?, and the average concentration de-
creased by 0.40 mg/m3. The average concentrations of O3 were 26.6 ug/m3 and 30.4 pg/m?,
and the average concentration increased by 3.8 pg/m3. It can be seen that adjusting the
heating energy consumption types has a significant impact on the concentration of partic-
ulate matter. This is because the combustion of a large amount of fossil fuels during the
heating season produces a large amount of particulate matter, and the relatively low air
pressure in winter is less conducive to pollutant diffusion, making particulate matter the
primary pollutant during this period [36]. The substitution of heating energy reduces the
generation of pollutants, resulting in a relatively high concentration of particulate matter.

However, with the implementation of coal-to-electricity and coal-to-gas conversion,
the generation of pollutants has been reduced, resulting in a relatively large decrease in
the concentration of particulate matter. In addition, the relevant literature indicates that
the production of SO, is accompanied by coal combustion [37]. Therefore, reducing the
use of coal will lead to a decrease in the concentration of SO, in the air. The concentration
of CO will also decrease at the same time. It also can be seen that the concentrations of
some harmful gases are relatively high; the concentrations of NO, and O3 have especially
increased. This is because in recent years, the number of vehicles has gradually increased,
and the relevant literature shows that cars produce NO; during the emission process [38],
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while the emitted nitrogen oxides will generate ozone when irradiated by sunlight [39]. As
a result, the concentrations of NO; and O3 become relatively high [40]. In addition, the
greenhouse effect causes damage to the ozone layer [41], in addition to local emissions and
the long-distance transport of pollutants. The combination of the above factors has led to
relatively high concentrations of NO, and Os. This also needs further in-depth research.

During the 121 days of the heating period, the peak daily average concentration of
PMj 5 before adjusting the heating energy consumption types occurred on 5 January 2017,
amounting to 490 pg/m3. The peak daily average concentration of PMjy occurred on
5 January 2017, amounting to 591 ug/m?>. The peak daily average concentration of PM 5
after adjusting the heating energy consumption types occurred on 28 December 2017,
amounting to 304 pug/m>. The peak daily average concentration of PMyy occurred on
29 December 2017, amounting to 513 pg/ m3. Therefore, it can be seen that adjusting the
heating energy consumption types has a significant impact on the concentration of partic-
ulate matter. The daily average concentration limit of PM, 5 before adjusting the heating
energy consumption types exceeded the second-level standard (75 ng/m?) for 88 days, and
the exceeding rate was 72.7%. The daily average concentration limit of PMjj exceeded
the second-level standard (150 p1g/m?) for 80 days, with an exceeding rate of 66.1%. After
adjusting the heating energy consumption types, the daily average concentration limit
of PM; 5 exceeded the second-level standard (75 ug/ m?3) for 85 days, with an exceeding
rate of 70.2%. The daily average concentration limit of PM;g exceeded the second-level
standard (150 pg/m?) for 65 days, with an exceeding rate of 53.7%. After adjusting the
heating energy consumption types, the exceeding rate of PM; 5 decreased by 2.5%, and
the exceeding rate of PM;( decreased by 12.4%. It can be seen that the concentrations of
PM; 5 and PMg in the atmosphere still seriously exceed the standard. Traditional coal was
the main source of heating energy before adjusting heating energy consumption types,
and new energy fuels were not used. Furthermore, with the implementation of policies,
the main forms of heating energy were electricity and natural gas after adjusting heating
energy consumption types, and measures for their transformation were increased to reduce
the use of traditional coal. It can be seen that adjusting heating energy consumption types
is conducive to reductions in and the emission of particulate matter, so it is necessary to
increase the adjustment of heating energy consumption types during the heating season.
This conclusion is consistent with the conclusions given in relevant papers [42], verifying
the correctness of this paper. However, the pollutant concentrations in March after the
adjustment are relatively high due to the impact of sand and dust in the spring. As a result,
extreme weather has a more significant impact on air pollution; this result is consistent
with the conclusions given in relevant papers [43], verifying the correctness of this paper.
So, it is necessary to control or avoid the occurrence of extreme weather in order to create
good air quality.

3.2. Distribution of Particulate Matter Concentrations during Typical Months under the Effect of
the Adjustment of Heating Energy Consumption Types

The distribution of particulate matter concentrations during the typical months with
the highest pollutant concentrations during the heating period (December and January)
was analyzed. The proportions of particulate matter for different particle sizes before and
after adjusting the heating energy consumption types are shown in Figure 2.

Figure 2 shows that there are differences in the proportions of particulate matter for
different particle sizes before and after adjusting the heating energy consumption types,
and the overall trend shows a downward trend. The particles of a size less than 0.265 pm
show an increasing trend, with an increase of 7.03% compared to that before adjusting the
heating energy consumption types. The particles ranging from 0.265 to 0.475 um decreased
the most, with a decrease of 8.80%. Meanwhile, the differences in other large particle sizes
are relatively small. This is because the energy adjustment reduced the overall emissions of
particulate matter, resulting in a decrease in the chances of the collision and condensation
of particulate matter in the air and in the overall particulate matter concentration. However,
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small particles can float in the air due to their lighter weight, and they can do so in relatively
high concentrations. They are also relatively affected by meteorological parameters. When
affected by sand and dust, the content of small particles in the air is relatively high, and
the literature results verify the correctness of this paper in this regard [43]. As a result,
the relative proportion of particles less than 0.265 um is relatively high. However, overall,
this reduces the combustion of fossil fuels, and the concentration of particulate matter
decreases compared to that existing before adjusting the heating energy consumption
types [36]. From the figure, it also can be seen that the heating period in Xi’an mainly
involves particles ranging from 0 to 0.475 um, which is consistent with the conclusions
presented in [44], confirming the correctness of this paper. Figure 3 shows the changes in
the concentration of accumulated particulate matter within different particle size ranges.
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Figure 3. Proportions of accumulated particulate matter within different particle size ranges.

From Figure 3, it can be seen that after adjusting the heating energy consumption
types, the proportion of accumulated particulate matter in different particle size ranges
decreases overall. However, the proportion of particles less than 0.3 um in size after
adjusting the heating energy consumption types is higher than that before adjusting the
heating energy consumption types. This is because small particles are greatly affected
by the environment, and the overall concentration of particulate matter decreases after
adjusting the heating energy consumption types; this also reduces interactions between
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small particles. In addition, the relevant literature provides burning conditions (effective or
insufficient burning), and fuel may also lead to significant differences in the particle size
distribution of particulate matter [45]. Secondary particulate matter mainly comes from the
nucleation, condensation, or sublimation of organic or inorganic gases generated from the
combustion of coal, biomass, and liquid fuels [46]. Therefore, the sources of small particles
are more extensive and come in higher proportions. These small particles pose a more
serious threat [47]. Understanding and analyzing the concentration distribution of small
particle sizes before and after adjusting heating energy consumption types is more practical
with respect to effectively controlling the concentration of particulate matter during the
heating period.

3.3. Distribution of Fractal Dimensions of Typical Monthly Particles

Using Formulas (1) and (2), the relationship between the fractal dimensions and
particle sizes of atmospheric particulate matter in typical months during the heating period
in Xi'an is given, as shown in Figure 4.
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(A) Before adjusting heating measures. (B) After adjusting heating measures.

Fitting curve of fractal dimension of atmospheric particle size distribution.
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From Figure 4, it can be seen that there is a negative correlation between the fractal
dimension of particle size and the fitting curve of the particle size of atmospheric particulate
matter in typical months during the heating period. This indicates that when particle size
increases, the fractal dimension of particle size shows a decreasing trend and a good linear
relationship. By using Formulas (1) and (2) again, the fractal dimension relationship with
particle size before and after the overall heating energy adjustment is shown in Figure 5.
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Figure 5. Fractal dimension of particle size before and after adjusting heating energy consumption types.

From Figure 5, it can be seen that the fractal dimensions of atmospheric particulate
matter before and after adjusting the heating energy consumption types are 4.809 and 3.397,
respectively. After adjusting the heating energy consumption types, the fractal dimension
decreased by 1.412. The larger the fractal dimension value, the greater the proportion of
fine particles. This indicates that the proportion of fine particles is relatively high before
adjusting the heating energy consumption types, while the proportion of fine particles
decreases significantly after adjusting the heating energy consumption types. Therefore, the
fractal dimension can effectively reflect the uniformity of atmospheric particle composition.

Currently, the fractal dimensions given in the relevant research are mostly between
1 and 3 [48]. However, the fractal dimension values of atmospheric particulate matter
during the heating period given in this paper are relatively large, indirectly indicating the
differences and irregularities in the morphology of atmospheric particulate matter during
the sampling period. This conclusion is consistent with the results presented in relevant
papers [17,49,50], helping to verify the correctness of this paper. At the same time, this also
indicates that the distribution of fine particulate matter is mainly in the atmosphere in and
around Xi’an [6,44]. The results regarding the fractal dimension of the atmospheric fine
particle size and its corresponding cumulative proportion of particulate matter before and
after adjusting the heating energy consumption types are shown in Figure 6.

From Figure 6, it can be seen that the fractal dimension of the atmospheric particulate
matter before adjusting the heating energy consumption types is 4.809. At this time, the
proportions of particle sizes less than 1.0 pm, 2.0 pm, and 2.5 pum are 99.674%, 99.895%, and
99.934%, respectively. The fractal dimension of the atmospheric particulate matter after
adjusting the heating energy consumption types is 3.397. At that time, the proportions
of particle sizes less than 1.0 um, 2.0 um, and 2.5 um are 98.207%, 99.291%, and 99.510%,
respectively. After adjusting the heating energy consumption types, the proportions of
particle sizes less than 1.0 pm, 2.0 um, and 2.5 um decreased by 1.467%, 0.604%, and 0.424%,
respectively. Therefore, the fractal dimension can be used to characterize the relevant
parameters of particulate matter. This study provides new methods and a reference value
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for the distribution and effective control of atmospheric particulate matter under the effect
of the adjustment of heating energy consumption types.
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Figure 6. The fractal dimension of particulate matter and its corresponding cumulative proportion.

4. Conclusions

The data discussed and analyzed in this paper were collected by monitoring stations in

Xi'an and measured from 2016 to 2018. The data include the fractal dimension and particle
size concentration changes in atmospheric particulate matter before and after adjusting the
heating energy consumption types. The conclusions are as follows:

1.

After adjusting the heating energy consumption types, except for O3, the other five pol-
lutants showed the highest concentrations in January and December and the lowest
concentrations in November and March. Oz showed the highest concentration in
March and February and the lowest concentration in December and November.

The average concentrations of PM; 5 before and after adjusting the heating energy
consumption types decreased by 26.4 pg/m?>. The average concentrations of PMjq de-
creased by 31.8% pg/m?3. The average concentrations of SO, decreased by 7.5 ng/m?3.
The average concentrations of NO, increased by 1.30 j1g/m?. The average concentra-
tions of CO decreased by 0.40 mg/m3. The average concentrations of O3 increased by
3.8 nug/m?3. Adjusting the heating energy consumption types has a significant impact
on the concentration of particulate matter.

The different particle sizes showed a downward trend. The particles ranging from
0.265 to 0.475 pm decreased the most, with a decrease of 8.80%. The heating period in
Xi’an mainly involves particles ranging from 0 to 0.475 um.

The fractal dimensions of atmospheric particulate matter before and after adjusting
the heating energy consumption types are 4.809 and 3.397. After adjusting the heating
energy consumption types, the fractal dimension decreased by 1.412. This indicates
that the proportion of fine particles decreases significantly after adjusting heating
energy consumption types. At this time, the proportions of particles less than 1.0 um,
2.0 pm, and 2.5 um decreased by 1.467%, 0.604%, and 0.424%, respectively. This
provides new methods and reference value for the distribution and effective control of
atmospheric particulate matter under the effect of adjusting heating energy consump-
tion types. In future research, the distribution of particle sizes in the environment can
be determined by evaluating the size of the fractal dimension.
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