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The impact of particulate matter (PM) on indoor air quality (IAQ) has become an important issue in China,
whereas the standard for the filtration of PM in building ventilation has not been promulgated up to now. Due to
the impacts of particle size distribution (PSD) on the particle removal efficiency of the air filters, and also due to
the various characteristics of local PSD across China, it is necessary to analyze the selection of PSD when
evaluating particle removal efficiency for practical applications. Although the efficiency of PM (ePMx) for
various particle size ranges, proposed in the latest EN ISO 16890 standard, is used to evaluate the actual effect of
air filters for building ventilation on the improvement of IAQ, it is inappropriate to be adopted for the cases in
China. In the present study, fine particle proportion (PM3 5/PMj() is employed and ambient aerosol distributions
across China are analyzed. The measured PSDs at 35 cities are fitted to bimodal distribution. And then the ePMx
and class reporting values (CRVs) of three representative filters are calculated. The results indicate that being
affected by the characteristics of PSD, the ePMy and CRV differences of the same air filter between different PSD
regions can be up to about 20% and 15%, respectively. Therefore, the China PSD regions are divided into five

regions and the standardized PSD is determined for each region of the mainland.

1. Introduction

Over the past decade, indoor air quality (IAQ) has been a global
concern of the government, the public and the scientific community
[1-4]. One of the most significant parameters for evaluating IAQ in new
and existing buildings is PMs 5 (or PM1() [1], which can be promisingly
eliminated by air filters in fresh air units for building ventilation. As one
of the main sources of indoor particle, high outdoor particulate matter
(PM) concentration has significant impacts on indoor environment.
Therefore, the accurate evaluation of particle (i.e., PMy5 or PMjg)
removal efficiency of the air filters plays a crucial role in maintaining a
good IAQ. Moreover, according to aerosol dynamic theory [5], particle
size distribution (referred to as PSD, hereinafter) of outdoor air also has
large impacts on the estimation of particle removal efficiency.

The PSDs are affected by climate and local economic development
level [6]. China covers a vast geographical area (approximately 9.6
million square kilometers) with a wide variety of climates, including
monsoon climate, plateau and alpine climate, and continental climate.
In addition, the levels of economic development and process of

* Corresponding author.
E-mail address: ymkang@dhu.edu.cn (Y. Kang).

https://doi.org/10.1016/j.jobe.2021.102972

urbanization vary significantly from place to place. Particularly, the
average gross regional products of East China in 2018 was over three
times than that of West China [7]. These differences in climate and local
economic development level among different regions lead to diverse
characteristics of PSD in different regions of China. For example, Song
et al. [8] observed the aerosol distribution of China from 2014 to 2016
and found that the ratio of fine particle (PMz5/PM;() in Shanghai is
87.5% higher than that in Lanzhou.

Although PSDs may vary greatly between cities in China, neither the
design of building ventilation systems nor the filter classification can be
standardized if a local PSD is assumed in each city to calculate particle
removal efficiency of the fresh air filter. On the other hand, if only one
“standardized” PSD is used across the country, particle removal effi-
ciency of the filter will be inevitably overestimated or underestimated
due to the regional differences in the local PSDs, and this will result in
the risk that the quality of fresh air which is cleaned by the filters and
delivered into the interior space fails to reach the design requirement. To
cope with this dilemma, the notion of climate region for building ther-
mal design [9] can be adopted as a reference. Similarly, the notion of
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China PSD region may be a reasonable solution.

It is noted that a new international filter testing standard, EN ISO
16890-1:2016 standard [6] (referred to as ISO 16890, hereinafter), has
established an efficiency classification system of air filter for building
ventilation based upon particulate matter that can be used as the basis
for China PSD region. The efficiency of particulate matter, i.e., ePMx
(including ePM;, ePM;, 5 and ePM;y), for various particle size ranges is
employed in ISO 16890. The filter classes are reported as class reporting
value (CRV), rounded downwards to the nearest multiple of 5% points,
rather than continuous values. This standardized treatment of ePMy,
characterized by step, can act as guideline for China PSD region.

In the present study, the monitored outdoor aerosol concentrations
in different regions of China are used to analyze the ambient aerosol
characteristics across China. The classification system in ISO 16890 and
the local particle removal efficiencies of representative filters at 35 cities
are employed to propose several principles for China PSD region. And
then the PSDs are divided into different types with the same ambient
aerosol characteristics within groups. Finally, the standardized PSD is
defined in each China PSD region to provide theoretical basis and data
support for standardization of filter system design for building ventila-
tion in different regions of China. Technical route of this work is shown
in Fig. 1.

2. Analysis of ambient aerosol monitoring results in China
2.1. Particulate matter data source

PM, 5 and PM;( have been monitored continuously at more than
1300 national air quality monitoring sites (NAQMSs) in 31 provinces of
China by the Institute of Atmospheric Physics, Chinese Academy of
Sciences. As shown in Fig. 2, the blue squares represent the geographical
distributions of NAQMSs, and the red line is the Hu Huanyong Line (i.e.
the Hu Line), an imaginary line stretching from Heihe (a northern city of
China near the border of China and Russia) to Tengchong (a south-
western city of China bordering with Myanmar), which divides the area
of China into two roughly equal parts [10]. The Hu Line shows an un-
even geographical pattern of urbanization which is characterized by a
dense population and rapid urbanization in the eastern area and sparse
population and slow urbanization in the western area [10]. These
NAQMSs not only cover four mega-city clusters (Beijing-Tianjin-Hebei,
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Yangtze River Delta, Pearl River Delta, and Cheng-Yu), but also include
major cities in the inland of China, such as Xi’an, Lanzhou and Urumgqi,
to better understand the spatial variations in PM concentrations across
China.

Each NAQMS was equipped with a TEOM RP1400a—PMj;5/PM1o
with a 0.1 pg/m® resolution, precisions of +1.5 pg/m® (1-h average) and
+0.5 pg/m® (24-h average), and a 0.06 pg/m° (1-h average) minimum
detectable limit [11,12]. The filters were replaced every two weeks, and
the flow rates were monitored and calibrated every month. The sam-
pling interval was 15 min. The installation, setting and maintenance of
monitoring instruments were carried out in accordance with the
ministry-level standard of “Automated methods for ambient air quality
monitoring” (HJ/T 193-2005) [13]. To investigate the current status of
PM distributions and analyze the spatiotemporal characteristics of PM in
China, PM; 5 and PM;( mass concentrations of every hour were gathered
from January 2016 to December 2018.

2.2. Temporal variations of particulate matter

It has been reported that both anthropogenic emission and meteo-
rological conditions have evident seasonal differences between the re-
gions [14]. According to Chinese heating policy [9], coal-based
centralized heating is employed only in winter, so both PM; 5 and PM;
have a clear boundary between heating and non-heating periods [15].
Besides, monsoon climate results in different sources of PM in different
seasons, i.e., the PM primarily comes from the ocean in summer and the
inland in winter. Fig. 3 shows the temporal variation of statistical
characteristics of the particle mass concentrations from 2016 to 2018 at
four representative cities.

As can be seen from Fig. 3, regardless of whether coal-based
centralized heating is employed in these four cities, the PM mass con-
centrations in winter were significantly higher than those in other sea-
sons. This is because meteorological conditions in winter, such as low
boundary layer height, weaker winds, less precipitation and lower
temperature, compared with those in other seasons, can further exac-
erbate air pollution [16]. In addition, the monitoring data showed a
similar pattern occurred in other cities. The findings are consistent with
the results by Ref. [17]. Provided that air filters are selected and
equipped based on the PM concentration in winter (i.e., under
high-pollution conditions), the IAQ will also be satisfactory in other
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Fig. 2. Geographical distributions of national air quality monitoring sites.

seasons (i.e., under low-pollution conditions). Therefore, only the PM
concentrations in winter (instead of the whole year) will be analyzed in
the following sections considering the most severe pollution situation in
winter.

2.3. Spatial distributions of particulate matter in winter

Air pollution is more severe in provincial capital cities or major cities
than in other cities [18], and the population in these cities is also denser
compared with those in other cities [7]. In addition, the demand of the
air filters in fresh air system is higher in these cities than in others. In this
study, the heavily polluted provincial capital cities or major cities are
considered as the typical cities of the corresponding provinces for the
analysis because severe pollution results in health risks. Fig. 4 shows the
spatial distribution of the average PM;y and PM; 5 concentrations at
provincial capital cities in the winter from 2016 to 2018.

Fig. 4 shows very similar results by Fan et al. [17] and Song et al. [8]
who also found that the average PM5 5 and PM; concentrations varied
greatly among different regions. Comparing the results in Fig. 4(a) and
(b), the spatial distributions of PMy 5 and PM;( were similar in the most
regions, except for Xining and Lanzhou (see the red circles in Fig. 4) with
low PMjy 5 and high PM;, and Harbin with high PMy 5 and low PMjp.
This suggests that the ambient aerosol characteristics across China are
obviously different from region to region due to diverse anthropogenic
emissions and meteorological conditions for atmospheric dispersion and
dilution.

Considering that the proportion of PMj 5 to PM;q can roughly char-
acterize the percentage of fine particles (or coarse particles) in a region,
the ratio of the mass concentration of PM5 5 to PM1 is defined as the fine
particle proportion (FPP), 7, which is given by

Gs

= 1
Cio M

Ny
where the Cyo and C5 5 are the mass concentrations of PM;g and PM, s,
respectively.

In order to analyze the variations of FPPs, Fig. 5 shows the scattering
distributions of FPPs in nine typical cities by using the hourly-averaged

data in the winter from 2016 to 2018. These nine cities can represent the
eastern, central, western and coastal regions of China to a definite

extent, and these cities are also the main economic cities of mega-city
clusters in China.

It is found from Fig. 5 that the FPPs in the nine cities varied within a
wide range during the measurement. Because the averaged FPP is
affected by extreme values of the data and easily deviates from its
reasonable value, the median of fine particle proportion (MP), denoted
as fm, is used for the following analysis.

Due to the humid climate in a whole year, the MPs of Shanghai,
Wuhan and Chongging were high and almost the same (7, = 0.78).
Influenced by sea-salt aerosol, the MPs of Guangzhou (near the South
China Sea) and Xiamen (with a long coastline) were very close (5, =
0.65). The MPs of Lanzhou and Xi’an (in arid region) were quite low,
being approximately 0.58. Due to the slow economic development and
the original ecology environment in Lhasa, the MP was the lowest
among the nine cities, being only about 0.43.

In order to directly show the spatial distribution of MPs, Fig. 6 de-
picts the spatial distribution of the MPs in each provincial capital city.

As can be seen from Fig. 6, there are obvious regional differences of
MPs in different regions of China. The highest MPs (about 0.8) that
occurred in Changsha and Harbin were twice higher than the MP in
Lhasa. In contrast, the lowest MPs existed in the northwest of China,
ranged approximately from 5y, = 0.4 to 7n,= 0.5, meaning that coarse
particles accounted for most of PM;o, whereas there were more fine
particles in South and East China. These results match that observed by
the previous study [8].

Fig. 7 shows the delineation of climate regions and moisture regions
of China [9]. The low MPs in the northwest of China, located in the
typical temperate (semi-)arid region, which features sparse vegetation,
desertification and is close to the deserts, are mainly attributed to
mineral aerosol emission caused by dust storms. The humid climates in
East and South China with abundant rainfall lead to high MPs. In
addition, coastal regions with monsoon climates are not only affected by
local anthropogenic emissions but also by sea-salt aerosols. The
completely different climatic characteristics and different local anthro-
pogenic activities cause the significantly different ambient aerosol
characteristics, i.e., PM pollution is dominated by fine particles in some
regions but coarse particles in other regions. Therefore, the ePMx of the
same filter may vary considerably with different ambient aerosol char-
acteristics. The ambient aerosol characteristics in China first should be
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Fig. 3. Temporal variation of statistical characteristics of particle mass concentrations from 2016 to 2018 (Note: 10%, 25%, 75% and 90% represent different

confidence levels of the samples).

divided into several groups with similar patterns and trends within
groups when ISO 16890 is introduced to China.

2.4. Identification of particle size distributions in 35 cities

The PSDs in 35 major cities of China have been monitored by the
Institute of Atmospheric Physics, Chinese Academy of Sciences. The
monitoring instrument was a cascade impactor (Andersen Series
20-800) [19]. The flow rate of vacuum pump was 28.3 L/min and the
sampler had nine size stages with nominal cut-off set, i.e., d < 0.4,
0.4-0.7, 0.7-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9, and d > 9
pm.

The actual particle mass frequencies versus cut-off diameters, deno-
ted as q;(d), are calculated from the measured PM mass concentrations
and the logarithmic width of the particle diameter size range, as is given
by
m;

“M-Alnd, @

q:(d)

where i is the number of the channel (size range) of the impactor; m; is
the PM mass concentrations (jig/m>) in the channel i and M is the total
PM mass concentrations (pg/ms), Alnd; =Indiy; — Ind = In(diy1 /d).

The PSDs can be defined by curve fit from the actual particle mass
frequencies g;(d). The fitted curve, referred to ISO 16890, is derived

from the bimodal distribution by combining the lognormal distributions
for the fine (A) and the coarse (B) mode, weighted with the mixing ratio,
¥, as can be expressed by [6]

_do@d) _

W) =g =

yif(d, 640, dson) + (1 =) (d, 045, dso) 3

where f (d, 64, dso) represents the lognormal particle distribution func-
tion of ambient aerosol for one mode, coarse or fine, as given by

f(d7 Oy, dSO) = (4)

1 (Ind — In dsp)?
In Gg~\/2_ﬂ P 2. (ln 6g)2
where o, is the standard deviation and dso is the median optical di-
ameters, both are the scaling parameters.

Fig. 8 plots a diagram of the fitted PSDs in the 35 cities. The points
are the actual particle mass frequencies measured in each city. A full list
of fitting parameters for these fitted PSDs is shown in Table A.1. Fig. 8
suggests that the PSDs of all the cities are bimodal distributed with a fine
and coarse mode but different from the PSDs proposed in ISO 16890.
This is because that the PSDs in ISO 16890 were taken directly from the
book on Atmospheric Chemistry and Physics by Seinfeld and Pandis [20].
Moreover, the urban PSD appears to come from two publications from
the 1960s and 1970s [21,22]; the rural PSD given by Hobbs [23] are
stated to come from the measurements conducted in 1975 and 1976 over
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the high plains of North America [24]. In addition, the measured PSDs in
some cities are in agreement with the results of previous studies on PSDs
in Chinese cities [25-27]. The mixing ratio, y, the standard deviations,
04, and the median particle sizes, dso, of PSD in each city are all different
(see Table A.1 for specific data).

3. Calculations for ePMy and class reporting values of
representative air filters

3.1. Preparation of representative air filters for building ventilation and
classification system based on ePMy

According to the classification system in ISO 16890 [6], it is neces-
sary to use the size-resolved removal efficiency curve of air filter.
Therefore, a survey of domestic air filter of various classes and a sta-
tistical analysis of the size-resolved removal efficiency curves of these
air filters have been conducted by the Chinese Contamination Control
Society, Chinese Institute of Electronics in recent years. In this way, the
typical removal efficiency curves of domestic air filters were obtained.
The initial size-resolved removal efficiency curve, E;, of the untreated
and unloaded filter element and the size-resolved removal efficiency
curve, Ep ;, after an artificial conditioning step [28], are used to calculate
the average size-resolved removal efficiency curve, E, ;, as given by [6]

En;=0.5-(E;+ Ep,) (5)

Three types of air filters, i.e., high test-dust-capacity filter G4,
fiberglass filters M6 and F8 (according to EN 779), are regarded as the
representatives of the coarse, medium and fine filters, respectively. The
removal efficiency curves of the three representative filters are shown in
Fig. 9.

Then ePMy defined in ISO 16890 [6] are calculated by employing the
average size-resolved removal efficiencies E; (Eq. (5)) and the PSDs
(Eq. (3)):

1

Eni"q (E,-) -Aln d;
= 7/ (6)
q (Z,-) -Aln d;

i

CPMX =

-

where d; = \/d;-d;;; is the geometric mean diameter and Alnd; =
Indiy1 — Ind = In(diy1 /d), iis the number of the channel (size range) of
the particle counter under consideration, and n is the number of the
channel (size range) which includes the particle size, X (d, < X < dp+1),
where X = 10 pm for ePM;g, X = 2.5 pm for ePMy 5 and X = 1 pym for
ePMl.

Additionally, the minimum efficiencies, ePMjy 5 min and €PMy n;p, are
calculated by [6]

Zn: ED,i'q (3,) -Aln d,'

ePMy min = ':ln— )
Zq(ﬁ,-) -Aln d;
i=1

The initial arrestance, the three efficiency values (i.e., ePM;, ePM5 5
and ePM;p), and the minimum efficiency values (i.e., ePM;, pin and
ePMy 5, min) shall be used to classify a filter in one of the four groups
given in Table 1 [6].

The filter classes are reported as class reporting value (CRV) in
conjunction with the group designation. For the reporting of the ePMy
classes, the CRVs shall be rounded downwards to the nearest multiple of
5% points. Values larger than 95% are reported as “> 95%". Examples of
CRVs are ISO Coarse 60%, ISO ePM1g 60%, ISO ePM; 5 85%, and ISO
ePM; > 95% [6].

3.2. ePMx and class reporting values of the representative filters

Based on the size-resolved removal efficiency curves of the
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representative filters (see Fig. 9) and the PSDs in the 35 cities (see
Table A.1), the ePMx of the three representative filters in each city are
calculated by Eq. (6). The ePMy of the representative filters (see
Table A.2 for specific data) are presented in roughly ascending order in
Fig. 10.

From Fig. 10, it can be observed that the ePMy of the same filter
varied among the 35 cities due to the different PSDs in these cities. For
example, the ePM; of F8 are 87.8% in Nanjing, 90.6% in Chengdu, and
93.8% in Lhasa. In addition, PSDs have different influences on different
ePMy, with the least impact on ePM; and the greatest impact on ePM;.
Specifically, about 20% change of the ePM;y of M6 was caused by
changes in PSDs between Shanghai and Kunming, but only 4% change of
the ePM; of M6 occurred between them. Therefore, it must be addressed
that the ePMy of the same filter shows different values in different
regions.

The CRVs, rounded from the calculated ePMy, are depicted in Fig. 11.
Because the ePM;joy of G4 are higher than 50% only in Lhasa and
Kunming, G4 can be identified as ePM;o 50% only in these two cities
according to ISO 16890. However, it should be classified as the Coarse
group (according to Table 1) if G4 is applied in the other 33 cities. Due to
the lack of initial gravimetric efficiency of G4, the Coarse group will not
be discussed in this study.

Depending on different PSDs in the 35 cities (in Fig. 8), there are
several step points (tagged by red circles in Fig. 11) in most ePMy classes

of three representative filters, meaning that only one PSD is insufficient
to represent the outdoor aerosol characteristics of China. Specifically, if
the PSD measured in Beijing is used nationwide, the CRV of M6 will be
70%. The actual particle removal efficiency of M6, however, is 80% in
Kunming and 65% in Shanghai, respectively.

On the other hand, the rounded CRVs in several cities were the same
though the ePMx were slightly different, which means that there is no
need to define each standardized PSD for each province to assess and
classify air filters. Consequently, standardized PSDs of China should be
divided into several PSD regions with the same standardized PSDs
within groups, so as not to overestimate or underestimate the particle
removal efficiencies of air filters.

4. Principles and analysis on China particle size distribution
region

4.1. Principles of regionalization and results of the China particle size
distribution region

To determine the boundaries of the China PSD regions, the following
principles are specified:
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(1) Two step points (red circles in Fig. 11) must exist between the
adjacent PSD regions (i.e., two different CRVs in the adjacent PSD
regions) to avoid too many PSD regions.

(2) In order to keep the PM concentration indoors at a healthy level,
for both the fresh air and returned-air cleaning, it is better to
underestimate the particle removal efficiencies of air filters than
to overestimate them. Thus, the second of the two step points
between the PSD regions are regarded as the boundaries.

Based on the above principles, the PSDs are divided into five types of
regions and the boundaries (black vertical dash dot lines) between two
adjacent regions are shown in Fig. 11. The provinces and major cities
included in each PSD region are listed in Table A.3. To visualize the
geographical distribution of the PSD regions, the regions are marked in
different colors on a map of China, with the result shown in Fig. 12.

Fig. 12 shows that Region 3 and Region 4 cover most of China. Re-
gion 1 is the region with the finest aerosols in China, including Hei-
longjiang and the Yangtze River Delta, where the climates are humid.
There is heavy snowfall in winter in Heilongjiang with an average
annual rainfall of about 500 mm. Additionally, the Yangtze River Delta
is one of the most economically developed mega-city clusters in China,
and has an extremely high level of urbanization, resulting in aerosols
that are finer than those in any other regions of China. The provinces in
Region 2 are Guizhou and Fujian in humid regions of South China and
Beijing and Tianjin in North China. Beijing and Tianjin are located in a
semi-humid region, and the human activities are also intense, so the
aerosols are relatively fine. Region 3 includes not only some north-
western provinces, e.g., Ningxia and Gansu, with a dry climate and
nondeveloped economy, but also some coastal provinces dominated by
sea-salt aerosols, e.g., Shandong and Guangdong. In Region 4, the
aerosols are relatively coarse, mainly in North China and West China, e.
g., Qinghai and Shaanxi, located in desert areas or the transport path-
ways of Asian dust storms, which may be related to more frequent dust
events, such as dust storm, floating dust, and blowing dust, originating
from the upstream Taklimakan and Gobi Deserts [17]. Both Tibet and
Yunnan are in Region 5, characterized by the coarsest aerosols, due to
the natural atmospheric environment and slow urbanization.

4.2. Principles and results of standardized particle size distribution in
each region

Though the CRVs in the same PSD region are rounded into the same
values among the cities, the PSDs of each city are not exactly the same,
and therefore the standardized PSDs of each region should be defined.
The basic principle for determining the standardized PSDs is that the
CRV rounded from the standardized PSD can only be underestimated but
not overestimated, so the quality of outdoor fresh air, which is cleaned
by the filters and then delivered into interior space, must be higher than
the design level (or expected level). The specific principles are as
follows:

(1) The city with the ePMx minimum will be determined as the
typical city of this region, and the measured PSD of this city will
also be determined as the standardized PSD of this region to avoid
overestimating the particle removal efficiencies of air filters.

(2) As far as national conditions and the public in China are con-
cerned, the harm of PMj 5 is the most remarkable at present for
PM, 5 can penetrate lungs. Therefore, the city with the ePMy 5
minimum will be regarded as the typical city of the region, if the
three ePMx minima do not appear at the same city in one region
(see specific data in Table A.2).

(3) In a filter system, a multi-stage filter system is generally designed
and installed. Upstream filters, i.e., coarse and medium filters, are
mainly used to protect fine downstream filters, so the PM con-
centrations in supply air are subject to the particle removal effi-
ciencies of final filters. Thus, the city with the ePM; 5 minimum of
the highest level of filter is regarded as the typical city of the
region, if the ePMj 5 minima of different levels of the filters are at
different cities in one region (see specific data in Table A.2).

The typical cities of each PSD region, according to these principles,
are determined and the measured PSDs of these typical cities are
considered as the standardized PSDs of the corresponding region.
Table 2 lists the parameters for the standardized PSDs and the typical
cities in each region, and Fig. 13 plots the standardized PSDs of each
region.

The results in Fig. 13 clearly indicate the differences in the fine and
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Fig. 8. Measured particle mass frequencies and the PSDs in 35 cities.
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Table 1
Filter groups.

Group Requirement Class reporting value

designation
ePM;, ePMy 5 ePM;o
min min
ISO Coarse - - <50% Initial gravimetric
arrestance

ISO ePM; - - >50%  ePMjo

1SO ePM; 5 - >50% - ePMy 5

ISO ePM; >50% - - ePM;

100
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Fig. 9. Size-resolved removal efficiency curves of three representative filters.

Table 2
Parameters for the standardized PSDs and typical cities.

China PSD region Parameters for the standardized PSDs Typical cities

y OgA dsoa OgB dsos
Region 1 0.78 2.20 0.64 1.47 5.50 Nanjing
Region 2 0.72 2.15 0.62 1.55 6.00 Tianjin
Region 3 0.60 2.38 0.76 1.52 6.70 Nanchang
Region 4 0.59 1.97 0.85 1.48 5.00 Urumgi
Region 5 0.40 2.04 0.80 1.51 5.50 Lhasa

coarse modes of the standardized PSDs between the PSD regions. The
fine (coarse) modes of the standardized PSDs keep decreasing
(increasing) with the increasing particle size from Region 1 to Region 5.
In addition, the fine modes of the standardized PSDs in Region 1 and
Region 2 are larger than the coarse modes, whereas the coarse modes in
Region 3 to Region 5 are larger than the fine modes.
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5. Discussion

To analyze the differences in ePM;, ePMy 5 and ePM;( of three
representative filters in different PSD regions, Fig. 14 shows the CRVs of
the three representative filters with the standardized PSDs of each
region.

It can be seen from Fig. 14 that the coarse filter G4 can be classified
as ePM;jo 50% only in Region 5. As for the medium filter M6, the ePM;
values in all PSD regions are the same, while the ePM;( values have
considerable difference (up to 15%) between Region 1 and Region 5. In
the case of the fine filter F8, notable difference (5%) can be observed in
all three types of ePMx between different PSD regions. Hence, these clear
differences indicate the impact of different ambient aerosol character-
istics on ePMy and CRVs must be considered when ISO 16890 is intro-
duced into China.

By comparing Fig. 14 with Fig. 11, it should be noted that the ob-
tained CRVs with the standardized PSDs are less than or equal to the
rounded CRVs with the measured PSDs, indicating that the typical cities
and standardized PSDs are reasonable according to the above principles.

Obviously, standardization of the air filter testing and classification
is undoubtedly important in the global air filtration market [29].
Because PSDs used in the calculation for ePMy must represent the local
ambient aerosol characteristics to precisely estimate the performance of
air filter, the results by the present study can be used as a reference and
assist other countries in adopting a suitable air filter testing standard to
develop their national standard for the filtration and purification of PM
in building ventilation.

The present study is subject to some potential methodological limi-
tations. Due to high population density and demands of building fresh
air systems, the cities with heavy air pollution are selected as typical
cities, but these cities cannot represent the whole regions which they are
located in. Therefore, these results are appropriate for these cities but
may not be applicable to all situations. Moreover, many factors can
affect the PSD regionalization in China, such as the changes of industrial
structure and distribution, year-to-year variability of atmospheric
aerosol species, differences in the accuracy of particle sampling in-
struments and filter-to-filter difference, which should be studied in
further works.

6. Conclusions

With the increasing awareness of the importance of indoor air quality
(IAQ), building ventilation has become an imperious demand in China.
For the accurate evaluation of particle removal efficiency of air filters
equipped in ventilation systems, it is necessary to analyze the impacts of
particle size distribution (PSD) on the removal efficiency and the char-
acteristics of PSD in different regions of China. In the present study, an
integrated analysis of the spatial-temporal distribution characteristics of
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Fig. 10. ePMx of the three representative filters in 35 cities.
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Fig. 14. CRVs of three representative filters with the standardized PSDs.

particulate matter in China is performed based on the national air
quality ground observation database, and the fitted curves of the
measured PSDs at 35 major cities in China are obtained. The conclusions
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are as follows:

(1) In the mainland of China, the fine particle proportions (PMs s/
PMj) are higher in humid regions and economically developed
regions than those in arid regions and nondeveloped regions. The
ambient aerosol characteristics vary from region to region
evidently.

The PSDs were measured at 35 cities in China, and the results
showed that the PSDs of all cities were not the same as those
provided by ISO 16890. The mixing ratios, standard deviations
and median particle sizes of these PSDs were all different among
the cities.

The differences between cities in ePMx and CRVs of air filters in
different regions of China must be addressed due to the differ-
ences in ambient aerosol characteristics (i.e., PSDs).

The China PSD regions are divided into five regions and the pa-
rameters of these standardized PSDs are determined. It is rec-
ommended that air filters for building ventilation, which are
marketed and sold to consumers in the mainland of China, should
be assessed and classified by their local CRVs in each region.

(2)

(3)

(€))
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No. City y OgA dsoa OgB dsop
1 Shanghai 0.93 2.00 0.73 1.25 5.00
2 Hefei 0.88 2.25 0.67 1.55 5.50
3 Harbin 0.79 2.20 0.63 1.45 5.40
4 Nanjing 0.78 2.20 0.62 1.47 5.50
5 Wuhan 0.94 2.04 0.77 1.26 5.50
6 Changsha 0.89 1.99 0.76 1.27 5.60
7 Suzhou 0.88 2.10 0.79 1.25 5.50
8 Chongging 0.88 2.18 0.80 1.30 5.40
9 Hangzhou 0.83 2.30 0.70 1.50 5.00
10 Tianjin 0.72 2.20 0.62 1.55 6.00
11 Beijing 0.76 2.39 0.78 1.39 5.40
12 Guiyang 0.70 2.10 0.77 1.47 6.30
13 Xiamen 0.72 2.20 0.78 1.34 5.30
14 Fuzhou 0.70 2.19 0.81 1.37 5.70
15 Jinan 0.75 2.38 0.71 1.43 5.30
16 Chengdu 0.66 2.19 0.80 1.54 6.10
17 Nanning 0.70 2.54 0.83 1.50 6.40
18 Qingdao 0.67 2.50 0.75 1.40 5.20
19 Nanchang 0.60 2.38 0.76 1.52 6.70
20 Lanzhou 0.55 2.23 0.73 1.47 5.20
21 Yinchuan 0.60 2.24 0.80 1.66 6.30
22 Shenzhen 0.66 2.10 0.87 1.55 5.80
23 Shenyang 0.68 2.10 0.84 1.50 5.60
24 Guangzhou 0.60 1.80 0.81 1.38 4.80
25 Hohhot 0.70 2.00 0.88 1.39 4.70
26 Changchun 0.85 2.38 1.00 1.28 5.10
27 Shijiazhuang 0.78 2.39 1.03 1.37 5.60
28 Urumqi 0.60 1.97 0.85 1.48 5.00
29 Haikou 0.60 2.00 0.87 1.50 5.40
30 Xining 0.55 1.96 0.87 1.64 5.40
31 Taiyuan 0.58 2.20 0.84 1.57 5.40
32 Xi’an 0.55 1.96 0.87 1.58 5.50
33 Zhengzhou 0.55 1.91 0.87 1.54 5.30
34 Lhasa 0.40 2.04 0.80 1.51 5.50
35 Kunming 0.40 2.04 0.84 1.57 5.50
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Table A.2
ePMx of the three representative filters at 35 cities

No. City G4 (%) M6 (%) F8 (%)
ePM; ePMsy 5 ePMjo ePM; ePMs 5 ePM;o ePM; ePM;y 5 ePMjo
1 Shanghai 16.3 23.6 27.5 53.2 61.6 65.0 79.8 84.8 86.2
2 Hefei 16.0 23.9 30.2 52.5 61.6 66.8 79.3 84.7 86.8
3 Harbin 16.0 23.3 33.8 52.2 60.8 69.4 79.2 84.2 87.8
4 Nanjing 15.9 23.1 34.1 52.2 60.6 69.5 79.1 84.1 87.8
5 Wuhan 16.4 24.4 28.1 53.4 62.6 65.6 79.9 85.4 86.6
6 Changsha 16.4 23.9 29.8 53.3 62.0 66.7 79.9 85.1 87.0
7 Suzhou 16.4 24.8 31.4 53.4 63.1 68.4 79.9 85.6 87.8
8 Chonggqing 16.3 25.2 32.0 53.3 63.4 69.0 79.9 85.8 88.1
9 Hangzhou 16.1 24.7 33.0 52.6 62.6 69.4 79.4 85.2 88.0
10 Tianjin 16.0 24.6 37.1 52.4 62.3 72.3 79.3 85.0 89.2
11 Beijing 16.2 25.5 37.9 52.9 63.7 73.5 79.6 85.9 89.9
12 Guiyang 16.3 24.8 38.7 53.3 63.0 73.6 79.9 85.6 89.8
13 Xiamen 16.3 25.1 38.5 53.1 63.3 74.0 79.8 85.7 90.1
14 Fuzhou 16.3 25.5 39.9 53.3 63.8 75.0 79.9 86.0 90.5
15 Jinan 16.3 26.0 40.0 53.2 64.3 75.2 79.9 86.2 90.6
16 Chengdu 16.3 25.7 40.6 53.3 64.0 75.4 79.9 86.1 90.6
17 Nanning 16.2 26.3 41.3 53.0 64.5 75.9 79.7 86.3 90.9
18 Qingdao 16.1 25.7 41.5 52.7 63.8 76.4 79.5 85.9 91.1
19 Nanchang 16.2 25.5 44.0 52.8 63.6 77.5 79.6 85.8 91.4
20 Lanzhou 16.2 25.8 44.5 52.8 63.9 78.7 79.6 85.9 92.0
21 Yinchuan 16.3 26.3 42.4 53.2 64.6 76.8 79.9 86.4 91.2
22 Shenzhen 16.5 26.6 40.6 53.4 63.8 75.0 80.0 86.0 90.5
23 Shenyang 16.5 26.1 39.8 53.7 64.6 75.1 80.2 86.5 90.7
24 Guangzhou 16.7 25.2 40.6 54.4 63.9 76.2 80.7 86.2 91.2
25 Hohhot 16.7 26.5 39.2 54.3 65.3 75.3 80.6 86.9 90.9
26 Changchun 16.7 27.8 39.3 54.3 66.7 75.5 80.7 87.7 91.1
27 Shijiazhuang 16.5 27.9 39.8 53.9 66.6 75.8 80.3 87.6 91.2
28 Urumgi 16.6 26.7 41.8 54.1 65.3 77.2 80.5 86.9 91.6
29 Haikou 16.6 26.7 42.5 54.1 65.4 77.5 80.5 87.0 91.7
30 Xining 16.7 27.5 43.3 54.2 66.3 78.2 80.6 87.4 92.0
31 Taiyuan 16.4 27.1 43.5 53.5 65.6 78.2 80.1 86.9 91.9
32 Xi’an 16.7 27.1 43.8 54.2 65.9 78.5 80.6 87.2 92.1
33 Zhengzhou 16.7 27.0 43.7 54.4 65.9 78.5 80.8 87.2 92.2
34 Lhasa 16.4 27.0 50.2 53.6 65.4 83.1 80.1 86.8 93.8
35 Kunming 16.5 27.6 50.2 53.8 66.3 83.2 80.3 87.3 93.9
Table A.3

The provinces (cities) in each PSD region

China PSD region Province (City)

Region 1 Shanghai (Shanghai)
Hubei (Wuhan)
Anhui (Hefei)
Hunan (Changsha)
Jiangsu (Nanjing, Suzhou)
Chongging (Chongqing)
Heilongjiang (Harbin)
Zhejiang (Hangzhou)
Region 2 Tianjin (Tianjin)
Beijing (Beijing)
Guizhou (Guiyang)
Fujian (Fuzhou, Xiamen)
Region 3 Guangdong (Guangzhou, Shenzhen)
Liaoning (Shenyang)
Shandong (Jinan, Qingdao)
Sichuan (Chengdu)
Guangxi (Nanning)
Ningxia (Yinchuan)
Jiangxi (Nanchang)
Gansu (Lanzhou)
Region 4 Inner Mongolia (Hohhot)
Jilin (Changchun)
Hebei (Shijiazhuang)
Xinjiang (Urumqi)
Hainan (Haikou)
Qinghai (Xining)
Shanxi (Taiyuan)
Shaanxi (Xi’an)
Henan (Zhengzhou)
Region 5 Tibet (Lhasa)
Yunnan (Kunming)
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FPP: Fine particle proportion
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d: Optical diameter (pm)
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C2.5: Mass concentrations of PMy 5 (pg/mS)

qi(d): Actual particle mass frequencies versus cut-off diameters (%)

i: Number of the channel (size range) of the impactor

m;: PMmass concentrations (ug/m°) in the channel i

M: Total PM mass concentrations (jg/m>)

q(d): Particle mass frequencies (%)

y: Mixing ratio

dsp: Median optical diameters (pum)

E;: Initial size-resolved removal efficiency curve (%)

Ep,i: Size-resolved removal efficiency curve (%)

E, it Average size-resolved removal efficiency curve (%)

d;: Geometric mean diameter (pm)

n: Number of the channel (size range) which includes the particle size

ePM3 5 min: Minimum efficiencies of PM with an optical diameter between 0.3 pm and 2.5 pm

ePM, min: Minimum efficiencies of PM with an optical diameter between 0.3 pm and 1 pm
Greek symbols

1y Fine particle proportion

nm: Median of fine particle proportion

oy Standard deviation
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