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Abstract
Chemical compositions of atmospheric fine particles like PM2.5 prove harmful to human health, particularly to
cardiopulmonary functions. Multifaceted health effects of PM2.5 have raised broader, stronger concerns in recent years,
calling for comprehensive environmental health-risk assessments to offer new insights into air-pollution control. However,
there have been few studies adopting local air-quality-monitoring datasets or local coefficients related to PM2.5 health-risk
assessment. This study aims to assess health effects caused by PM2.5 concentrations and metal toxicity using
epidemiological and toxicological methods based on long-term (2007–2017) hourly monitoring datasets of PM2.5
concentrations in four cities of Taiwan. The results indicated that (1) PM2.5 concentrations and hazardous substances varied
substantially from region to region, (2) PM2.5 concentrations significantly decreased after 2013, which benefited mainly
from two actions against air pollution, i.e., implementing air-pollution-control strategies and raising air-quality standards for
certain emission sources, and (3) under the condition of low PM2.5 concentrations, high health risks occurred in eastern
Taiwan on account of toxic substances adsorbed on PM2.5 surface. It appears that under the condition of low PM2.5
concentrations, the results of epidemiological and toxicological health-risk assessments may not agree with each other. This
raises a warning that air-pollution control needs to consider toxic substances adsorbed in PM2.5 and region-oriented control
strategies are desirable. We hope that our findings and the proposed transferable methodology can call on domestic and
foreign authorities to review current air-pollution-control policies with an outlook on the toxicity of PM2.5.
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Introduction

Impacts of air pollution imposed on human health are
manifest in countries undergoing rapid industrialization and
urbanization, whereas little attention is placed on local air-
quality-monitoring measures or local coefficients regarding
air-pollution-induced health-risk assessment (Bi et al. 2020;
Liu et al. 2018). Global premature deaths linked mainly to
ambient air-pollution exposure have exceeded seven million
people every year (Forouzanfar et al. 2016; Liu et al. 2018;
Lim et al. 2012; Wang and Komonpipat 2020).

Atmospheric fine particles possess chemical compositions
that prove harmful to human health, especially concerning
cardiopulmonary diseases (TW EPA 2020). Fine particulate
matter (PM2.5) is one of the major air pollutants derived
from a complex mixture of chemicals found in both natural
and anthropogenic sources. High PM2.5 concentrations can
impose negative effects on cancer risks (e.g., IARC 2013;
Ritz et al. 2018; Vedal et al. 2013; Wilhelm et al. 2011;
Xing et al. 2016; Yang et al. 2018) and increase the risk of
premature mortality and adverse respiratory health in chil-
dren (Chen et al. 2016; Fan et al. 2016; Faraji et al. 2018;
Liu et al. 2015; Lu et al. 2015). In addition, transport-related
air pollution can stimulate an increase in death risk, parti-
cularly relevant to cardiopulmonary diseases (HEI—Health
Effects Institute 2010; Park et al. 2008; Yang et al.
2019a, b). Air-quality deterioration is evidently getting
worse in many parts of the world (Li et al. 2014; Song et al.
2017; Zhou et al. 2019, 2020). Assessing the impacts of
ambient exposure to particulate matters like PM2.5 on
human health is essential but challenging, which calls for
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health-risk assessment methods in consideration of long-
term monitoring datasets.

Several studies have assessed the health effects of parti-
culate matter in the past few decades, but there have been few
studies focusing on site-specific estimates in different regions
of the world and the lessons learned for improved methods
and policy. The enduring uncertainty in characterizing the
toxicity of particulate matter raises another important con-
cern. A better understanding of chemical components or
emission sources that are the most harmful to human health
can assist decision-makers not only in developing air pollu-
tion regulations but also in exploring the biological
mechanisms that detect the health effects of air pollution.
Thermal power, biomass burning, and building materials are
considered the major sources of PM2.5 emissions (Kar-
ambelas et al. 2018). The spatiotemporal variation of PM2.5
emissions has received increasing research attention over the
past decade, especially in China and India (e.g., Gorai et al.
2018; Jin et al. 2017; Krishna et al. 2019; Xu et al. 2017; Xue
et al. 2018; Yang et al. 2017). For instance, PM2.5 con-
centrations were found to relate closely with the gross
domestic product and population size in China, and a dra-
matic difference in PM2.5 concentrations has been observed
between eastern and western China (Jiang et al. 2018; Li
et al. 2019; Yan et al. 2018).

Air-pollution-induced health risks can be assessed by
various approaches, including the global burden of disease,
epidemiological methods, and toxicological methods (Błas-
zczyk et al. 2017; Brauer et al. 2012; Forouzanfar et al.
2016; Lelieveld et al. 2015; Li et al. 2017). Epidemiological
and toxicological methods are commonly used to describe
and quantify the health risk of PM2.5 (Fantke et al. 2015;
Sclar and Saikawa 2019; Hime et al. 2018; Jia et al. 2017;
Kim et al. 2015a, b). However, the underlying principles as
well as advantages and disadvantages of these two methods
are very different. Epidemiological methods intend to
investigate and track the relationship between PM2.5 con-
centration and disease occurrence. Findings from epide-
miological studies have shown that the relationship of
PM2.5 concentrations to adverse health effects is stronger
than that of PM2.5 concentrations with total suspended
particulates (Hwang et al. 2017; Li et al. 2019). Assessing
the latent effects of long-term exposure to particulate matters
on health is crucial; nevertheless, epidemiological research
requires long-term PM2.5 monitoring datasets, which may
be unavailable in most countries. Alternatively, toxicological
methods focus on toxic materials and present results by
carcinogenic (CRs) and non-CRs (Adami et al. 2011).

The exploration of the cause-and-effect relationship
between PM2.5 and human diseases based on region-wide
historical datasets is inclined to employ epidemiological and
toxicological methods. It takes considerable time and efforts
for toxicologists and epidemiologists to identify the linkage

between a putative causal agent and a response. Evidence-
based analyses utilize many of the same fundamental con-
siderations in the two disciplines. Consistency in evidence
for adverse health effects of short-term exposure to
PM2.5 sustains countermeasures taken to control PM2.5
emissions (Brauer et al. 2012; Chan and Ng 2011; Wang
et al. 2018). For example, Kan et al. (2007) indicated that an
increase of 10 μg/m3 in PM2.5 concentration would lead to
an increase of 0.95% in the mortality rate of lung diseases in
Shanghai. Previous studies in the United States have also
pointed out that exposure to PM2.5 would increase lung
cancer (McDonnell et al. 2000; Jerrett et al. 2005). Long-
term epidemiological studies on PM2.5 in Taiwan have
reported the updates on lung and heart functions affected by
PM2.5 as well as mortality rate (Wang 2011; Liou 2014; Lo
et al. 2016). These studies have also indicated that health
effects would vary with pollutant compositions from dif-
ferent sources. Particle components may impose more sig-
nificant impacts on human health than PM2.5 level, and
therefore the compositions of fine particles should be taken
into account when assessing health hazards from PM2.5
pollution (Wang 2011; Liou 2014; Lo et al. 2016). This
implies that health-risk assessments should involve methods
from different perspectives when decision-makers and/or
governments intend to revise or review air-pollution-control
strategies. However, further investigation is required to
explain the heterogeneity raised in health-effect estimates.
The incorporation of epidemiological and toxicological
disciplines into causal analyses could benefit the studies
associating health effects with air pollutants (Pope et al.
2002; Brunekreef and Forsberg 2005; Krzyżanowski et al.
2005; Schlesinger 2007; Gao and Ji 2018; Li et al. 2019).

Both epidemiological and toxicological methods play an
important role in health-risk assessment needed for estab-
lishing air-pollution-control policies (Karambelas et al.
2018; Li et al. 2018). As known, the spatiotemporal trends
and characteristics of PM2.5 concentration may differ in the
perspectives of urban type and population size (Aunan et al.
2018). Thus, health-risk assessment on PM25 would deliver
much more convincing results if local air-quality-
monitoring datasets and coefficients related to PM2.5
health-risk assessment are available. To date, many studies
have discussed the relationship between PM2.5 and health
risk (e.g., Lu et al. 2017; Pearce et al. 2011; Tai et al. 2010;
Wang et al. 2015), whereas few studies have utilized local
air-quality-monitoring datasets or coefficients related to
PM2.5 health-risk assessment. Besides, urban development
and the type of a city (e.g., commercial or industrial) can
lead to different air-pollution problems. Multifaceted
assessments are required for the formulation of air-quality-
control policies. Thus, this study aims to provide recom-
mendations on region-oriented air-quality control/regulation
strategies (thresholds) grounded in health-risk assessments,
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and engaging epidemiological and toxicological methods
based on the long-term monitoring datasets (2007–2017)
collected in four regions of Taiwan. Our purpose of
selecting different types of cities is to explore the distinction
in pollution behavior between cities. Our proposed metho-
dology is expected to support the review of current air-
pollution-control policies with another outlook on toxic
substances adsorbed in PM2.5, such that necessary adjust-
ment in policies can be made, if any policy inadequacy
occurs.

Methodology

Materials

Industrial development, economic growth, and urbanization
may lead to high PM2.5 concentrations. In Taiwan, trans-
boundary air pollution and poor atmospheric diffusion due
to meteorological conditions and mountainous terrains are
also considered responsible for high PM2.5 concentrations.
PM2.5 concentrations and the hazardous substances adsor-
bed on PM2.5 surface can vary substantially from region to
region. It is imperative to assess the causes of high PM2.5
concentrations and their impacts on human health region by
region. The Environmental Protection Administration in
Taiwan (Taiwan EPA) has established interactive models
for the monitoring and control of environmental air pollu-
tion in recent years. A total of 76 air-quality-monitoring
stations have been built and operated by the Taiwan EPA.
This study was conducted based on hourly monitoring
datasets of PM2.5 concentrations collected by the Taiwan
EPA during 2007 and 2017.

Table 1 shows the parameters used in the toxicological
method, which were summarized from various sources. For
assessing health risks associated with toxic air pollutants,
we selected four air-quality-monitoring stations that pro-
vided at least 1 year of monitoring data of heavy metals
related to PM2.5 (Fig. 1). The four selected stations are
Stations Zhongshan, Chungming, Pingtung, and Dongshan,
which represent northern, western, southern, and eastern
regions of Taiwan, respectively. Table 2 displays the
information of population, vehicles, and industrial facilities
of the cities where the four selected stations are located.
Station Zhongshan (denoted as A1) is located in Taipei City
(northern Taiwan), which is a business city and has the
highest densities of population and vehicles. Station
Chungming (denoted as A2) is located in the Taichung City
(western Taiwan), which has the highest density of indus-
trial facilities. Station Pingtung (denoted as A3) is located in
a periurban area that is close to an industrial park in
Kaohsiung City (southern Taiwan), which exhibits complex
pollution sources related to industrial production and

transportation. Station Dongshan (denoted as A4) is located
in Yilan County (eastern Taiwan), which has the lowest
densities of population and vehicles. The four stations
were selected according to geological location and
social–economic environment in order to assess their dif-
ference, if any, in air pollution (PM2.5 concentrations) with
respect to location, city type, and population size. The
annual average and the standard deviation of PM2.5 con-
centrations coupled with population exposed to PM2.5 were
used to calculate health risks at a regional scale.

Research Framework

This study intends to explore PM2.5 features and perform
epidemiological and toxicological health-risk assessments
for investigating adverse health effects caused by the inor-
ganic components of PM2.5 in four regions of Taiwan
(Fig. 2). First of all, the parameters of the toxicological
method were identified based on PM2.5 and toxicological
datasets collected in this study. Then, the long-term trends
of PM2.5 concentrations monitored at Stations A1–A4 were
analyzed. We next used epidemiological and toxicological
methods to assess the health risks at Stations A1–A4. The
site-specific affecting factors were also explored. In this
study, the epidemiological method (excess risk (ER) ratio)

Table 1 Parameters of the toxicological method

Items Inhalation-unit
risk (UR)
(μg/m3)–1

Inhalation-reference
concentration (RfC)
(mg/m3)

Data source

Al – 5.0 × 10–3 PPRTVa

As 4.3 × 10–3 1.5 × 10–3 IRISb, CalEPAc

Ba – 5.0 × 10–4 HEASTd

Cd 1.8 × 10–3 1.0 × 10–5 IRIS, ATSDRe

Co 9.0 × 10–3 6.0 × 10–6 PPRTV

Cr 8.4 × 10–2 1.0 × 10–4 IRIS

Mn – 5.0 × 10–5 IRIS

Ni 2.4 × 10–4 1.4 × 10–5 IRIS, CalEPA

Pb 1.2 × 10–5 – CalEPA

Se – 2.0 × 10–2 CalEPA

V – 1.0 × 10–4 ATSDR

aProvisional peer reviewed toxicity value, United States Environ-
mental Protection Agency (US EPA), https://hhpprtv.ornl.gov/
bIRIS—Integrated Risk Information System, US EPA, https://iris.epa.
gov/AtoZ/?list_type=alpha
cCalEPA—California Environmental Protection Agency, USA, https://
oehha.ca.gov/
dHEAST—Health Effects Assessment Summary Tables FY 1997
update, US EPA, https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?
deid=2877
eATSDR—Agency for Toxic Substances and Disease Registry, USA,
https://www.atsdr.cdc.gov/
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was used to identify the population exposed to PM2.5 at
each station, while the toxicological method (CR and hazard
quotient (HQ)) was used to identify the toxicants adsorbed
on PM2.5 surface and their concentrations at each station,
where the exposure period and the frequency were also
identified. The results of both methods at Stations A1–A4
were evaluated and compared.

Epidemiological Method

Epidemiological studies on health effects of PM2.5 have
reported that the relative risk (RR) would typically be

considered a function of PM2.5 concentrations (Fantke
et al. 2015). Epidemiological methods capable of extracting
valid information from human exposures to toxic metals are
crucial to the establishment of causal relationships between
contaminants and specific health endpoints, such as death or
disease. This study adopts epidemiological methods to
establish the relationship between exposure dose and health
risks based on long-term data.

According to the United States Environmental Protection
Agency (US EPA 2013, 2014), the quantitative health-risk
assessment of particulate matters can be conducted using
epidemiological methods in consideration of air-quality
information and the concentration-response function (HEI
—Health Effects Institute 2010). According to the health-risk
assessment of PM2.5, the World Health Organization
(WHO) recommended that the concentration-response func-
tion of aerosols can be established and expressed in mortality
and morbidity based on epidemiological and correlation
results (Ross 2009). Several indicators such as RR and ER
are commonly used to express quantitative exposure-
response relationships between PM2.5 and health risks
(Janssen et al. 2013; Lu 2009; Lu et al. 2015). Many studies
adopted generalized linear models to carry out epidemiolo-
gical assessments (Atkinson et al. 2012; Lu et al. 2015; Shah
et al. 2013). Therefore, this study assumes that there is a
linear relation between exposure and health outcomes
(Atkinson et al. 2012). One of our study goals is to compare
the health risks of PM2.5 exposure between the exposed and
the unexposed group, and therefore ER was chosen for use
in this study. Under the condition of limited local epide-
miological data, ER can be converted from RR that repre-
sents all-cause mortality for all ages (Hwang et al. 2017). RR
refers to a standardized increment in pollutant concentration,
while ER denotes the attributable fraction among the
exposed population of the whole population. RR and ER can
be calculated by Eqs. (1) and (2), respectively (Chalvatzaki
et al. 2019)

RR Xð Þ ¼ exp β� X � X0ð Þ½ �; ð1Þ

where X is the concentration of PM2.5 (μg/m3), and X0 is
the baseline concentration of PM2.5.

ER Xð Þ ¼ RR Xð Þ � 1: ð2Þ
Fig. 1 Locations of air-quality-monitoring stations A1–A4 in the
study area

Table 2 Density of social factors
in the cities where monitoring
stations A1–A4 are
located (2017)

Density (per km2) Taipei
city (A1)

Taichung
city (A2)

Pingtung
county (A3)

Yilan county (A4)

Industrial facility 0.4 62.4 0.7 0.4

Motorcycles and
automobiles

3246 628 108 100

Population 9838 1262 298 213
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RR can be estimated according to Hwang et al. (2017).
For an increase of 10 µg/m3 in PM2.5 concentration, RR
would be 1.02, with a 95% confidence interval=
[1.007–1.040]. The threshold (baseline concentration) of
the health effects caused by PM2.5 is the annual standard
(15 µg/m3) released by the Taiwan EPA, which means an
annual average concentration higher than 15 µg/m3 might
cause adverse health effects. According to Eq. (1) and the
baseline concentration (X0= 15 μg/m3) of PM2.5, β (=ln
[RR(X)]/(X – X0)) was set (calculated) as 0.0198 (=ln
[1.02]/10) in this study.

Toxicological Method

PM2.5 contains a mixture of chemicals, while chemical
hazards can be complex, for instance, metals and polycyclic
aromatic hydrocarbons. There have been studies focusing

on the chemical risks of PM2.5 (e.g., Betha et al. 2013; Hu
et al. 2012; Park et al. 2008; Wu et al. 2009; Wu 2013;
Zhou et al. 2020). The implementation of the toxicological
method adopted in this study consists of four procedures,
i.e., hazard identification, dose–response assessment,
exposure assessment, and risk characterization (Barnes et al.
1988; Eregno et al. 2016). Hazard identification aims at
identifying whether a substance is toxic or not. Once a
substance is identified toxic, its carcinogenicity should also
be investigated. For the dose–response assessment, the
toxicity category of each substance can refer to the toxicity
database. The exposure assessment identifies how a receptor
exposes to a toxicant. Finally, risk characterization presents
health risks by two categories: the CR and the non-CR
(evaluated by HQ).

CR and HQ corresponding to heavy metals in PM2.5
through ingestion, dermal contact, and inhalation can be

Fig. 2 Research framework
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calculated by the following equations:

CR ¼ EC� UR; ð3Þ

HQ ¼ EC
RfC=1000

; ð4Þ

where EC is the exposure concentration (μg/m3), UR is the
inhalation-unit risk ((μg/m3)–1), and RfC is the inhalation-
reference concentration (mg/m3).

Residents living in the investigative area are potential
receptors of airborne metals. EC shows the characteristics of
receptor exposure, as shown below:

EC ¼ Ci� ED� EF� ET
AT

; ð5Þ

where Ci is the concentration of the target substance (μg/m3,
i.e., heavy metals in this study), ED is the exposure duration
(year), EF is the exposure frequency (day/year), ET is the
exposure time (h/day), and AT is the average exposure time
(h). It is noted that we refer to the EC parameters set by the
Taiwan EPA (guideline for health risk assessment,
https://www.epa.gov.tw/cpDownloadCtl.asp?id=6146) and
the US EPA (US EPA 1995).

The exposure and the dose–response assessment are
carried out in parallel. The exposure concentration of the
receptor is calculated, simulated, or measured in the field to
estimate the exposure amount (e.g., ED, ET, and EF) of the
toxic substance in the environment. According to the resi-
dency preference disclosed in Taiwan (Ministry of Health
and Welfare (MOHW) 2008), ED, EF, ET, and AT adopted
in this study were set to 35 years, 365 days, 24 h/day, and
613,200 h/year, respectively. Therefore, Eq. (5) can be
expressed as EC = Ci�35�365�24

6135;200 .
According to the classification of carcinogenic elements

defined by the International Agency for Research on Cancer
of the WHO, arsenic, inorganic arsenic compounds, nickel
compounds, cadmium, and cadmium compounds belong to
Class I, lead compounds (inorganic) belong to Class 2A,
and cobalt and cobalt compounds belong to Class 2B
(IARC 2013). Nevertheless, copper, zinc, and manganese
do not appear on the aforementioned classification list.
Therefore, the CRs corresponding to copper, zinc, and
manganese were not investigated in this study. Besides, the
UR values for arsenic (inorganic), cadmium, cobalt, chro-
mium (VI), nickel, and lead were disclosed in the regional
screening levels (RSL) released by the US Environmental
Protection Agency (Health effects assessment summary
tables (HEAS), https://cfpub.epa.gov/ncea/risk/recordispla
y.cfm?deid=2877).

CR represents the probability of a person undergoing
cancer development involving lifetime exposure to carcino-
genic hazards. The tolerable risk of CR for regulatory pur-
pose falls within 【1 × 10−6, 1 × 10−4】(Wei et al. 2015).

Besides, the overall potential of noncarcinogenic effects
imposed by more than one chemical component can be
assessed by the overall HQ that sums up all the HQs of a
suite of chemical components. A HQ smaller than 1 indicates
no adverse health effects being expected, while a HQ higher
than 1 indicates a possible occurrence of adverse health
effects. Table 1 shows the parameters used in the tox-
icological method of this study.

Results and Discussion

The trends of annual average concentrations of PM2.5 at
Stations A1–A4 were presented at first. Then, the health-
risk results obtained from epidemiological and toxicological
methods were analyzed and discussed. Finally, new
thresholds (acceptable upper limits of PM2.5 concentration)
and strategies for air-quality control were recommended at a
regional scale.

Preliminary Analysis on PM2.5 at Stations A1–A4
(2007–2017)

According to the monitoring data of hourly PM2.5 con-
centrations collected at Stations A1–A4 during 2007 and
2017, the minimum value was zero but the maximum value
varied from station to station, from year to year. Govern-
ments and residents in Taiwan have raised serious concerns
about air- quality deterioration, and therefore a number of
air-pollution-control policies have been executed in recent
years (TW EPA 2011, 2012, 2013). As a result, the annual
average PM2.5 concentrations showed a decreasing trend
during 2007 and 2017, especially in western and northern
Taiwan (Fig. 3). We noticed that PM2.5 concentrations at all
the four stations significantly decreased after 2013. Such
mitigation has benefited from two main actions taken by the
Taiwan EPA against air pollution since 2013, i.e., imple-
menting air-pollution-control strategies (e.g., lowering the
upper limit of the acceptable concentrations of PM2.5) and
raising air-quality standards (i.e., reducing thresholds) for
certain emission sources like industrial factories and power
plants (TW EPA 2020). Besides, the Taiwan EPA has also
developed strategies to reduce emissions from mobile pol-
lution sources. For instance, the Air-quality Standards for
Fine Suspended Particulates (PM2.5) (TW EPA 2012, 2013),
the Stationary Pollution Source Air Pollutant Emissions
Standards (https://oaout.epa.gov.tw/laW/EngLawContent.
aspx?lan=E&id=81), and the Vehicular Air Pollutant
Emission Standards (https://oaout.epa.gov.tw/laW/EngLaw
Content.aspx?lan=E&id=158). More policy information can
be found on the website of the Air-Quality Protection Policy
Planning (https://air.epa.gov.tw/EnvTopics/AirQuality_1.
aspx) and the website of the Laws and Regulation
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Database of R.O.C. (https://law.moj.gov.tw/LawClass/Law
History.aspx?pcode=O0020007). Because several industrial
parks and a thermal power plant are located in the western
region (highly urbanized), Stations A2 and A3 had higher
maximal and average concentrations of PM2.5 than Stations
A1 and A4. We noticed that the annual average concentra-
tions of PM2.5 at Stations A1, A2, and A3 were higher than
the annual standard (15 μg/m3) before 2013, but were sig-
nificantly reduced after 2013.

The surrounding area of Station A1 is the most urbanized
area in Taiwan, but it is less industrialized than those of
Stations A2 and A3. Thus, PM2.5 concentrations of Station
A1 would be significantly affected by moving vehicles or
transportation, whereas PM2.5 concentrations of Station A3
would be affected mostly by industrial development because
Station A3 is located in a periurban area next to an industrial
park. Although new techniques have been developed to
reduce PM2.5 air pollution, PM2.5 would still be affected by
meteorological conditions such as wind direction and speed.
On the other hand, reducing PM2.5 emissions from industrial
sectors may require changes in fuel generation from coal to
other sources sustaining cleaner production, or requires more
air-pollution control equipment, which would lead to
increases in construction, operation, and maintenance costs.
Besides, the establishment and development of new indus-
trial parks may also be restricted. However, it is inevitable
that the implementation of the aforementioned policy mea-
sures may become a barrier to industrial production and
economic development. As for Station A4, its annual average

PM2.5 concentrations appeared to be the lowest (Fig. 3). It is
noted that Station A4 (eastern Taiwan) is located in a lowly
industrialized and urbanized area and tourism is the main
source of income for eastern Taiwan. Thus, the concentra-
tions of PM2.5 and other air-pollution sources were lower at
Station A4 than at Stations A1–A3.

Health-Risk Assessment Using the Epidemiological
Method

In this study, the ER ratio was calculated based on the
annual average concentration of PM2.5. Figure 3 illus-
trates the trends and ranges of ER ratios obtained from the
epidemiological method at a yearly scale for Stations
A1–A4 (2007–2017). We noticed that all the ER ratios of
the four stations were very low (<1%, with a 95% con-
fidence interval of【0, 2.4878】) and the ER ratio
decreased (<0.6% after 2013) as PM2.5 concentrations
decreased over time. Station A3 (southern Taiwan) had the
highest ER ratio (about 0.7% in 2007) than the other three
stations in each year because it had the highest annual
average PM2.5 concentrations among the four stations.
The ER ratios at Station A1 (in Taipei City) significantly
reduced to <0.4% after 2013. The ER ratios at Station A4
(eastern Taiwan) were near zero after 2016 because the
annual average PM2.5 concentrations of this station were
lower than the annual standard released by the Taiwan
EPA, which meant that almost no health effect was
imposed on human beings.

Fig. 3 PM2.5 concentration versus excess risk (ER) ratio at monitoring stations A1–A4 during 2007 and 2017
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Health-Risk Assessment Using the Toxicological
Method

To investigate the current health hazards and identify the
hotspot(s) of high health risks related to PM2.5 in Taiwan, a
comprehensive assessment is needed, especially when
health-risk data are unavailable in many regions. The toxic
metals in PM2.5 were also investigated. Table 3 presents
the concentration range of each toxic metal in PM2.5 at
Stations A1–A4, referring to several reports about toxic
metals in PM2.5 (Huang 2001, 2005; Tseng 2006; Wang
2000; Weng 2014). These toxic metals have been detected
nearby Stations A1–A4 for more than 1 year. Among the
four stations, Station A2 contained the largest variety of
metals and had the highest concentration in each metallic
category, except for Ni. The concentration of Ni was the
highest at Station A4. The average of concentration of each
metallic category was higher at Station A3 than at Station
A1. The concentration in each metallic category was mostly
the lowest at Station A4, except for Ni.

Figure 4 illustrates the maximum and annual average CR
values obtained from the toxicological method based on
PM2.5 concentrations and the relevant toxic metal contents.
The calculation of CR values was based on PM2.5 con-
centrations and heavy-metal contents. To be more precise,
the CR was calculated for hourly frequency and then it was

averaged to get the annual average values for each station.
The maximum CR value was the maximum of hourly CR
values in each year. On account of the large gaps between
the two groups, the maximum and average CR values were
plotted separately (Fig. 4), which were, in general, unac-
ceptable in regard to health effects. This pointed out that
high carcinogenic health risks occurred at the four stations
in each year. More precisely, the maximal CR value was
high even though the annual average CR value was low in
each year, implying that such high risk might not last for a
long time, but could cause serious adverse health effects on
certain occasions. Thus, these occasions should be unveiled
for further investigation. For instance, the reason why
Station A2 had the highest maximal and annual average CR
values in each year was due to its largest variety of toxic
metals, despite its less high annual average concentrations
of PM2.5 (Fig. 2 and Table 3). Although the annual
average CR values at Station A2 decreased from 2.33 ×
10–3 (2007) to 1.31 × 10–3 (2017), these values were still
much higher than the tolerable upper limit (1 × 10–4) of CR.
In contrast, Station A3 had the highest annual average
PM2.5 concentration but a less high annual average CR
value in each year. Station A4 had the lowest annual
average concentration of PM2.5, but its CR values were not
the lowest. The results indicated that Station A4 had low
annual average concentrations of PM2.5 but high tox-
icological health risks, which deserved to be explored in
depth, as shown below.

The results of non-CRs based on the HQ are shown in
Fig. 4. Overall, the average HQ values were unacceptable at
all stations, except for Station A1 (HQ value < 1). The HQ
results also indicated that health risks were high at Stations
A2–A3, but the HQ values did decrease at all stations in
recent years. Figure 4 presents both the annual average and
the maximum of HQ values in each year. Station A3 had the
highest annual concentrations of PM2.5, but its maximum
HQ value was not the highest in each year, implying that
PM2.5 emitted around this station did not contain many
toxic metals. In contrast, Station A4 had the lowest annual
average concentration of PM2.5, but its HQ value was
relatively high in each year, implying that the concentra-
tions of toxic substances (e.g., Mn, Ni, and Pb) adsorbed on
PM2.5 surface were high at this station (Table 3).
According to TW EPA (2013), cement plants can cause an
increase in PM2.5 concentrations and such emissions are
accompanied with heavy metals (adsorbed in PM2.5)
because cement plants have complex fuel sources (including
wastes). Station A4 had the lowest annual average con-
centrations of PM2.5 but high HQ values, which suggested
that the amounts of heavy metals would be the key driver
affecting the health risks at this station.

According to the CR and HQ results, the health-risk
assessment should consider not only PM2.5 concentrations

Table 3 Metal toxicity range (μg/m3) at monitoring stations A1–A4

Item (μg/m3) A1a,b,c A2a,c,d A3a,b,d,e,f A4a,g,h

Al 0.83 ± 2.04i 5.80 ± 3.65 2.56 ± 1.3 0.24 ± 0.16

As NDj 0.07 ± 0.04 ND ND

Ba 0.04 ± 0.07 0.25 ± 0.16 0.09 ± 0.05 ND

Cd ND 0.09 ± 0.05 ND 0.03 ± 0.04

Co ND 0.01 ± 0.01 ND ND

Cr 0.01 ± 0.02 0.14 ± 0.09 0.03 ± 0.02 0.03 ± 0.04

Mn 0.04 ± 0.04 1.39 ± 0.87 0.10 ± 0.04 0.54 ± 0.39

Ni 0.01 ± 0.02 0.16 ± 0.12 0.24 ± 0.15 0.45 ± 0.55

Pb 0.06 ± 0.05 0.77 ± 0.47 0.11 ± 0.06 0.69 ± 0.44

Se ND 0.03 ± 0.02 ND ND

V 0.02 ± 0.02 0.49 ± 0.29 0.02 ± 0.01 ND

aHuang (2001)
bWang (2000)
cLee (2018)
dWeng (2014)
eTseng (2006)
fYuan (2015)
gHuang (2005)
hEnvironmental Protection Bureau of Yilan County Government
(2015)
iUnit: μg/m3

jNot detected
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but also the concentrations of toxic substances associated
with PM2.5.

Comparison between the Epidemiological and
Toxicological Methods

The geographical locations and land uses of Stations A1–A4
are different (A1, north_urban; A2, west_urban near an
industrial park; A3, south_peri-urban and near an industrial
park; A4, east_peri-urban). Thus, emission sources and
health risks should be investigated at a regional scale. It was
noted that the health risks obtained from epidemiological and
toxicological methods showed decreasing trends from 2007
to 2017 (Figs. 3 and 4). Although there is no tolerable upper
limit recommended by authorities for the ER ratio, a lower
ER ratio would be favorable. But the health risks obtained
from the toxicological method in the four regions were not
acceptable (Fig. 4). Thus, the health impact of toxic metals
on human beings should be explored further.

We noticed that the results of epidemiological and tox-
icological methods were not consistent. For instance, the
highest epidemiological health risk occurred in the southern
region (Station A3, Fig. 3), whereas the highest tox-
icological health risk occurred in the western region (Station
A2, Fig. 5). Taking geographical location into considera-
tion, CR and HQ values were the highest in western Taiwan
but the lowest in northern Taiwan in 2007, 2012, and 2017

(Fig. 5). Station A2 did not have the highest annual average
concentration of PM2.5 even though it is located within an
urban area with industrial development. However, high
health risks (CR and HQ) were found in the surrounding
area of Station A2 because there were complex air-pollution
sources near this station. Due to the limitation of the epi-
demiological method, the health risk was described only by
PM2.5 concentrations. In contrast, the toxicological method
described health risks through heavy-metal components
adsorbed on PM2.5 surface. According to the results
obtained from both methods, low annual average con-
centrations of PM2.5 did not necessarily result in low health
risks. This phenomenon could be observed in eastern Tai-
wan (Station A4). The results pointed out that a station
(such as Station A4) with low annual average concentra-
tions of PM2.5 might have high contents of toxic heavy
metals in PM2.5, leading to high health risks. However,
when making countermeasures against PM2.5 pollution, a
station with low PM2.5 concentrations would be easily
ignored even though it actually had high toxicological
health risks. According to these findings, the pollution-
control strategy of PM2.5 should also be implemented at
areas (e.g., the eastern region in Taiwan) with low PM2.5
concentrations but high health risks.

We further explored the emission sources of the heavy-
metal components of PM2.5 in the eastern region. It was
speculated that industrial and transportation emissions

Fig. 4 Results of health-risk assessment on carcinogenic risks (CR) and hazard quotient (HQ) at monitoring stations A1–A4
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would constitute PM2.5 emission sources. Station A4 is
located in a periurban area with the lowest densities of
population and vehicles, and therefore is expected to have
the lowest PM2.5 concentration and health risks. However,
the health risk obtained from the toxicological method was
high at Station A4. The reason might be that several cement
plants are located near Station A4 such that many kinds of
heavy metals constitute emission particles, despite the low
density of industrial facilities in this region. In order to
better understand the high concentrations of heavy metals at
Station A4, we refer to several research reports released by

the local environmental protection agency in recent years.
These reports indicate that the cement industry and traffic
loads caused by tourism and human activities are the main
emission sources of PM2.5 in this area (Yilan County
Environmental Protection Bureau (Yilan County EPB)
2014, 2015, 2017a, b, 2019a, b).

We next investigated Station A1, which is located in a
business city with the highest densities of vehicles and
population. Air pollution is expected to come mainly from
transportation in this city. Table 3 supports this claim, i.e.,
emissions of heavy metals such as Pb and V in this city
come from transportation (HEI—Health Effects Institute
2010). However, the health risks obtained from both
methods at this station were not the highest. On the other
hand, Station A2 had the highest density of industrial
facilities. Thus, the results of health-risk assessment showed
that the city embracing Station A2 had the highest CR
values (Fig. 5). Station A3 is located in a periurban area
near an industrial park. This could be the reason why high
annual average concentrations of PM2.5 occurred here.
However, the toxicological health risk at Station A3 was not
the highest because fewer heavy metals were contained in
PM2.5 here (Table 3 and Figs. 4, 5). Nevertheless, its epi-
demiological health risk was the highest (Fig. 3). These
results showed again that the epidemiological and tox-
icological health risks were not consistent.

It is worth mentioning that Taiwanese terrains bring
certain influence on air pollution. Mountainous terrains and
wind directions may trap air pollutants in some areas. In
Taiwan, mountains with elevations reaching 4000-m run
mainly from north to south, while the wind usually blows
from west to east, and therefore air pollutants would usually
be blocked in the regions surrounding Stations A1 and A2.
This phenomenon is especially obvious in winter. It is also
noted that the whole western Taiwan can be affected by
long-range transboundary air pollution, especially smog
from China, in winter. For these reasons, PM2.5 pollution in
Taiwan is more serious in winter.

Following the above results, the thresholds for issuing
air-pollution warnings should be adjusted for areas with low
PM2.5 concentrations but high toxicological health risks,
despite the threshold of 15 μg/m3 released by the Taiwan
EPA. This study intends to recommend the acceptable upper
limits of PM2.5 concentration for the four regions sur-
rounding Stations A1–A4 in consideration of both the
toxicological health-risk assessment (CR and HQ) and the
statistical analysis based on hourly PM2.5 concentrations.
The results are shown in Fig. 6. Taking year 2017 as an
example and referring to the Risk Characterization Hand-
book of US EPA (2001) and TW EPA (2001), the tolerable
upper limits of CR and HQ are 1 × 10–4 and 1, respectively,
which could be utilized to calculate the acceptable upper
limit of PM2.5 concentration recommended for each station

Fig. 5 Comparison results of health-risk assessments with respect to
a carcinogenic risks (CR) and b hazard quotient (HQ) at monitoring
stations A1–A4 in 2007, 2012, and 2017
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in this study. For example, referring to Eqs. (3) and (4), the
recommended acceptable upper limit of PM2.5 concentra-
tion corresponding to CR (=1 × 10–4) at Station A1 can be

calculated by 1 × 10−4/(The percentage of toxic heavy metal
in PM2.5) × EC × UR. The results indicated that there were
50%, 37%, 31%, and 71% of hourly PM2.5 data lower than

Fig. 6 Tolerable upper limits of
PM2.5 concentration derived
from CR and HQ for the four
regions surrounding Stations
A1–A4 (2017)
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the annual standard (15 μg/m3) at Stations A1–A4, respec-
tively. The acceptable upper limits of PM2.5 concentration
derived from CR at Stations A1–A4 were 23 μg/m3, 0.1 μg/
m3, 16.7 μg/m3, and 7.4 μg/m3, respectively, subject to the
tolerable upper limit (i.e., 1 × 10–4) of CR (US EPA 2001).
The acceptable upper limits of PM2.5 concentration derived
from HQ at Stations A1–A4 were 10.4 μg/m3, 3.2 μg/m3,
23.9 μg/m3, and 4.3 μg/m3, respectively, subject to the tol-
erable upper limit (i.e., 1) of HQ (US EPA 2001). Com-
paring these derived acceptable upper limits of PM2.5
concentration, the current annual standard (15 μg/m3) seems
less strict about health protection against air-quality dete-
rioration. It is advised that the acceptable upper limit of
PM2.5 concentration should be redefined region by region.
For instance, the acceptable upper limit for Station A1 was
23.0 μg/m3 subject to the tolerable upper limit of CR while
being 10.4 μg/m3 subject to the tolerable upper limit of HQ.
Therefore, 10.4 μg/m3 would be the recommended annual
standard for PM2.5 concentration in this region. For Station
A2, the recommended annual standard for PM2.5 con-
centration would be 0.1 μg/m3 because the acceptable upper
limits of PM2.5 concentrations were 0.1 μg/m3 (by CR) and
3.2 μg/m3 (by HQ). Even though it is unlikely to reduce
PM2.5 concentrations to 0.1 μg/m3 in the circumstances, the
result does highlight the high toxicity of PM2.5 at Station
A2, which deserves cautious air-pollution control and/or
strategy. Therefore, the most important problems to tackle
at Station A2 are to reduce PM2.5 concentrations and the
toxic emission amount by targeting the main emission
sources (e.g., industrial production) of PM2.5 toxicity. In
other words, it is very important to consider PM2.5 con-
centrations and the heavy metals in PM2.5 at the same time.
The recommended annual standard for PM2.5 concentration
at Station A3 would be 16.7 μg/m3 because the acceptable
upper limits of PM2.5 concentration were 16.7 μg/m3 (by
CR) and 23.9 μg/m3 (by HQ). For Station A4, the recom-
mended annual standard for PM2.5 concentration would be
4.3 ug/m3 because the acceptable upper limits of PM2.5
concentration were 7.4 μg/m3 (by CR) and 4.3 μg/m3 (by
HQ). It is noted that the recommended annual standards for
PM2.5 concentration in regions surrounding Stations A1,
A2, and A4 are stricter (lower than 15 μg/m3). These results
suggest that the annual standard for PM2.5 concentration
should be refined at a regional scale because the number and
the types of heavy-metal components in PM2.5 could vary
from region to region.

Site-specific PM2.5 Emission Sources
for Air-Pollution Control

According to the above results, the pollution-control strategy
of PM2.5 should be site-specific in response to the regional
recommendation for the annual standard for PM2.5

concentration. Making PM2.5 pollution-control strategies in
many perspectives would be effectual, especially for hot-
spots. Heavy metals can serve as indicators of PM2.5 emis-
sion sources such that toxicological health-risk assessment
coupled with social factors like business and transportation
types would help identify PM2.5 emission sources.

In sum, according to the handbook (TW EPA 2020)
released by the Taiwan EPA, the prevention and control
strategies implemented in the recent decade contain the
actions taken against stationary pollution sources (e.g.,
regulation of total emissions, total mass-based control,
and emission control of a single manufacturer) and mobile
pollution sources (nonstationary pollution sources).
Effective mitigation of air pollution can be observed from
long-term monitoring datasets, which reveals that such
mitigation is indebted to a suite of strategies, rather than a
single strategy. It is noted that the actions aiming to
reduce the total amount of PM2.5 concentrations were
implemented at first, which indeed led to a continual
reduction in PM2.5 emissions in the study area and thus
helped reduce health risks (Fig. 3). It is also observed that
the control strategies have continued driving PM2.5 con-
centrations to approach the annual standard (15 μg/m3)
released by the Taiwan EPA. However, the hypothesis
that low PM2.5 concentrations are harmless to human
health still remains in question. Therefore, we next seek to
explore, in contrast to traditional views, other possibilities
(factors) that affect PM2.5 in order to reinforce the pro-
tection of human health. In addition to epidemiological
health-risk assessment, this study assessed health risks in
view of toxicological substances associated with PM2.5
and obtained new findings. There were cases under the
condition of low PM2.5 concentrations that the epide-
miological method disclosed low health risks, whereas the
toxicological method disclosed high health risks (Figs. 3
and 4). This raises a warning that air-pollution control
needs to consider toxic substances adsorbed in PM2.5 and
region-oriented control strategies are desirable. We hope
that our findings and transferable methodology can call on
domestic and foreign authorities to review current air-
pollution-control policies with an outlook on the toxicity
of PM2.5.

Conclusion

PM2.5 is one of the most serious air pollutants that bring
detrimental health risks to residents. While PM2.5 control
policies and regulations are usually characterized by lacking
a review of their effectiveness and impacts on health and
environment, it is advised that the review should take
PM2.5-related health risks into consideration and then
adjust, if necessary, control strategies into region-oriented

Environmental Management (2021) 67:176–191 187



ones based on the feedback from the review. In particular,
the control strategy should consider different features of
PM2.5 emissions and metal toxicity compositions at four
stations. For instance, the control strategy for Station A3
needs to consider industrial development. This study used
epidemiological and toxicological methods to explore
health risks induced from PM2.5 based on long-term data-
sets of air pollution, heavy metals, and toxic substances at
four air-quality-monitoring stations (Stations A1–A4) that
represent four separate regions covering the whole Taiwan.
The results showed that under low PM2.5 concentrations
(e.g., Station A4), the epidemiological method did not dis-
close a high health risk, whereas the toxicological method
did disclose a high health risk. That is to say, toxic sub-
stances may reside in PM2.5 and cause high health risks
under the condition of low PM2.5 concentrations. Such
findings would lead to distinct policy recommendations on
air-pollution control for different regions. In other words,
the toxicity in PM2.5 should be regarded as an assessment
indicator for air-pollution control. Besides, the acceptable
upper limits of PM2.5 concentration derived from the tol-
erable upper limit of HQ at Stations A1–A4 were 10.4 μg/m3,
3.2 μg/m3, 23.9 μg/m3, and 4.3 μg/m3, respectively, which
indicate that the current annual standard (15 μg/m3) is less
strict about health protection against air-quality deteriora-
tion. It is suggested that the annual standard for PM2.5
concentration should be redefined on a regional scale
because the heavy-metal components in PM2.5 dangerously
affect human health and vary from region to region. Gov-
ernments and decision-makers are advised to take both
epidemiological and toxicological health-risk assessments
into consideration when planning to modify and/or for-
mulate air-pollution-control policies.

Future researches should pay more attention to the
diverse range of health-risk factors from epidemiological
and toxicological studies, as well as an increase in the
sampling frequency of heavy metals in PM2.5. Besides,
researchers are advised to consider both the emission
amount and substances associated with PM2.5. For
instance, the industrial emissions of heavy metals are con-
sidered an important PM2.5 emission source in Taiwan and,
even under the condition of low PM2.5 concentrations, may
bring significant amounts of toxic substances in PM2.5,
which endanger human health (referring to the cases of
Stations A2 and A4). More extensive and comprehensive
researches on PM2.5 can be carried out if data of more air-
quality-monitoring stations and the relevant toxic sub-
stances can be available.
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