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A B S T R A C T

Particulate matter (PM2.5) has a severe impact on human health. The concentration of PM2.5, related to air-quality
changes, may be associated with perceptible effects on people's health. In this study, computer intelligence was
used to assess the negative effects of PM2.5. The input data, used for the evaluation, were grid definitions (shape-
file), PM2.5, air-quality data, incidence/prevalence rates, a population dataset, and the (Krewski) health-impact
function. This paper presents a local (Pakistan) health-impact assessment of PM2.5 in order to estimate the
long-term effects on mortality. A rollback-to-a-standard scenario was based on the PM2.5 concentration of 15 μg
m�3. Health benefits for a population of about 73 million people were calculated. The results showed that the
estimated avoidable mortality, linked to ischemic heart disease and lung cancer, was 2,773 for every 100,000
people, which accounts for 2,024,290 preventable deaths of the total population. The total cost, related to the
above mortality, was estimated to be US $ 1,000 million. Therefore, a policy for a PM2.5-standard up to 15 μg m�3

is suggested.
1. Introduction

Particulate matter (PM) has a negative impact on the biosphere,
depending on its size, chemical composition, and source (Kelly and
Fussell, 2012). More specifically, PM2.5, which has an aerodynamic
diameter of�2.5 μm, is the main focus of attention among environmental
specialists. PM2.5 contains carbon compounds, sulfates, nitrates, ammo-
nium, heavy metals, Hþ, and condensed metal vapors (McMurry et al.,
2004). Sulfur and nitrogen oxides (SOx, NOx), volatile organic com-
pounds (VOCs), and NH3 are the main precursors of secondary PM (Hidy
and Pennell, 2010; McMurry et al., 2004). Anthropogenic and naturally
occurring PM2.5 contains both organic and inorganic components. Sul-
fates and nitrates constitute the inorganic PM, while VOCs coming from
vehicle exhausts, industrial emissions, and biogenic sources account for
the organic carbon fraction of PM (Jacob and Winner, 2009; McMurry
et al., 2004; Stone et al., 2010; Zhang et al., 2008). The emission of
ammonia (NH3) in open air intensifies the particulate content in the
ambient environment (Aneja et al., 2009).

Solar radiation and other environmental factors, such as temperature
and humidity, contribute to the increase in the number of pollutants in
assan).
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fresh air (Aneja et al., 2001; Hidy and Pennell, 2010; Jacob and Winner,
2009). During the cold seasons of the year, ammonium nitrate PM easily
precipitates in an environment with high ammonia and water content
(Pitchford et al., 2009), but this is rarely observed in warm days (Aw and
Kleeman, 2003; Jacob and Winner, 2009). On the contrary, PM of sulfate
increases with increasing temperature (Kleeman, 2008; Liu et al., 2009).
The PM2.5 content in the environment is increased owing to sources, such
as car exhausts (Liu et al., 2009; Incecik, 1996).

Increasing urbanization, high living-standards, and industrial
plants built without planning, increase air pollution. For instance, in
Pakistan, emissions from vehicles, industry, and power plants are the
main sources of PM2.5 (Pakistan Economic Survey, 2012). The
development and operation of two-stroke and diesel engines has also
increased environmental pollution (Asian Development Bank, 2006a;
World Bank, 2006). Diesel and furnace oil contain 0.5–1% and 1–3.5%
sulphur, respectively. The endless use of fossil fuels increases the
concentration of sulphur dioxide - a precursor of PM2.5 - in the air, in
the local environment (Asian Development Bank, 2006a). During the
winter season, in most urban areas, 90% of sooty aerosols are released
in the atmosphere, resulting in 15% more PM2.5 concentration in the
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air (Husain et al., 2007; Viidanoja et al., 2002). It has also been re-
ported that winter fog increases the level of environmental pollution
in some regions of Pakistan (Biswas et al., 2008; Hameed et al., 2000).
Coal-fired power plants are also a major source of PM (J.W October
18, 2015).

The serious consequences for human health on account of PM are
well known (Eionet core data flows 2019), and the various effects of
PM2.5 have been studied thoroughly by environmental experts and
epidemiologists (Texas Commission on Environmental Quality,
2015b). An epidemiological study, conducted by several researchers
in various regions and environments for different age groups, has
demonstrated that there is a close association between PM2.5 and
Minor Restricted Activity Days (MRADs), Respiratory Related
Restricted Activity Days (RRADs), hospital admissions, outdoor pa-
tient appointments for respiratory and cardiac complaints, and for
chronic bronchitis and asthma (Abbey et al., 1995; ARDEN POPE III
et al., 1991; Dockery et al., 1996; Glad et al., 2012; Katsouyanni et al.,
2009; Koenig and Mar 2009; Mar et al., 2010; Mar et al., 2004;
Mortimer et al., 2002; Norris et al., 1999; Ostro et al., 200; Ostro,
1987; Ostro and Rothschild, 1989; Peel et al., 2005; Peters et al.,
2001; Sarnat et al., 2013; Schildcrout et al., 2006; Schwartz and Neas,
2000; Sheppard et al., 1999; Slaughter et al., 2005; Wilson et al.,
2005; Zanobetti et al., 2009). It is worthy of note that recently, during
the pandemic period of COVID-19, the researchers had the unique
opportunity to present the strong correlation between the concentra-
tion of PM (which was dramatically reduced during the period of the
enforcement of tough restriction measures) and the above health
problems (Setti et al., 2020; Wu et al., 2020).

Experts have estimated the annual cost of environmental degra-
dation in Pakistan to be over US$ 370 million (Pakistan Economic
Survey, 2013–14). The World Bank (WB) has reported US$ 482
million and US$ 2,625 million, or 6% of GDP, as the annual costs of
air quality and environmental degradation in Pakistan, respectively.
Most importantly, the WB has estimated a total of 28,000 deaths
and 40 million lung-related diseases caused by air pollution (World
Bank, 2006). Other environmentalists have estimated the negative
effect on public health due to PM at around US$ 467 million,
claiming that PM has caused about 22,000 premature deaths to
adults and 700 deaths among teenagers (Dise et al., 2011; McMurry
et al., 2004; Pope III et al., 2002; Pope III et al., 2009; Silva et al.,
2013).

Accordingly, air pollution, attributed to PM2.5, has caused alarm
among environmentalists. The increasing concentration of PM2.5 in
the environment is a common problem of serious concern for all
people, and hence, it must be given top priority (Anjum et al., 2020).
In many places around the world, such as in South Asia, including
Pakistan, PM2.5 concentration in the environment has exceeded the
standardized limit of the World Health Organization (WHO) Air
Quality Index (AQI). With a land area of 79,695 km2 and a total
population of 199.7 million, Pakistan lies on an important
geographical location in South Asia (Pakistan Economic Survey,
2017). The National Environmental Quality Standards Authority
(NEQS) announced the daily and annual 24-hour mean values of PM2.5
concentrations as 40 and 25 μg m�3, respectively, which were revised
as 35 and 15 μg m�3, respectively (Pak-EPA, 2010).

In the urban areas of Pakistan, there are large sources that provide
precursors for PM of different sizes (PM10, PM2.5), which suppress the
potential to meet the PM standard in these areas. In addition to all
these obstacles, local health-impact assessments face serious meth-
odological challenges, such as expensive IT resources and lack of
technical expertise (Hubbell et al., 2009). In this paper, computational
intelligence and portable and affordable technologies, such as the
“Temtop 1000” sensor, have been employed in order to correlate the
PM concentration with adverse effects on human health, such as
mortality owing to ischemic heart disease (IHD) and lung cancer, or
due to a number of other causes (all-cause mortality).
2

2. Methodology

2.1. Temtop Airing-1000

The PM2.5 concentration levels weremeasured by using a lightweight,
portable, and cost-effective “Temtop Airing 1000” particle detector, with
a measurement range of 0–999 μg m�3, and a resolution of 0.1 μg m�3.
The instrument detects PM2.5 and displays its time-series concentration.
The concentration of PM2.5 was determined at 312 different places of
known coordinates.
2.2. BenMAP-CE

The Environmental Mapping and Analysis Program (BenMAP-CE) is
an open computational resource, which calculates the air-quality changes
for a specific type of pollutant. In the present study, PM2.5 was the
pollutant. The aim was to correlate its known adverse effects on health
with ambient variables. The negative effects on health are then mone-
tized using PM2.5 concentration-response functions.

BenMAP assesses the economic impact of these effects on health,
using evidence-based assessment methods that are schemes for effective
economic evaluation. A Community Addition Version 1.4 of BenMAPwas
used and complementary data manipulation and applied mapping tech-
niques were performed, using Global Burden of Disease (GBD) and Arc-
Map software (ArcGIS Desktop, 2015).

The whole process is described in the following sub-sections.
2.3. Grid definition

It is the first step that determines the geographical clusters (i.e. grid
cells). Each cluster was assigned to numerical values related to air
quality, population, baseline incidence rates, and health-impact func-
tions for impact assessment. The shape-file (Pakistan) was projected over
the World Geodetic System (WGS1984). The grid covered all the 312
points, where PM2.5 was monitored.
2.4. Pollutant metrics

It is the second step, which identifies the pollutants for the air-quality
metrics. The present analysis is based only on PM2.5 pollutants. The air-
quality metric represents the average value of the pollutants registered
over the period of one day. The pollutant metrics recorded the daily
average values of air quality at each measuring station.

In this study, the D24HourMean metric was used. The D24HourMean
metric for a given monitor is created by selecting the average value for a
24-hour average per day. The analysis was focused on air-quality moni-
toring data for the year 2017. The monitoring data was not pre-installed
in BenMAP-CE; it was aggregated, processed, and formatted according to
the BenMAP-CE import specifications (Raffi et al., 2010; Zhang et al.,
2016).
2.5. Air-quality data

The air quality is an estimate for the exposure of the population to air
pollution. More specifically, the air-quality surfaces are the air-quality
grids that have been covered with the air pollution recorded at the
monitored sites. Regular grids and air-quality surfaces were used to es-
timate the average exposure of people living in a "grid" of air pollution. As
a measure of the individual exposure to air pollution, the average
exposure of the population living in a grid was calculated. Next, the
modeled surfaces were interpolated with the Voronoi Neighborhood
Averaging (VNA) function to create a continuous surface over the shape-
file.
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2.6. Changes in air quality

The difference between the baseline air pollution (monitored pollu-
tion) and the controlled pollution level (15 μg m�3) created air-quality
delta for PM2.5 metrics.
Figure 1. Air-quality profile.
2.7. Air-pollution rollback scenarios

The rollback scenarios reduced the monitored data to a different
level. The monitored data were rollbacked to a standard value of 15 μg
m�3. The unattainable stations were reset to the hypothetical standard of
15 μg m�3 (Zhang et al., 2016).

All the highest values were trimmed by specifying the ordinality pa-
rameters (Kalimuthu et al., 2008). For example, the first ordinality was
the highest daily average over the year and the second ordinality was the
second highest average value. The first ordinality did not trim high
values, but the second ordinality trimmed the individual highest value
(Carvour et al., 2018).

The rollback strategies distinguish anthropogenic from non-
anthropogenic concentration levels of PM2.5. The non-anthropogenic
background concentration of PM2.5 was set at 5.8 μg m�3 (McCubbin
and Force, 2011). The analysis reduced PM2.5 concentrations by 10 %
until the standard value of 15 μg m�3 was reached for the areas that had
not reached the standard.
2.8. Health-impact functions

The beta (β) parameter is an effect estimate, which was evaluated for
IHD and lung cancer as 0.0215 � 0.0020 and 0.0131 � 0.0037, respec-
tively. Health effects are categorized into two groups: one is mortality
and the second is disease-specific endpoints, such as asthma, emergency
room visits, and hospital stays (Mortimer et al., 2002; Norris et al., 1999).
Krewski et al. (2009), established three health-impact functions for
all-cause mortality, IHD, and lung cancer (Krewski et al., 2009).
2.9. Estimation of health impacts

Using the baseline incidence (Y0) of population (Pop) of 20.7 million,
the health impact (ΔΥ) for the air-quality changes (ΔPM) (Haq et al.,
2008) were estimated by Eq. (1):

ΔY ¼Yoð1� e�βΔPMÞ � Pop (1)

2.10. Economic valuation

The reduction in air pollution can have an impact on health effects.
Health effects have been assessed using valuation functions, such as the
value of a statistical lifetime (VSL), based on mortality endpoints and the
Weibull-distributed value of a VSL, derived from a set of 26 valuation
functions (Mondal et al., 2011). Based on two factors, i.e. society's will-
ingness to pay (WTP) for risk reduction, and the actual cost of illness
(COI) for an effect, it was calculated the approximate cost of the health
benefits that could be saved in a less polluted environment.

3. Results

3.1. Air-quality profile

The PM concentrations (base values) recorded at the monitored sites,
i.e. the quarterly-mean concentration of the base values, the controlled
(�15 μg m�3) values, and the quarterly-mean delta values, are illustrated
in Figure 1.
3

3.2. Value of a statistical lifetime (VSL)

In the present study, the mortality estimates were derived from a US
estimate per VSL. Since VSL estimates are sensitive to income variations,
the US estimate was adjusted in order to obtain a country- and year-
specific VSL estimate. Thus, the VSLPakistani,2017 was calculated with
the aid of Eq. (2):

VSLPakistan; 2017 ¼VSLUS; 1990 �
�
YPakistan; 1990

YUS; 1990

�ε1

�
�
YPakistan; 2017

YPakistan; 1990

�ε2

� PPP1990

� CPIPakistan; 2017
CPIPakistan; 1990

(2)

However, Eq. (2) can be written in the form of Eq. (3), since, over
time, the income elasticity (ε) of the VSL (i.e., how sensitive VSL is to
variations in the income), is the same (i.e., ε1 ¼ ε2):

VSLPakistan; 2017 ¼VSLUS; 1990 �
�
YPakistan; 2017

YUS; 1990

�ε

� PPP1990 � CPIPakistan; 2017
CPIPakistan; 1990

¼ A� B� C � D

(3)

where VSLPakistan,2017 is given in Pakistani Rupee (PKR), and VSLUS, 1990
in the US dollar. The Gross Domestic Product (GDP) per capita (Y) is
expressed as the purchasing power parity (PPP1990) index per interna-
tional dollar, in PKR. The value of ε is constant, as 0.4. The consumer
price index (CPI) is given for the years 2017 and 1990. According to the
World Bank's database, the CPI for 1990 and 2017 is given as 17.7 and
156.9, respectively, and the value of PPP1990 is 4 (World Bank, 2006).
The values of YPakistan,2017 and YUS,1990 are given as 1,222 and 36,312.4
respectively, and the VSLUS,1990 is given as $ 4,800,000.00 (U.S. EPA,
1999). Based on these values, the VSLPakistan,1990 is evaluated as US$ 318,
388.00.
3.3. Estimate of the avoidable premature deaths and the related cost

The concentration of PM was reduced to as low as 15 μg m�3 and the
health effects were monetized. The results of the analysis, which was
performed in order to estimate the avoidable premature deaths associ-
ated to the economic valuations for the year 2017, are summarized in
Table 1.



Table 1. Summary of the analysis and its results in order to estimate the
avoidable premature deaths associated to the economic valuations for the year
2017 (see the text).

All-cause deaths Deaths due to
ischemic heart disease

Deaths due to
lung cancer

Start Age 30 30 30

End Age 99 99 99

Point Estimate 5,125.88 2,670.32 103.17

Population 73,262,448 73,262,448 73,262,448

Delta 9.20 9.20 9.20

Mean 5,120.29 2,667.66 102.63

Baseline 98,171.68 14,872.28 908.45

Percent of Baseline 5.22 17.94 11.30

Standard Deviation 798.56 223.94 27.26

Variance 637,705.63 50,151.24 743.15
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4. Discussion

Pollution reduction policies sort the pollution variability in various
ways. Nevertheless, in general, the peak pollution levels may be more
affected than the lower levels (Davidson et al., 2007). The reduction
policy based on the rollback-to-a-standard method is preferred for peak
concentrations. As peak concentrations change over time, the results
become more sensitive to the ordinality of the standard.

The next lines discuss the results shown in Table 1. It is observed that
many deaths can be avoided by reducing the exceeding levels of PM2.5 to
the hypothetical alternative PM2.5 standard of 15 μg m�3. More specif-
ically, the age group (30–99) of 73,262,448 people was assessed,
including all genders. The results were tabulated for all-cause, IHD, and
lung-cancer mortality. The air-quality changes for PM2.5 was recorded as
9.20 μg m�3. These changes were evaluated for the exposure of a pop-
ulation as 100,000. The results show that 5,125.88, 2,670.32, and 103.17
cases of mortality due to all-cause, IHD, and lung-cancer, respectively,
might be prevented. The baseline mortalities for the given population
and the defined endpoints, such as all-cause, IHD, and lung-cancer-
mortality were obtained as 98,171.68, 14,872.28, and 908.45, respec-
tively. The standard deviations for the aforesaid mortalities were calcu-
lated as 798.56, 223.94, and 27.26, respectively. The variance for the
above mortalities was obtained as 637,705.63, 50,151.24, and 743.15,
respectively.

Consequently, assuming that the avoidable mortality linked to
ischemic heart disease and lung cancer has been estimated as 2,773 (¼
2,670 þ 103) per 100,000 people, for a population of 73 million, the
estimated avoidable mortality is 2,024,290. The mortality caused by all
these causes can be associated with a total cost of US $1,000 million.

Аir-quality management ultimately aims at improving human health.
This study showed that BenMAP-CE is a powerful tool for calculating
effects on human health quantitatively and drawing up guidelines for
future policy decisions related to community health in groups at regional,
state, and national level. Indeed, the results of this study provide valuable
data set, which might be of a great importance for urban, regional and
global communities for air-quality modeling while suggesting at the same
time possible strategies to improve the air quality of the local
environment.

5. Conclusions

A total population of 73 million, covering the age group of 30–99,
including all genders, was considered for the evaluation. Since there were
no local health-related effect functions, the Krewski health function from
the "Extended Follow-up and Spatial Analysis of the American Cancer
Society Study Linking Particulate Air Pollution and Mortality" was used.
The economic evaluation functions assigned a monetary value to the
pooled and aggregated data on health effects. The statistical mean of the
4

estimated values of the statistical life span and its distribution estimated
the variance of the final assessment. The results showed that the avoid-
able mortality associated with ischemic heart disease and lung cancer
was estimated as 2,773 per 100,000 people. In other words, the avoid-
able mortality is estimated as 2,024,290 for a population of 73 million.
The estimated total cost related to the above mortality was US$ 1,000
million.
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