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The objective of this study was to evaluate the human health risk associated with PMzs
exposure in residents of the Metropolitan area of Lima (MAL), Peru, for a best-case scenario
and a worst-case scenario based on the monthly average of PM2s and 90th percentile of PM2s
concentration, respectively. Hourly concentrations of PMa2s between 2014 and 2023
corresponding to five monitoring stations were provided by the National Meteorology and
Hydrology Service (SENAMHI). Air quality was assessed using the air quality index (AQI).
The hazard quotient to evaluate the risk to human health was calculated using the annual limit
value established by the European Union (EU, 25 pg/m®) and World Health Organization
(WHO, 10 pg/md) because there is no toxicity value for PM2s. Annual average PMazs
concentration ranged from 19.5 pg/m?® to 35.8 pg/m?® with some years below the annual limit
established by the EU, while all years exceeded the WHO limits and the Peruvian legislation
(ECA (25 1g/m?), except 2015, 2020, and 2023). Overall, monthly PM2.s concentrations were
higher in winter versus summer seasons. AQI showed that Lima is classified from moderate
to hazardous, indicating that air quality is unhealthy for sensitive population groups. In the
best-case scenario and worst-case scenario based on EU, both show greater potential chronic
non-carcinogenic risk in the winter months than in the summer months and were identified
every year (except 2020), mainly in the winter seasons, which indicates a permanent exposure
and risk to the health of the population of Lima, respectively, while WHO AQG for the best-
case scenario indicated a potential chronic non-carcinogenic health risk in most months of the
year, while for the worst-case scenario, were higher in winter months than in the summer
months, showing a constant behavior, indicating that there is a non-carcinogenic risk during
almost the entire period. No decrease in HQ values would suggest the presence of air quality
improvement measures.

1. INTRODUCTION

and chemical composition. However, exposure to PMa;s
compared to PMjo is more dangerous due to its ability to

Air pollution, especially that generated by particulate matter
(PM), is a major problem in Europe and Latin America. PM is
a complex mixture of solids and aerosols containing metals
and metalloids, carbonaceous species (elemental carbon and
organic carbon), and ionic species [1]. The PM is classified
according to their aerodynamic diameter in coarse or
“inhalable” particles (PMjg, < 10 um (microns) in diameter)
and fine or “respirable” particles (PMzs, < 2.5 (microns) um
in diameter) [2]. PM,s is widely monitored because its short
or large exposure time can have adverse health impacts and
environmental effects (visibility impairment, environmental
damage, and materials damage). The health impacts of PM
exposure largely depend on its size, shape, source of emission,
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penetrate directly to the lung and even enter directly into the
bloodstream, which may generate decreasing in lung function,
exacerbated asthma, intensification of symptoms of diseases
related to the circulatory and respiratory systems, and even
promote different types of cancer (lung, throat, and laryngeal).
For example, Vu et al. [3] reported 103,974 cases of asthma
from 2010 to 2016 found in 39 districts of Lima, which were
associated with exposure to PM,s. Likewise, urban
populations are particularly susceptible to PM, s by factors
such as high population density, traffic emissions, limited
green spaces, vulnerable groups, and climate conditions [4].
According to WHO, around 7 million people die every year
from exposure to fine particles, and 90% of these deaths occur


https://orcid.org/0000-0001-5220-0563
https://orcid.org/0000-0001-5447-3549
https://orcid.org/0000-0002-4460-467X
https://orcid.org/0000-0003-4583-9136
https://orcid.org/0000-0002-6441-5016
https://orcid.org/0000-0003-3509-4919
https://orcid.org/0000-0001-5121-5659
https://orcid.org/0000-0001-8724-5569
https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.191228&domain=pdf

in low- and middle-income countries [5]. Peru’s urbanization
rate has been steadily increasing with approximately 79% of
the population living in urban areas, which demographic
trends are migration, rural depopulation, economic disparity,
and increased pressure on housing and infrastructure. In the
Metropolitan area of Lima, the Urban Transport Authority of
Lima and Callao (ATU) revealed that the vehicular fleet is
responsible for 58% of air pollution in this area, with 85% of
the vehicular fleet using diesel as fuel, while a small
proportion is powered by natural gas and electricity. Besides,
24% of these vehicular fleets are more than 20 years old, being
necessary for renovation [6]. Faced with all this information,
the population is the most affected because daily it is exposed
to different contaminations and concentrations of PM; s.

There is significant scientific evidence that fine particulate
matter (PMs) has a greater negative impact on human health.
Several studies have reported levels of PM; s in different cities
around the world [7-9]. Human health risks related to PMys
exposure and its toxic elements also were carried out in several
cities [10, 11]. Most of these studies showed that even though
PM,s concentrations stayed within the set air quality
standards, the health effects of air pollution exposure are
crucial for evaluating human health risks and for managing
and reducing urban air pollution.

This study aimed to assess the health risks linked to PM s
for residents of the Metropolitan Area of Lima (MAL), Peru.
The Air Quality Index (AQI) was used to gather information
on air quality and the temporal variations in PM> s levels in
MAL from 2014 to 2023, to identify periods when air quality
became a concern for the local population. Besides, the health
risk assessment (HRA) was estimated using the EU and WHO
recommended values. The HRA offers information on the risk
or danger that a place represents to human health. The data
collected can assist local governments in effectively managing
air quality and guide decision-makers in developing and
implementing improved strategies and regulations to enhance
air quality and reduce impacts on human health.

2. MATERIALS AND METHODS
2.1 Study area

The study was carried out in the Lima Metropolitan Area
(AML) or Metropolitan Lima (75°30'18" S and 77°53'02" W),
which includes the districts of Lima Province and the
Constitutional Province of Callao. It is the largest, most
extensive, and most populated urban area in Peru and one of
the five largest megacities in Latin America, with a territorial
area of 2683 km? and an estimated population of 11.3 million
inhabitants (population density of Lima 3620 inhabitants/km?
and Callao 8050 inhabitants/km?) in 2023 [12]. According to

the environmental quality bulletin of the Urban Transport
Authority (ATU), the AML owns 68.6% (more than 2 million
vehicles) of Peru's light and heavy vehicle fleet [13], which
runs mainly on petroleum, its derivatives, and natural gas
liquids such as diesel (about 46% of total liquid fuel
consumption), LPG (24%) and gasoline/diesel (20%) [14].
Fixed sources of air pollution in AML include chemical,
metallurgical, steel, textile, non-metallic mining, and paper
and printing industries. The climate of the AML is subtropical,
with an average annual temperature of 19 °C, relative humidity
of 80% average annual precipitation of 10 mm per year, and
cloudy skies almost all year.

2.2 PM:2;s air quality data

The AML has a network of real-time air quality monitoring
stations installed in 10 districts: Ate Vitarte (ATE), Huachipa
(HUA), San Juan de Lurigancho (SJL), Santa Anita (STA),
Puente Piedra (PP), San Borja (SBJ), Campo de Marte (CM),
Carabayllo (CRB), Villa Maria del Triunfo (VMT), and San
Martin de Porres (SMP) which are in charge of the National
Meteorology and Hydrology Service (SEHAMHI). These
stations are installed in urban environments and report the
concentrations of PMjo, PM3 5, O3, and NO; every hour. PM;
data (period 2010-2023) from five monitoring stations (SBJ,
STA, VMT, SJL, and CRB) were provided by SENAMHI
(Table 1). (Information related to each monitoring station,
instrument, and principle used is presented in the
supplementary material). PM> s data (period 2014-2023) from
five monitoring stations (SBJ, STA, VMT, SJL, and CRB)
were provided by SENAMHI (Figure 1 and Table 1).

Longitude (°)

Latitude (°)

Figure 1. Map of localization of AML and the monitoring
stations network

Table 1. Localization of air quality monitoring station from the SENAMHI

Monitoring Station Latitude and Longitude Population [15] Superficial Area (km?) Elevation m.a.s.l
San Borja (SBJ) 12°6°31.1°°S, 77°0°27.9”°W 133328 11.5 128
Carabayllo (CRB) 11°54°7.9°°S, 77°2°1.1"°W 426895 384.89 179
San Juan Lurigancho (SJL) 12°1°8.0°°S, 76°59°57.4”W 1240489 131.25 240
Santa Anita (STA) 12°2'35.97’S, 76°58°17.0”°W 232739 10.69 253
Villa Maria del Triunfo (VMT) 12°9'59.0°’S, 77°55°12.0” 459010 70.57 292
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2.3 Air Quality Index (AQI)

The AQI is an indicator that provides related information on
the air quality of a certain area. It is as a rule utilized to get
data on the everyday discussion quality of each observing
station, in this inquiry about it was connected to analyzing the
month-to-month inconstancy and discovering multi-year
patterns utilizing the five checking stations introduced within
the AML, considering that only one station isn't an agent and
would not reflect well the varieties of PM; s inside the AML.
Thus, the daily AQI was calculated using the mean PM; ;s
concentration of each monitoring station and the daily limit
value of the EU (25 pg/m?) using Eq. (1) [16].

PM, ¢ concentration

100 1

AQI

" threshold concentration

The AQI has six scales ranging from 0 to 500, and are
categorized as good (0-50), moderate (51-100), harmful to
health for sensitive groups (101-150), harmful to health (151-
200), very harmful to health (201-300), and dangerous (greater
than 300). AQI values less than 100 are considered
satisfactory, while values above 100 indicate air pollution and
health risks [17].

2.4 Human health risk assessment

This assessment makes it possible to calculate and estimate
the hazard or risk that a place (residence, work area, or site)
represents to human health [18]. Thus, the risk of PM>s
exposure to human health was estimated using the hazard

quotient (HQ) (Eq. (2)).

HQ = ECJTV (2)
where, TV is the toxicity value and EC refers to the exposure
concentration of PMys (ug/m?) which is calculated through
Eq. (3) [19]. As no toxicity esteem for PM, s was found within
the scientific literature, TV expected the EU yearly constraint
value of 20 ug/m* (HQ:) and WHO AQG of 10 ug/m?® (HQ>).

EC = (CAXET X EF X ED)/AT 3)
where, CA is the monthly average concentration of PM s for
the best-case scenario, while the monthly 90 quartile for the
worst-case scenario, ET is the exposure time (hours/day), EF
exposure frequency (days/year), ED is the duration of
exposure (year), and AT is the average time obtained by
multiplying ED X 365 days/year X 24 h/day. To calculate the
exposure of the residents, it was considered ET to take a value
of 24 h/day, EF was 350 days/year, and ED was 30 years for

adults [19].

Non-carcinogenic risk refers to all adverse health effects
except cancer caused by exposure. The security reference level
for HQ is 1. Based on this, exposure to PM» s could induce
chronic non-carcinogenic effects if HQ > 1, and no non-
carcinogenic risk if HQ < 1 [20].

2.5 Statistical analysis

The PM, 5 values obtained for the period 2014-2023 from
each monitoring station were treated independently and jointly
(representing the AML) to find their basic statistics (minimum,
maximum, average, standard deviation, percentiles (10, 50,
and 90), and number of days that exceeded the established
limits). All statistical and graphical treatments were carried out
in the free software CRAN R version 4.2.1 [21] using the open
air [22] and GGPLOT?2 [23] packages.

3. RESULTS AND DISCUSSIONS
3.1 Air quality

The expressive insights of PM» s recorded within the Lima
Metropolitan Range between 2014-2023, which were
calculated based on everyday values from the five monitoring
stations, are displayed in Table 2. From Table 2 it is possible
to see that the annual average varies from 19.5 to 35.8 pg/m3,
values that are above the annual limit value set by EU
legislation and Peruvian regulations (25 pg/m?®) except for the
years 2015, 2020 and 2023. It is also noted that all the annual
average values exceeded the AQS established by the WHO (10
pg/m?) in all years.

In 2018, the highest annual daily value recorded was 157
ug/m?, and the lowest annual maximum was measured in 2023
at 52.4 pg/m’. All the maximum annual values showed a
temporal behavior with two periods of high peaks: before
(2018) and after (2022) the COVID-19 pandemic. A similar
behavior was observed based on the number of days with daily
values greater than 25 pg/m?® and in the 10th, 50th, and 90th
percentiles, with the peak period being 2022 showed the
highest number of infractions (1262) that exceeded the PM 5
limit value, as well as the highest percentile values.

In the year of the highest violation of annual PM> s limits,
329 occurred in SJL, 272 in VMT, and 268 in STA. The year
with the lowest number of infractions was 2020 when sanitary
measures were applied to control and prevent the increase in
infections due to the COVID-19 pandemic with the suspension
of industrial activities and transport, producing an
improvement in air quality in many cities around the world
[24] where Lima was no exception [25].

Table 2. Statistics descriptive of the annual PM, 5 (2014-2023) concentrations (ug/m?) in the Metropolitan area of Lima

Year N Mean + CI (S.D.)  [Min, Max]  10th Percentile  50th Percentile  90th Percentile Day with PMa.s >25 pg/m’
2014 1375  29.5+0.53(9.95) [9.24,67.2] 17.56 28.35 41.83 419
2015 1825 24.1+0.37(8.05) [9.70,70.2] 14.54 23.14 34.50 626
2016 1830 27.8+0.51(11.1)  [8.24, 84.8] 15.42 26.09 42.33 774
2017 1825  26.3+0.48(10.5) [8.22, 119] 13.29 25.90 39.18 725
2018 1825 25.6+0.51(11.1) [6.86, 157] 13.79 23.99 38.14 551
2019 1825 28.7+0.72 (15.6) [4.89, 148] 13.03 26.87 45.49 323
2020 1830 19.5+0.35(7.53) [3.74,53.4] 10.95 18.58 29.29 172
2021 1825 29.3 £0.53(11.6) [3.71,71.6] 15.13 27.82 44.45 354
2022 1825 358+0.71(154) [6.74,99.9] 18.01 32.75 57.20 1262
2023 1505 23.7+£0.37(7.37) [6.72,52.4] 14.90 22.89 33.50 474

S.D.= standard deviation

4813



Figure 2 shows a variable trend in the annual average of
PMa s, first a slight increase is noted from 2014 to 2019, then
it is observed that it decreases in 2020, but that it increases
again until 2022, the year where the highest average value and
violations of the limit values of the EU and Peruvian ECA
were recorded. The difference between the average and the
annual median of PMjs increased from 2014 to 2023,
increasing the number of days with high PM» 5 values. 2023
shows a decrease in violations. These results coincide with
those reported by Valdivia [26] and Ordéfiez-Aquino and
Gonzales [27], who highlight that PM, 5 is one of the problem
pollutants for the city of Lima.

1501
EU annual limit value = 25
~98th percentile

PMy5 (ug/m®)
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Figure 2. Annual evolution of PM» 5 between 2014 and 2023
inside the Metropolitan area of Lima. Line solid = threshold
limit value of EU = 25 ug/m?® and curve = 98th percentile
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Figure 3. Temporal variation of (A) the average of PM» s
concentration (B) 90th percentile of PM, s (ug/m?)
concentration (C) the average of air quality index (AQI) and
(D) 90th percentile of air quality index (AQI) in the MAL for
2014 - 2023

Monthly PM> s concentrations (Figure 3(A)) were highest in
August (48.2+27.7 ug/m?) of 2019, as well as in May
(48.4+6.8 pg/m?) and August (48+9.1 pug/m3) of 2022, the
lowest recorded in April (13.9+4.3 pg/m?) of 2020. The peak
values were recorded in May and August, with a similar
behavior in all the stations where most of the infractions
occurred between May and September. In general, monthly
PM; 5 concentrations were higher in winter seasons than in
summer. A possible explanation for the high levels of PM> 5 in
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winter could be the accumulation of PM in the lower
atmosphere due to the reduction in the thickness of the mixing
layer, determined by the humid meteorological conditions of a
coastal city [28].

The monthly PM, 5 98th percentile (Figure 3(B)) exhibited
consistent patterns across the years, except in 2020, indicating
ongoing emissions from a significant source in the city,
namely the vehicle fleet. Between May and August, the
highest values for the 98th percentile were recorded, with 139
pg/m? and 136 pg/m? being the most extreme values in 2018
and 2019, respectively. The average monthly AQI (Figure
3(C)) ranged from 56 (April 2020) to 271 (January 2018),
indicating that air quality in Lima is classified from moderate
to unhealthy. The range for the 98th percentile (Figure 3(D))
was from 58 (April 2020) to 557 (January 2018), showing that
in most months, air quality reaches levels that are hazardous
and unsafe for more susceptible population segments.

The findings suggest that air pollution continues to be a
significant issue in Lima, despite improvements in air quality
management. This reality that AML continues to have a
critical air quality was also reported in references [26, 29-31].

It is clear that moderate to hazardous air quality is largely
attributed to the vehicle fleet [26, 32], responsible for 58% of
air pollution. This situation is aggravated by the fact that a
significant percentage of vehicles, both in regular transport
and in taxi service, are more than fifteen years old, while
others are even older, and that a large part of them operate
mainly using fossil fuels such as oil, diesel, gasoline, LPG and
CNG. In addition, the presence of 25% of vehicles that are
more than 20 years old, and that still circulate within the
Metropolitan Area of Lima, makes it necessary to take
measures and renew the vehicle fleet or take these old cars out
of circulation [26]. A similar conclusion was reached by
Mousavinezhad et al. [33] who stated that air pollution is
largely attributed to the transportation industry.

Traffic congestion is also a relevant factor in this problem,
as shown by the TomTom Traffic Index 2022, which places
our capital as the eighth city in the world with the worst traffic
congestion and the first on the continent [34]. Wang et al. [35]
maintain that vehicle emissions are regarded as the primary
contributor to air pollution of particulate matter, which is
related to adverse health impacts. This congestion not only
contributes to the emission of air pollutants but also negatively
affects the quality of life of the inhabitants. It is imperative to
address these issues from a comprehensive strategy that
includes both regulatory and incentive measures for the
renewal of the vehicle fleet, the promotion of cleaner and more
efficient technologies, as well as the improvement of public
transport infrastructure, and the implementation of more
effective traffic management policies. In addition, it is
essential to foster research and innovation in the automotive
sector and urban mobility to find long-term sustainable
solutions that reduce air pollution and improve the quality of
life in our cities. The cost of particulate matter pollution
associated with vehicular transport ranged from 0.21-0.29% of
the GDP of the city of Metropolitan Lima [29].

3.2 Human health risk assessment

During the study periods, the exposure concentrations (ECs)
were determined by averaging the monthly PMas
concentrations. These values varied from 12.8 ug/m?® in May
2020 to 133.6 pg/m? in January 2019. Additionally, the ECs
calculated based on the 98th percentile monthly concentration



ranged from 17.9 pg/m3 in April 2020 to 150.1 pg/m’
January 2018. These data show an increase in exposure
concentrations from May to September.

The chronic non-carcinogenic HQ; was calculated using the
EU limit value for the optimal residential scenario and ranged
from 0.1 to 6.7 in every year under investigation, suggesting a
potential chronic non-carcinogenic health hazard throughout
the study period, except for 2020 and specific months in 2015.

In the same way, HQ; values reached higher levels (0.2-
7.54) in the worst-case scenario, and annual peaks exceeding
the safety benchmark were observed every month. In Figure
4(A), the best-case scenario depicts greater potential for
chronic non-carcinogenic risk during the winter months
compared to the summer months. Conversely, Figure 4(B), the
worst-case scenario, also shows a similar trend of higher risk
in the winter months than in the summer months. From the
beginning of PM, s monitoring in 2014, the best-case scenario
involved the identification of non-carcinogenic health risks.
Similarly, in the worst-case scenario, non-carcinogenic health
risks were identified every year (except 2020) in both exposure
scenarios, predominantly during winter seasons. This suggests
consistent exposure and risk to the health of Lima's population.
Sanchéz-Ccoyllo et al. [36] estimated long-term health effects
of PM;s using the WHO's AirQ+ model in the MAL and
reported that cases of all-cause mortality, on average, could
have been avoided if PM2.5 concentrations would have
decreased from 26.53 pg/m’to 23.9 pg/m’. Likewise, Tapia et

[37] concluded that PM2.5 is associated with daily
cardiorespiratory mortality in Lima, especially for older

people.
_'| r
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Figure 4. Temporal variation of Hazard quotient (HQ)
computed based on EU limit values for best-case (A) and
worst-case (B) scenarios and computed based on World
Health Organization air quality guideline for best-case (C)
and worst-case (D) scenarios in the Metropolitan area of
Lima for 2014 - 2023

Based on the WHO AQG, the chronic non-carcinogenic
HQ: calculated for the best case showed a range of 0.3 to 13.4
in all years studied, suggesting a potential chronic
noncarcinogenic health risk for most months of the year. In the
worst-case scenario, HQ, values were higher (0.4-15.1),
surpassing the safety benchmark in every month. HQ, values
monthly, as depicted in Figure 4C for the best-case scenario
and Figure 4D for the worst-case scenario, exhibited higher
values during winter months compared to summer months.
This consistent pattern suggests the presence of a non-
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carcinogenic risk throughout most of the period.

Figure 5 depicts the variations in human health risk
measurements of air quality monitoring stations in Lima from
2014 to 2023 for both the best-case and worst-case scenarios.
When considering HQ; values based on EU limit values, it is
evident that all monitoring stations, except for SBJ, surpassed
the threshold. This indicates a potential health risk in all urban
stations, with the highest risk observed in SJL and STA.

In urban stations SJL and STA, the health risk is elevated
due to traffic and industrial surroundings in the case of HQ».
The same trend is noticed in the worst-case scenario for both
HQ: and HQ», with all seasons exceeding 1, signifying a
continual potential non-carcinogenic risk in the population,
particularly among the most vulnerable. These results
complement those reported in references [38-40].

A) Best case scenario-HQ1 B) Best case scenario-HQ2

151
10-
C) Worst case scenario-HQ1 D) Worst case scenario-HQ2
15-
10+
51 oA % 3.5 % 3
1[9 7 1 $
e = L ES %
O.
3y \s & v > ) \e & v o]
F & & @ & & & & o &

Figure 5. Variation of hazard quotient (HQ) computed based
on EU limit values (a) and World Health Organization air
quality guidelines (b) between the air quality monitoring

stations from the Metropolitan area of Lima for 2010 - 2023

The elevated HQ values indicate that even though PM s
levels in the environment are below legal limits, they are still
likely to cause different long-term health issues. This shows
that the health risks from air pollution exposure in Lima are
continuous.

This risk is of particular concern due to the possible
induction of various chronic diseases [41].

Considering the combined impacts of PM, s and other air
pollutants is essential, as it may raise the risk of experiencing
long-term non-cancerous negative effects. These results
highlight the need to review and potentially readjust legislative
thresholds to ensure adequate protection of public health from
exposure to air pollutants [27]. In addition, they underscore the
importance of implementing preventive and mitigation
measures to reduce the risks associated with air pollution, even
when levels appear to be within acceptable limits.

The study's limitations arise from its sole concentration on
PM: s, neglecting concurrent exposure to other air pollutants,
resulting in an underestimated risk. Furthermore, the non-
carcinogenic health risk assessment relied on assumptions
concerning the timing, frequency, and duration of exposure,
which are not tailored to the population under study and do not
account for individual behavioral differences. The air quality
monitoring stations were assumed to provide representative
average daily PM,s concentrations for the entire city.
Although there are limitations, the findings help improve our
comprehension of the potential health hazards associated with



human exposure to PM,s in urban settings. This offers
valuable insights to enhance air quality management in Lima
involving various stakeholders.

Air quality management and risk reduction strategies for
PM2.5 focus on reducing emissions to realize emissions
control, public transportation improvements, urban planning,
regulatory enforcement, air quality monitoring, and public
awareness campaigns, among others.

4. CONCLUSIONS

The average annual level of PM; s in the Metropolitan area
of Lima exceeds the annual limit value set by EU legislation,
WHO limits, and Peruvian regulations, except for three years
(2015, 2020, and 2023). Overall, monthly PMys
concentrations were higher in winter versus summer seasons.
The average monthly AQI ranged from moderate to hazardous,
which indicates that air quality is unhealthy for the population
in general. The WHO GCA indicates a permanent chronic risk
to non-carcinogenic health in all years, being highest from
May to September. There is no downward trend in HQ values
to indicate the existence of air quality improvement measures;
However, the implementation of mitigation measures by those
policymakers responsible such as the Ministry of
Environment, Metropolitan Municipality of Lima, and public
Health agencies addressing together to tackle PM> s pollution
in Lima’s urban areas.
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