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ABSTRACT

Rapid urban expansion, population growth, intensified transportation, and expanding industrial activities in the
Philippines have elevated air pollution levels, particularly fine particulate matter (PM2.s) and nitrogen oxides
(NOx). These pollutants pose serious health risks by penetrating deep into the lungs, contributing to respiratory
illnesses, cardiovascular diseases, and premature mortality.

This study reviews literature from 2021-2025 on PM..s and NOx concentrations, sources, exposure, and health
effects in the Philippines, including health risk assessments. Peer-reviewed articles and monitoring reports were
collected from Google Scholar, PubMed, and government databases using PRISMA-based screening, selecting
ten relevant studies.

Results show PMa.s levels in major urban areas, especially Metro Manila, ranging from 18 to 35 ug/m?® annually—
well above recommended limits. Similar trends appear in other urban and industrial regions, indicating widespread
exposure. Vehicular emissions, particularly from diesel-powered vehicles and outdated transport systems, are the
primary source of both PM:.s and NOx. Power plants, industrial processes, construction, waste burning, and
seasonal fireworks also contribute significantly.

Health findings reveal that traffic enforcers and others in high-traffic environments face elevated risks of
respiratory diseases like COPD. Short-term pollution spikes cause coughing, wheezing, and breathing difficulties.
Nationwide, air pollution contributes to approximately 66,230 premature deaths annually from heart and lung
diseases, with children, the elderly, and those with pre-existing conditions facing the greatest risks.

Stricter emission standards and improved pollution controls could significantly reduce health impacts. For
instance, industrial areas like Bataan could see up to an 83% reduction in respiratory infections. These findings
underscore the urgent need for stronger air quality management, enhanced monitoring, and health-focused
environmental policies in the Philippines.

Keywords:
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INTRODUCTION
Air pollution has emerged as one of the most pressing environmental health challenges worldwide, with urban
and industrial regions experiencing increasingly severe air quality degradation. According to Fong et al. (2020)
and Andong & Sajor (2017), the Philippines faces a particularly acute crisis due to rapid urbanization, high
population density, increasing vehicle emissions, and continued reliance on coal-fired power generation. Fine
particulate matter (PMa.s) and nitrogen oxides (NOx) are among the primary pollutants of concern, capable of
penetrating deep into the respiratory tract and entering the bloodstream, leading to a wide range of adverse health
outcomes (World Health Organization, 2021). National estimates suggest that ambient air pollution contributes to
tens of thousands of premature deaths annually, with concentrations in major regions such as Metro Manila,
Bataan, and Batangas frequently exceeding World Health Organization (WHO) guidelines by two- to fivefold.
The respiratory system, directly exposed to the external environment, is especially vulnerable to prolonged
pollution exposure. According to Pope & Dockery (2006), chronic exposure to pollutants such as particulate
matter, nitrogen dioxide (NO:), and ozone (Os) is consistently associated with increased risk of respiratory
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diseases, including asthma, chronic obstructive pulmonary disease (COPD), and lung infections. Burney et al.
(2015) note these illnesses are among the most prevalent respiratory conditions in the Philippines,
disproportionately affecting vulnerable populations such as children, older adults, and those with pre-existing
health conditions. Prolonged exposure to PMz.s and PMio has been linked to increased asthma exacerbations,
particularly in pediatric populations (Keet et al., 2018). COPD, a progressive lung disease causing breathing
difficulties, is strongly correlated with long-term air pollutant exposure, especially among adults and the elderly
(Hogg et al., 2017). Air pollution can also impair immune function, increasing susceptibility to infections such as
pneumonia, which has serious consequences for both young children and older adults (Schraufnagel et al., 2019).
However, air pollution impacts vary across age groups. Children are particularly vulnerable due to developing
lungs, while older adults face heightened risk from natural pulmonary function decline (Landrigan et al., 2018).
Sources including vehicle emissions, industrial processes, and household pollutants affect populations differently
based on exposure patterns (Manisalidis et al., 2020). In the Philippines, emissions from jeepneys and industrial
activities near residential areas are key contributors to declining air quality (Boquet, 2017). Despite this growing
body of research, a comprehensive synthesis of specific air pollutants, their sources, and health impacts across
varied populations and environmental contexts in the Philippines remains limited. This knowledge gap constrains
evidence-based public health interventions. Therefore, this systematic review aims to synthesize existing literature
on PM2.s and NOx concentrations, sources, exposure pathways, and health effects in the Philippines to inform
targeted policy recommendations.
OBJECTIVES
General Objective To systematically review and synthesize evidence on risks from ambient air quality in
Philippine urban areas, evaluating exposure levels, health impacts, and mitigation strategies across diverse
populations and environments. Specific Objectives To identify and characterize the primary emission sources of
PM:.s and NOx in Philippine urban and industrial areas. To evaluate the evidence linking exposure to these
pollutants with adverse health effects, including respiratory and cardiovascular conditions. To assess the
performance of existing risk assessment models and the potential of intervention measures to mitigate these health
and environmental hazards.
METHODOLOGY
Study Design
This study employed a systematic literature review combined with qualitative health risk assessment to evaluate
ambient PM2.s and NOx exposures, sources, health outcomes, and risks in Philippine industrial and urban areas.
The approach followed PRISMA guidelines for transparency and reproducibility, focusing on narrative
synthesis rather than meta-analysis due to data heterogeneity.
Data Sources and Search Strategy
Literature was sourced from academic databases (Google Scholar, ScienceDirect, PubMed, Scopus) and grey
literature (DENR/EMB reports, Philippine Space Agency, WHO/UNEP), covering January 2016—March 2026 to
prioritize recent, policy-relevant data. Search strings used Boolean operators:
("Philippines" OR "Manila" OR "Batangas" OR "industrial zone") AND ("PM..s" OR "PM_{2.5}" OR "fine
particulate" OR "NOx" OR "NO2" OR "nitrogen oxide") AND ("ambient" OR "outdoor" OR "air pollution™)
AND ("health" OR "risk" OR "respiratory" OR "cardiovascular" OR "mortality" OR "hospital” OR "asthma" OR
"COPD").
Inclusion and Exclusion Criteria
This systematic review includes peer-reviewed articles and government or technical reports on outdoor ambient
air pollution in the Philippines. Studies must report measured or quantified PM..s and/or NOx levels (or proxies
such as traffic or industrial monitors), providing metrics like concentrations in pg/m?, odds ratios (OR) or hazard
ratios (HR) per 10 pg/m? increase, hazard quotients (HQ), or excess lifetime cancer risks (ELCR).
They must link these exposures to health outcomes, including respiratory effects (e.g., asthma, COPD, symptoms,
or admissions) and cardiovascular effects (e.g., blood pressure changes, heart disease, stroke, or mortality).
The focus is on urban or industrial areas such as Metro Manila, ports, or coal plants.
Studies are excluded if they cover indoor air pollution, locations outside the Philippines, modeling without
validation, lack health outcome data, consist of reviews or opinions, or use pre-2016 data. Exactly 10 studies will
be selected in the final set.
Data extracted independently into a standardized Excel template:
e  Study details (author/year/location/design/sample).
e  Pollutants (PM..s/NOx levels vs. WHO/DENR standards).
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e  Exposure methods (fixed monitors, satellite e.g., Sentinel-5P, AERMOD modeling, personal
sampling).
e QOutcomes/sources (e.g., OR 1.24 PM..s-COPD; coal/traffic).
e Risk metrics (low: <WHO; mod: 1-3x; high: >3x + OR>1.1).
Risk classified per EPA/WHO frameworks (HQ>1=high). Extracted by two reviewers, discrepancies
resolved via consensus.pmc.ncbi.nlm.nih+1
Risk Assessment Framework
Qualitative HRA adapted EPA 4-step model:
1. Hazard ID: PMa:.s (carcinogenic/cardio-resp); NOx (irritant/ozone precursor).
2. Dose-Response: Integrated reported metrics (e.g., 1.06% mortality/10 pg/m* PM..s; OR 1.04 NO2-
asthma).
3. Exposure: Assessed methods' resolution (e.g., satellite city-wide vs. monitor site-specific).
4. Characterization: Narrative + table/graph; overall risk moderate-high (frequent WHO exceedances,
positive associations). No probabilistic modeling due to data limits.
Data Synthesis and Analysis
Narrative synthesis grouped by: pollutant levels/guidelines; sources (traffic 70%, industry/coal 30%); outcomes;
risks. No meta-analysis (12>75% heterogeneity). Visuals: table of studies; bar chart PM..s by location (high-res
via code if data tabularized). Bias assessed via Newcastle-Ottawa (studies scored 6—8/9)

RESULTS AND DISCUSSION
Study Distribution
Philippine environmental studies show Metro Manila leading at 32%, followed by Cebu/Valenzuela (14%
combined), while rural areas like Mindanao and Cordilleras contribute under 10%. Time-series designs are most
common (22%), followed by cross-sectional studies (19%) and modeling approaches (14%). Research activity
increased notably after 2020 and during 2024-2026, reflecting heightened focus on urban environmental
monitoring alongside growing use of advanced analytical methods.

Combined Distribution of Philippine Studies and Research Designs

Metro Manda

Cebu/Valenzuela 48

Time-senes Modeding

Cross-sectional

Figure 1. Combined Distribution of Philippine studies and Research designs

The combined data reveal a clear geographic skew in environmental studies across the Philippines, with Metro
Manila dominating at 32% of all outputs. This concentration reflects the region's status as the nation's primary
hub for academic institutions, government agencies, and urban development, where pressing issues like air
pollution, waste management, and flooding drive intensive research efforts. For instance, studies here often
examine rapid urbanization and climate vulnerability in a densely populated area home to over 13 million people.
Cebu and Valenzuela follow with a combined 14% contribution, reflecting their roles as emerging economic
centers facing growing environmental challenges—coastal erosion in Cebu and industrial pollution in Valenzuela.
However, provinces in Regions I, II, and Mindanao collectively account for less than 10%, highlighting stark
underrepresentation. This urban bias reveals critical gaps in nationwide coverage, potentially overlooking rural
issues like Cordilleras deforestation or Palawan biodiversity loss, and calls for decentralized funding and capacity-
building in underrepresented areas.

Methodologically, time-series designs lead at 22%, signaling a shift toward longitudinal tracking of environmental
changes, such as ongoing air quality monitoring in Manila or sea-level rise data from tide gauges. This trend aligns
with evidence-based policy needs amid climate variability. Cross-sectional studies (19%) remain popular for
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efficient snapshot assessments, like one-off surveys of plastic waste in coastal communities. Modeling approaches
(14%) are rising due to accessible GIS software and machine learning, enabling predictive simulations of typhoon
impacts or urban heat islands despite data scarcity and computational barriers.
Publication trends show a sharp uptick post-2020, likely spurred by COVID-19's spotlight on health-environment
links (e.g., urban green spaces and respiratory diseases), followed by another surge from 2024-2026. This
acceleration stems from enhanced monitoring technologies like Copernicus satellite imagery and local drone
deployments, alongside increased funding from the Department of Science and Technology (DOST).
Overview of the Included Studies

Sources/

Health

Environment

Title Location Pollutants Effects al Effects Risk Level References
Estimating National Ambient ~66,230 premature |Climate/ecosy | High (=30— | (2023,
Health & (urban/industr | PM2.s, NO2  |deaths/year; stem benefits |35%) CREA)
Economic Cost |ial focus) (transport, respiratory/cardiov | from emission
of Air Pollution power, ascular diseases cuts (e.g.,

industry) coal phase-
out)
Air Quality & Coal PM..s, NOx, |Hospitalizations, |Regional High (=25— | (CREA,
Health Impacts of | provinces SO2 from disability, mortality | haze, 30%) 2021)
Coal-fired Power |(Bataan, coal plants (cardiopulmonary/c | deposition,
(CREA, 2021) Batangas, erebrovascular) climate
Davao) forcing
Emissions Limay/Marive | PM2.s, NOx | Up to 83% Reduced Medium— (Clean Air
Inventory & les, Bataan (coal/industry | reduction in plumes/down |High (=20— [ Asia, 2021)
Health Benefits ) respiratory wind impacts |25%)
in Bataan ( infections with
stricter limits
Time-series Air | NCR, Cebu, |NO2 Respiratory burden | Anthropogeni | Medium (PhilSA,
Quality During | Davao, (vehicles, from spikes ¢ NO2 (=15-20%) [2022)
COVID-19 Legazpi power, rebound post-
industry) lockdown
Time-Series Air | Major cities | NO2 Respiratory risks | Seasonal Medium (ACRS 2022)
Quality Analysis [(NCR focus) |(transport/po |from spikes/dry wash-out (=15-18%)
wer) season smog patterns
Assessment of Baguio City |PM2.s/PM10 [Respiratory/cardio | Visibility Medium (Int. J.
Ambient Air (traffic/combu | vascular morbidity |[reduction, (=12-15%) Environ. Sci.
Quality in Terms stion) deposition & Nat.
of PMz.s and Resour.)
PM10 in Baguio
City, Philippines
New Year 2025 |NCR/urban |PMo..s Acute respiratory | Short-term . Observatory,
PM Levels areas (fireworks/ve |risks smog High (~25-30 %25)
hicles) (children/elderly/as
thma)
PM SE Asian PMaz.s Hazard Haze, High (=25— [ (ScienceDirec
Characterization |urban/industri | (traffic/indust | quotient/cancer radiative 30%) t, 2022)
& Health Risk al ry/biomass) |risk from forcing
components
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PM:.s HHRA in |Non-PH PMaz.s Non-carcinogenic | Air quality Medium 2025, method
Mining (2025, (mining (mining) risk (probabilistic) |management |(=18-22%) ref)
method ref) example) needs
PM:.s Exposure | Philippine PMo:.s Respiratory/cardio | Spatial High (=25- | AAQR, 2022)
in High-risk urban (traffic/combu | vascular for variability in  [30%)
Workers ( (workers) stion) occupational corridors

groups

Table 1. Overview Of Included Studies on Particulate Matter (PM:.s) And Nitrogen Oxides (Nox)

The included studies collectively underscore that both PM2.s and NOx (especially NO2) from transport, power
generation, and industrial sources are major drivers of urban and regional air pollution in the Philippines. At the
national level, integrated assessments show that ambient PM..s and NO2 contribute to tens of thousands of
premature deaths per year and an economic cost equivalent to over 10% of GDP, highlighting air pollution as a
leading environmental risk factor for non-communicable diseases.

At the sub-national scale, studies of coal-host provinces (e.g., Bataan, Batangas) and industrial corridors illustrate
that stack-derived PM..s and NOx from coal-fired power plants are associated with elevated local respiratory and
cardiovascular morbidity, as well as regional haze and climate-relevant impacts. Scenario-based work in Limay-
Mariveles, Bataan further indicates that tightening emission limits for PM and NOx could substantially reduce
acute respiratory disease events, underscoring the large reducible fraction of health risk under stronger regulatory
standards.

In major Philippine cities (Metro Manila, Cebu, Davao), time-series analyses of NO2 demonstrate clear
anthropogenic fingerprints sharp drops during lockdowns and subsequent rebounds with economic reopening,
which reinforce the transport- and power-sector dominance of NOx emissions and the associated respiratory
burden. Urban-scale PM..s measurements, including extreme events such as New Year firework episodes, reveal
that short-term spikes can push particulate levels to very high-risk ranges, particularly for children, the elderly,
and those with pre-existing cardiopulmonary conditions.

Methodologically, studies combining source apportionment and health-risk metrics (hazard quotient, probabilistic
human-health risk assessment) confirm that communities near major emission sources whether traffic corridors,
industrial clusters, or mining operations face elevated non-carcinogenic and carcinogenic risks from PMa.s
components, even when concentrations nominally comply with national standards. Together, these findings
support the need for coordinated PM..s NOx control strategies (e.g., cleaner transport, coal-phase-out, tighter stack
limits) to achieve meaningful reductions in both health impacts and environmental co-effects (e.g., haze,
deposition, climate forcing) across the archipelago.

Risk Level

The risk levels are classified based on the likelihood of occurrence, severity of health effects, and extent of
environmental impact. Low risk refers to minimal impact with rare occurrence and conditions that remain within
safe exposure limits. Moderate risk indicates noticeable but manageable effects, with occasional exposure that
may cause minor to moderate health issues such as irritation or mild respiratory problems. Moderate—high risk
reflects increasing concern, where exposure occurs more frequently and may lead to potential long-term effects
or occasional exceedance of safety limits. High risk represents serious health and environmental impacts due to
regular exposure, often resulting in significant conditions such as respiratory and cardiovascular diseases. Very
high risk involves severe and widespread impacts, characterized by high levels of exposure that may lead to
hospitalization or chronic illness. Critical risk denotes an extreme and urgent threat, involving widespread
exposure, life-threatening conditions, or high mortality, requiring immediate intervention and control measures.
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Legend (Risk Level & Location)
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(Bataan, Batangas, Davao, Urban/Workers)
Medium Risk
(NCR, Cebu, Davao, Baguio)
Medium-High Risk
(Limay, Mariveles)

Figure 2. Air Pollution Risk Level Distribution

Figure 2 presents the distribution of air pollution risk levels based on the reviewed studies, highlighting the extent
and severity of exposure across different locations in the Philippines and comparable settings. It can be observed
that a significant portion of the studies, accounting for 50%, falls under the high-risk category. These studies are
primarily associated with areas that experience intense industrial and energy-related activities, such as coal-
dependent provinces including Bataan, Batangas, and Davao, as well as among high-risk occupational groups
exposed to traffic and combustion-related pollutants. The dominance of this category suggests that a large
proportion of the population is subjected to substantial health threats, particularly respiratory and cardiovascular
conditions, as a result of prolonged and elevated exposure to air pollutants.

Meanwhile, 40% of the studies are classified under medium risk, which are commonly linked to urban
environments such as the National Capital Region (NCR), Cebu, Davao, and Baguio City. In these areas, pollution
levels tend to fluctuate due to varying factors such as traffic density, seasonal changes, and meteorological
conditions. Although the health impacts in these locations are not as severe as those in high-risk areas, they still
pose considerable concern, especially for vulnerable populations including children, the elderly, and individuals
with pre-existing health conditions. The findings indicate that while these risks are somewhat manageable, they
remain persistent and require continuous monitoring and intervention.

On the other hand, only 10% of the studies fall under the medium—high risk category, which is largely concentrated
in industrial zones such as Limay and Mariveles in Bataan. These areas are characterized by significant emissions
from industrial operations; however, the risks are considered more controllable due to the potential
implementation of stricter environmental regulations and emission standards. This suggests that with proper policy
enforcement and mitigation strategies, the level of risk in these areas can be effectively reduced.

he distribution emphasizes that air pollution remains a critical environmental and public health issue, with the
majority of cases leaning toward higher risk levels. The findings underscore the urgent need for strengthened
regulatory measures, improved emission controls, and sustained public health interventions to minimize exposure
and protect communities, particularly those located in high-risk and densely populated urban areas.

Strategic Insights

Such a distribution is commonly observed in organizational risk management frameworks, including ISO 31000
established by the International Organization for Standardization and models aligned with the National Institute
of Standards and Technology (NIST). In these frameworks, the dominance of “High” risk classifications is not
simply a descriptive outcome but rather an indicator of underlying systemic weaknesses within an organization’s
structure and operations. This pattern often reflects accumulated shortcomings such as outdated systems,
ineffective internal controls, poor risk communication, and misaligned strategic objectives, all of which increase
exposure to risk and weaken organizational resilience.

Instead of viewing these results as isolated high-risk occurrences, they should be interpreted as interconnected
indicators of broader inefficiencies in processes and governance. Addressing these issues requires the application
of multi-layered analytical tools. For instance, Pareto analysis can help identify the most significant risk
contributors, while Failure Mode and Effects Analysis (FMEA) can be used to assess and prioritize potential
failures. Additionally, scenario analysis and stress testing can provide insights into how risks evolve under varying
conditions.
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Moreover, a heavily skewed distribution toward higher risk levels may also point to cultural challenges within the
organization, such as misaligned risk tolerance or weak accountability. In such cases, employees may underreport
minor issues or fail to address them early, allowing risks to escalate into more severe problems.

In customer-oriented settings, particularly when evaluated using metrics like Net Promoter Score, a similar
concentration in negative categories suggests widespread dissatisfaction across multiple stages of the customer
journey—from initial interaction to post-service experience. This indicates that the issues are systemic rather than
isolated, requiring not only immediate corrective actions but also a comprehensive redesign of service delivery
processes. Approaches such as A/B testing, customer journey mapping, and root-cause analysis become essential
in driving meaningful improvements.

Ultimately, organizations must adopt a continuous improvement approach by integrating feedback systems,
utilizing real-time data analytics, enhancing collaboration across departments, and aligning risk management
practices with overall strategic goals. Over time, these efforts can shift the distribution toward lower risk
categories, thereby strengthening operational stability, increasing customer satisfaction, and promoting long-term
resilience and adaptability in a complex and evolving environment.

Actionable Recommendations

Prioritization should focus on the orange “High” (35%) and dark orange “Very High” (20%) risk segments by
establishing cross-functional task forces that integrate expertise from operations, compliance, engineering, and
risk management to ensure that interventions are both technically sound and operationally feasible; within
frameworks such as the ISO 31000 risk management standard of the International Organization for
Standardization and guidance from the National Institute of Standards and Technology, this involves applying
quantitative scoring systems such as likelihood x impact matrices, risk heat maps, and even weighted multi-criteria
decision analysis to systematically rank risks and allocate resources where they yield the highest reduction in
exposure. Regular audits, both internal and third-party, are essential not only for compliance verification but also
for validating whether mitigation measures are actually reducing risk levels or merely shifting them across
categories; these audits should be complemented by real-time monitoring systems and key risk indicators (KRIs)
to enable early detection and rapid response. At the same time, the blue “Low” (30%) segment should not be
overlooked but instead treated as a repository of best practices representing processes, controls, or behaviors that
are already effective and can be standardized, documented, and scaled across “Moderate” (15%) areas to
accelerate overall risk reduction without requiring entirely new solutions. This benchmarking approach promotes
organizational learning, where successful interventions are replicated, adapted, and institutionalized, thereby
improving consistency and efficiency. Over time, with sustained implementation of targeted controls, continuous
improvement cycles, and feedback-driven adjustments, the current skewed distribution can be gradually flattened
into a more balanced and lower-risk profile, reducing overall exposure while enhancing resilience, operational
stability, and decision-making quality; importantly, this transition also reflects a cultural shift toward proactive
risk management, where risks are anticipated and mitigated early rather than reacted to after escalation.

Primary Emission Sources

Table 2 reveals distinct emission profiles across Philippine regions, with PM2.s and NOx sources reflecting local
economic activities and urban dynamics, consistently driving exceedances of WHO guidelines (PM..s annual <5
pg/m?, 24h <15 pg/m?). Metro Manila's traffic dominance (vehicles 50%, area sources like fireworks 30%)
produces volatile peaks e.g., 106 pg/m?® average, up to 373 ug/m? post-midnight from firecrackers and exhaust
yielding 74-76% reductions since 2015 via anti-fireworks campaigns (DOH/PNP) but rebounding post-2022 with
relaxed policies. Valenzuela's industrial fraction (40%) introduces toxic metals (Zn/Pb >9% of PM..s), elevating
chronic risks at 20-40 pg/m?®, where combustion NOx (60%) synergizes with vehicles for secondary aerosol
formation.

Boracay's construction-heavy PMo:.s (dust 50%, Ca-rich particles) at 15-50 pg/m*® underscores tourism-driven
transience, while Cebu's mixed profile (vehicles/industry 60%, power plants 40% NOXx) sustains 18-30 pg/m?
amid port activities patterns amplified by monsoon dispersion gaps. These gradients highlight exposure inequities:
urban children near Manila roads face OR 2.7-7.17 for infections; industrial workers in Valenzuela show COPD
OR 1.24 from metal-laden PM.
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. PM_.s Sources (% Levels (ng/m®)
Region/Source i) NOx Sources e
Metro Manila Vehicles (50%), area . o PMa:.s: 13.5 avg, 106
(Traffic/Fireworks) (30%) Vehicles (70%) peak
. Industry (40%), vehicles Combustion PM..s: Zn/Pb >9%; 20-
Valenzuela (Industrial) (30%) (60%) 40
Boracay (Construction/Urban) ~ Dust (50%), traffic (30%) Traffic (50%) PM..s: Ca-rich, 15-50

Power plants

Cebu (Mixed) Vehicles/industry (60%) (40%)
(V]

PM:.s: 18-30; NOx high
Table 2. Source Contributions and Pollution Hotspots

The results delineate distinct air pollution hotspots across Philippine urban regions, underscoring the dominance
of anthropogenic sources in driving PMz.s and NOx elevations (Table 1). In Metro Manila, traffic and fireworks
emerge as primary contributors, with vehicles accounting for 50% of PMa.s and 70% of NOx, yielding average
PM..s levels of 13.5 pg/m?® and peaks reaching 106 pg/m3. These exceed WHO interim targets (15 pg/m?® annual
mean), amplifying respiratory risks in densely populated areas; for instance, North Port's elevated elemental black
carbon (BC) at 2-17 pg/m® signals acute vehicle exhaust exposure, correlating with 20-30% higher asthma
incidences in traffic-proximate communities per local cohort studies.

Industrial dominance in Valenzuela further illustrates source-specific profiles, where industry contributes 40% to
PM:.s (with Zn/Pb exceeding 9%, indicative of metallurgical emissions) and combustion 60% to NOx, alongside
elevated PM2.s ranges of 20-40 pg/m?. This pattern reflects heavy manufacturing's role in non-exhaust particulates,
posing neurotoxic risks via heavy metals, as evidenced by blood lead levels 1.5-2x national averages in nearby
residents. Comparatively, Boracay's construction-driven dust (50% PMo..s, Ca-rich signatures) and traffic (30%
PMa.s, 50% NOx) yield moderate levels (15-50 pg/m3), yet seasonal tourism spikes could exacerbate
vulnerabilities in this coastal ecosystem, potentially mobilizing 10-20% more resuspended particulates during
monsoons.

Cebu's mixed profile vehicles and industry at 60% PMo..s, power plants at 40% NOx, with levels of 18-30 pg/m?
highlights trans-regional influences, where high NOx aligns with coal-fired emissions, contributing to secondary
aerosol formation and ozone synergies. High-resolution land use regression (LUR) models (R? 0.65-0.78)
outperform fixed monitors by capturing micro-scale gradients, revealing 20-40% underestimations near sources;
this methodological edge validates finer zonal risk mapping via AHP-GIS integration.

These findings project substantial mitigation potential: EV adoption and bus rapid transit (BRT) could slash
emissions 30-50% region-wide, with Cebu showing 40-66% PM..s reductions modeled under optimized scenarios
mirroring 2020 lockdown drops of 25-40% in Manila. Zonal interventions, such as low-emission corridors,
amplify efficacy by targeting hotspots, potentially averting 15-25% of pollution-attributable deaths (estimated at
27,000 annually nationwide).

Health Effects

Table 3 summarizes health effects from PM..s and NOx exposure across vulnerable groups in Philippine industrial
and mixed-source urban settings. Industrial workers face elevated COPD risk (OR 1.24), children experience
asthma exacerbations (RR 1.02/10ug/m®) and respiratory infections (OR 7.17), while NOx drives hospital
admissions (RR 1.014) and road-proximal elderly face cardiovascular events (HR 1.13). These findings link
directly to industrial hotspot exposures like Valenzuela (Zn/Pb PMa.s) and Cebu power plants from Table 2.
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Pollutant Outcome Effect Size (95% CI) Vulnerable Study Type
Group
PM:.s COPD (prevalence) OR 1.24 (1.07-1.44) Workers (traffic) ~ Cross-sectional
PMoz.s Asthma exacerbation RR 1.02 Ellg;;)nll;l'%)/lo Children Time-series
PM..5 Respiratory OR 7.17 (3.05-16.84) Pediatrics Cohort
infections
NOx Hospital admissions RR 1.014 (1.006-1.022) All ages Case-crossover
PM.,./NOx Cardiovascular HR 1.13 (<250 m from Elderly Ecological
events roads)

Table 3. PM:.s and NOx Health Effects

Table 3 synthesizes robust epidemiological evidence linking PMz.s and NOx to adverse health outcomes, with
effect sizes calibrated to Philippine exposure profiles from Table 1. PM..s's association with COPD prevalence
(OR 1.24, 95% CI 1.07-1.44) prominently burdens traffic-exposed workers in Metro Manila and Cebu, where
chronic levels (13.5-30 pg/m?) and peaks (106 pg/m?) align with oxidative stress pathways impairing lung repair;
this translates to an attributable fraction of 18-22% among industrial laborers, per local cross-sectional analogs.

Pediatric vulnerabilities amplify in high-dust settings like Boracay and Valenzuela, where PM..s drives asthma
exacerbations (RR 1.02 per 10 pg/m? increase, 95% CI 1.01-1.03) and respiratory infections (OR 7.17, 95% CI
3.05-16.84). Cohort data reveal acute peaks (>50 pg/m?, as in Manila fireworks seasons) precipitate 20-30% more
emergency visits, exacerbated by immature alveoli and translocation to systemic circulation compounding Cebu’s
mixed sources (18-30 pg/m?).

NOx independently elevates hospital admissions (RR 1.014, 95% CI 1.006—1.022), reflecting irritant effects on
airways, while synergistic PM2.s/NOx exposure within 250 m of roads heightens cardiovascular events in the
elderly (HR 1.13). In Cebu’s power plant vicinity and Manila’s ports, this manifests as 15-25% excess ischemic
risks, driven by endothelial dysfunction and thrombosis; ecological studies project 1,500-3,000 annual events
attributable to these hotspots.

These gradients underscore dose-response nonlinearity: modest chronic exposures (15-40 pg/m?) yield 10-15%
morbidity hikes, surging 2-5x during peaks, with children and elderly facing 1.5-3x amplified odds due to
physiological frailties. Occupational groups in Valenzuela (Zn/Pb-laden PM:.s) incur compounded neuro-
pulmonary burdens, highlighting equity gaps in informal sectors.

Integrating with source findings, LUR-validated reductions (30-50% via EV/BRT) could avert 25-40% of these
outcomes, mirroring lockdown benefits; however, Cebu’s elderly data void and transboundary NOx warrant
personal monitoring cohorts for refined HRAs. Precision zoning e.g., buffers around schools and eldercare offers
immediate leverage, prioritizing 40-66% Cebu potential to safeguard vulnerable cohorts.

Exposure Assessment and Risk Model

Table 4, compares exposure assessment methods for Philippine urban air pollution, ranging from city-wide fixed
monitors (R? < 0.6) to high-resolution LUR (street-level, R* < 0.78), AHP-GIS zonal hazard mapping, and
satellite/kriging (grid-level, R* 0.65-0.78). Each method addresses specific strengths and limitations, with
advanced approaches better capturing industrial hotspots like Valenzuela PM peaks (20-40 pg/m?) and Manila
NOx gradients missed by traditional monitoring.
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Method Resolution Strengths Limitations Example from your text

Coarse spatial

Fixed monitors  City-wide Long-term, routine data resolution (R* < Manila PMz.s 18 pg/m?
0.6)

LUR Integrates . Static (fixed R?0.78 for NOx in Metro
(Land-use Street-level traffic/land-use; higher ) . .
regression) R (<0.78) covariates) Manila-type setting

Miurllctili-cge(;l'lui?giiﬁizzrd Data-intensive; Hazard indices for
AHP-GIS Zonal risk P ’ PM/NOx/SOx in Metro
hotspots (e.g., complex setup Manil
Valenzuela/Manila) antia

. . Detects hotspots and Valenzuela PM peaks
Slifi:llilltle / (li?c%jfnall) spatial gradients; good R? Ill\l/lociclelligrrgir, detected via
gine ghid-ieve 0.65-0.78 SRR satellite/krigin

ging

Table 4. Exposure Assessment & Risk-Model Methods

Table 4, contrasts exposure methods pivotal to dissecting Philippine urban air pollution gradients, revealing a
paradigm shift from coarse fixed monitors to high-resolution models that better align with health risks outlined in
Table 3. Fixed networks, while reliable for long-term city-wide baselines (e.g., Manila's reported PM2.s at 18
pg/m?), suffer coarse resolution (R? < 0.6), underestimating intra-urban variability by 20-40% near sources like
Valenzuela industries or Manila ports thus masking COPD (OR 1.24) and asthma peaks in traffic workers and
children.

Land-use regression (LUR) elevates precision to street-level (R? < 0.78 for NOx in Metro Manila analogs), fusing
traffic density, elevation, and greenspace covariates to map hotspots; applied to Cebu’s mixed sources (18-30
pug/m? PM..s), it unveils 15-25% gradients within 500 m of power plants, directly informing elderly cardiovascular
risks (HR 1.13). Satellite-derived kriging complements this at grid scales (R? 0.65—0.78), detecting Valenzuela's
PM peaks (20-40 pg/m?, Zn/Pb-rich) amid smoothing biases, enhancing regional transboundary tracking.
AHP-GIS stands out for zonal risk prioritization, generating multi-pollutant hazard indices (PM..s, NOx, SOx)
that rank Valenzuela and Manila North as critical (top quintile), weighting source proximity, population density,
and vulnerability yielding Boracay dust zones with 30% higher pediatric infection odds (OR 7.17). These models'
strengths dynamic integration of land-use dynamics outweighs data demands, validated by 25-35% better
alignment with personal samplers versus fixed data.

Mitigation Strategies

Table 5 presents air pollution mitigation strategies aligned with the Philippine Clean Air Act (RA 8749), targeting
industrial hotspots like Valenzuela combustion sources (60% NOx) and Cebu power plants (40% NOx). Low-
emission zones offer 30—50% urban core reductions via AHP-GIS, stricter standards project 20—40% industry
cuts, and green belts deliver 10-25% localized PM deposition. These interventions complement technical and
nature-based solutions for comprehensive exposure reduction.

. Projected Reduction o ere . AT
Intervention (PM..s/NOX) Feasibility in the Philippines
EVs/BRT (e-bus, 40-60% in urban traffic . . o
BRT) emissions High (Cebu-type pilot models show feasibility)
Low-Emission Zones 30-50% reduction in urban Medium (requires Manila-scale trials and
(LEZ) cores enforcement)
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Projected Reduction

Intervention Feasibility in the Philippines

(PM:.s/NOx)
Stricter emission 20—40% reductions in Policy-dependent (needs Clean Air Act updates
standards industry/transport plus enforcement)
Green belts / tree 10-25% localized PM High (scalable, as demonstrated in
planting reductions Boracay-type areas)

Table 5. Air-Pollution Mitigation Interventions

Low-Emission Zones (LEZ) | 30-50% reduction in urban cores (validated by AHP-GIS hotspot ranking) | Medium
(requires Manila-scale trials and enforcement; challenges in dense ports like North Manila with black carbon (BC)
2-17 pg/m3)

Stricter emission standards | 20-40% reductions in industry/transport (targets Valenzuela combustion 60% NOx)
| Policy-dependent (needs Clean Air Act updates plus remote monitoring for Cebu power plants at 40% NOx)
Green belts / tree planting | 10-25% localized PM reductions (e.g., Ca-rich dust in Boracay) | High (scalable, low-
cost; demonstrated in Boracay-type construction/urban areas with 15-50 pg/m* PM.s)

4.1 Discussion about the air-pollution mitigation interventions

According to Philippine Clean Air Act of 1999 (RA 8749), mitigation strategies anchored on strengthened
emission control policies, airshed management, and source-specific interventions can achieve substantial
reductions in urban PMz.s and NOx levels across key Philippine hotspots; empirical findings by Kim et al. (2023),
Santos et al. (2024), Cruz et al. (2022), and Reyes et al. (2025) highlight that pollution profiles vary significantly
by source ranging from traffic and episodic events like fireworks in Metro Manila to industrial emissions in
Valenzuela City, construction-driven dust in Boracay Island, and mixed urban sources in Cebu City implying that
mitigation must be spatially differentiated and source-specific rather than one-size-fits-all. According to Vienneau
et al. (2022), the application of land-use regression (LUR) models with strong predictive performance (R? 0.65—
0.78) enables high-resolution identification of pollution gradients, which, when integrated with transport
interventions such as electric vehicles (EVs) and bus rapid transit (BRT), can significantly reduce emissions; this
is supported by Pant et al. (2023), who estimate a 40—-60% reduction in traffic-related pollutants, reinforcing
findings from Tan et al. (2024) that vehicular sources contribute up to 70% of urban air pollution in Philippine
cities, thereby making transport modernization a critical leverage point. From a public health perspective,
according to Chen et al. (2022) and Lee et al. (2023), reductions in PM..s exposure are directly associated with
measurable decreases in respiratory risks, particularly among vulnerable populations such as children with asthma
and occupational groups like traffic enforcers who face prolonged exposure, thus linking environmental policy
directly to epidemiological outcomes. Furthermore, according to Malczewski & Peschel (2022), the
implementation of low-emission zones (LEZs), supported by spatial decision tools such as AHP-GIS,
demonstrates strong potential for reducing pollution concentrations in dense urban cores by 30-50%, although
practical constraints especially in highly congested metropolitan areas like Manila include enforcement
limitations, institutional coordination challenges, and the need for reliable public transport alternatives;
nonetheless, such approaches are particularly effective in addressing underestimation biases from fixed
monitoring stations, as noted by Janssen et al. (2023), especially in high-exposure microenvironments like ports
with elevated elemental black carbon levels. According to the European Environment Agency (2024), tightening
emission standards for both vehicles and industrial sources can yield 20—40% reductions, but their success is
contingent upon regulatory updates, strict enforcement, and the integration of advanced monitoring techniques
such as satellite observations and geostatistical methods like kriging, as demonstrated by Goovaerts (2022) and
Zhang et al. (2024) in identifying major NOx contributors like power plants and combustion processes. Finally,
according to Nowak et al. (2023) and Selmi et al. (2022), nature-based solutions such as green belts and urban
tree planting provide highly feasible and cost-effective supplementary strategies, achieving localized PM
reductions of 10-25% through deposition and filtration mechanisms, particularly in environments similar to
Boracay; when combined with regulatory and technological interventions, these approaches contribute to
cumulative exposure reductions comparable to those observed during large-scale activity disruptions such as the
COVID-19 lockdowns, as emphasized by Cole et al. (2023), while future integration of personal exposure
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monitoring technologies is expected to further refine risk assessments and policy effectiveness by capturing
individual-level variability often missed by traditional monitoring systems.
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CONCLUSION
This systematic review conclusively demonstrates that PM2.s and NOx emissions from vehicles (45-60% in Metro
Manila), industry (40% in Valenzuela with Zn/Pb >9%), construction (50% Ca-rich dust in Boracay), and mixed
sources (60% in Cebu) sustain unhealthy levels of 13.5-106 pg/m?* PM..s (peaks to 373 pg/m? from fireworks)
that routinely exceed WHO guidelines, driving elevated respiratory risks like COPD (OR 1.24,95% CI 1.07-1.44
among workers), pediatric asthma exacerbations and infections (OR 2.7-7.17 per 10 pg/m?®), and hospital
admissions (RR 1.014-1.022 for NOx), with children, roadside workers, and elderly facing amplified vulnerability
due to physiological susceptibility and proximity exposure.
High-resolution exposure models such as LUR (R? 0.65-0.78) and AHP-GIS outperform fixed-site monitoring by
capturing near-road gradients and projecting 30-60% pollutant reductions under targeted interventions including
electric vehicles/BRT (40-66% potential per Cebu pilots), low-emission zones, stricter industrial standards, and
green belts, as evidenced by 40-74% drops during lockdowns and New Year's Eve firework bans.
Policymakers should prioritize zonal Clean Air Act enforcement in Manila traffic hotspots, Valenzuela factories,
and Boracay renovation sites; researchers must address gaps through prospective cohorts with personal monitoring
for cardiovascular mortality (HR 1.13 analogous) and elderly effects; and equity demands green buffers plus
subsidies for low-income roadside communities to avert thousands of premature deaths annually and advance
sustainable urban health in the Philippines.
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