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Keywords: Ports handle approximately 80% of world trade and concentrate vessels, cargo operations, and
Port cities logistics that generate substantial pollution affecting nearby populations. Following a structured
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literature search and a narrative synthesis organized around a source-to-exposure-to-impact
conceptual framework, this review evaluates the health risks associated with residential prox-
imity to ports. Evidence consistently links port-related emissions to cardiovascular and respira-
tory mortality, asthma, lung cancer, adverse pregnancy outcomes, and neurodevelopmental
effects. The Tarragona Port is used as an illustrative example of a complex port-industrial setting
in which port and co-located petrochemical emissions jointly contribute to a quantified local
burden of preventable deaths and disability-adjusted life years, although the fraction attributable
to port activities alone cannot be readily isolated from that of the adjacent petrochemical complex
and other urban sources. These findings support targeted interventions, including mandatory
Health Impact Assessments, health-based buffer zones, optimized freight routing, and real-time
air quality monitoring integrated into port operations.

1. Introduction
1.1. The global Port-City Nexus and public health Imperative

Ports are indispensable catalysts of the global economy, facilitating approximately 80% of world trade by volume (United Nations
Trade & Development, 2025). Their strategic coastal locations have historically promoted metropolitan growth, creating significant
confluence of population and heavy industry. Around 40% of the world's population lived within 100 km of a coast (Small and Nicholls,
2003), with substantial proportions residing in urban agglomerations surrounding major harbors. This spatial juxtaposition creates a
critical public health paradox: ports generate immense economic value and employment, while simultaneously functioning as
concentrated pollution hotspots degrading local environmental quality (Sorte et al., 2020).

The environmental footprint of port operations is multifaceted, impacting air, water, and soil, with airborne emissions representing
the most pervasive and well-documented exposure pathway (Santos, 2025; Viana et al., 2014). Maritime vessels, particularly those
burning heavy fuel oil, emit substantial quantities of fine particulate matter (PMs.5), nitrogen oxides (NOy), sulfur dioxide (SO5),
carbon monoxide, volatile organic compounds (VOCs), as well as other toxic contaminants including polycyclic aromatic hydrocar-
bons (PAHs) and heavy metals (Agrawal et al., 2008; Eyring et al., 2010). These pollutants are emitted from ship stacks while ships are

* Corresponding author.
E-mail address: joseluis.domingo@urv.cat (J.L. Domingo).

https://doi.org/10.1016/j.trd.2026.105541

Received 1 April 2026; Received in revised form 3 July 2026; Accepted 18 July 2026

Available online 27 July 2026

1361-9209/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-6647-9470
https://orcid.org/0000-0001-6647-9470
mailto:joseluis.domingo@urv.cat
www.sciencedirect.com/science/journal/13619209
https://www.elsevier.com/locate/trd
https://doi.org/10.1016/j.trd.2026.105541
https://doi.org/10.1016/j.trd.2026.105541
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trd.2026.105541&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541

docked, maneuvering, and in transit, with the highest concentrations typically occurring in downwind coastal areas (Viana et al.,
2014). Beyond maritime emissions, port-related air pollution encompasses diesel exhaust from cargo-handling equipment, heavy-
duty trucks servicing terminals, fugitive dust from bulk material handling (coal, ores, grain), and emissions from co-located indus-
trial facilities such as refineries and power plants (Cooper and Gustafsson, 2004; Lack et al., 2011).

1.2. Evolution of the scientific and regulatory Landscape

In the 20th century, health impacts of port activities were largely overlooked or subsumed within the assessment of general urban
air pollution. Corbett et al. (2007) reported the first global estimate of mortality attributable to ship emissions. Subsequent research
has progressively evolved from global-scale modeling to high-resolution, local-scale assessments capturing steep exposure gradients
experienced by communities within the first few kilometers of port boundaries (Liu et al., 2016; Winther et al., 2014).

Concurrently, major regulatory milestones have been adopted. The implementation of Sulfur Emission Control Areas (SECAs) in
North America and Europe, followed by the landmark 2020 global cap of 0.5% sulfur in marine fuels (IMO, 2020), represent large-scale
natural experiments stimulating robust research evaluating air quality and health improvements at community levels.

1.3. Objectives

This literature review is focused on seven primary objectives: (1) to systematically catalog emission sources and chemical
complexity of port pollution, (2) to review and critique exposure assessment methodologies, (3) to synthesize epidemiological,
toxicological, and health risk assessment evidence by disease category, (4) to provide an integrative illustrative synthesis for the
Tarragona port-industrial complex (Catalonia, NE Spain), examining source-to-exposure-to-impact pathways, (5) to evaluate miti-
gation strategies through a public health lens, and (6) to identify critical knowledge gaps and propose a research agenda. A seventh
objective, directly responsive to the imperatives of transportation science, is to translate the consolidated health and exposure evi-
dence into concrete, actionable recommendations for port planning, design, and environmental management, informing the design,
operation, and governance of transport infrastructure in a manner that explicitly protects population health.

Fig. 1 shows the integrated pathway framework which conceptualizes the complex relationships between port activities, envi-
ronmental contamination, and human health.

To operationalize this objective within a transportation systems perspective, Fig. 2 presents a conceptual framework linking port
activities and freight logistics to emissions, community exposure, health outcomes, and the corresponding planning and management
interventions.

Recently, various dimensions of the relationship between port activities and public health have been examined. Mueller et al.
(2023) carried out a global scoping review on health impact assessments related to air pollution originating from shipping and port
operations. Their analysis included several studies, mostly conducted in Europe, and mainly focused on mortality effects and the
evaluation of emission control measures such as sulfur content limits and nitrogen oxide (NOy) reductions. In turn, Ducruet et al.
(2024) investigated data from close to 5,000 ports across 35 OECD countries, identifying statistical relationships between port ac-
tivity levels, ambient air quality indicators, and health outcomes within three distinct categories of port regions. Although both studies
made significant advances for the understanding in the field, each addressed only specific aspects of the port-health linkage.
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Fig. 1. Integrated source-to—exposure—to-health impact framework for port-related environmental pollution.
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Fig. 2. Conceptual framework linking port-related transport activities to environmental emissions, population exposure, health impacts, and
planning/management interventions.

The present review seeks to broaden and integrate those perspectives in three distinctive ways that, to our knowledge, have not
previously been combined within one analytical framework. First, it employs a comprehensive source-to—exposure-to—impact
approach that connects emission characterization with exposure assessment, epidemiological evidence across multiple outcomes, and
evaluation of mitigation strategies in a single coherent structure. Second, it includes research published after 2022, encompassing new
empirical findings on post-IMO 2020 fuel transitions, the environmental implications of exhaust-gas cleaning systems, and the
evolving chemical composition of emissions from very-low—sulfur fuel oils, evidence that is not available in previous reviews (Ducruet
et al., 2024; Mueller et al., 2023, 2024). Third, it provides a detailed, multi-decadal case study of Tarragona Port and its neighboring
petrochemical hub, which uniquely integrates local data on emission sources, human biomonitoring, quantified health burdens,
environmental equity considerations, and community perceptions. Collectively, these aspects aim to translate global evidence into
actionable insights for regional and municipal port governance.

2. Methods: Literature search strategy and synthesis approach
2.1. Information sources and search strategy

For a systematic search of the scientific literature the databases PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar
(January 2000-January 2026) were used. The core search string comprised four conceptual blocks: (1) Setting: (“port*” OR “harbor*”
OR “harbour*” OR “maritime” OR “shipping” OR “dock*”) AND (“city” OR “urban” OR “coastal” OR ‘“community”); (2) Exposure/
Pollutant: (“air pollution” OR “particulate matter” OR “PM2.5” OR “PM10" OR “ultrafine particle*” OR “black carbon” OR “NOx” OR
“S02" OR ”polycyclic aromatic hydrocarbon** OR "PAH* OR "heavy metal*** OR “volatile organic compound** OR "VOC* OR "noise*);
(3) Health Outcome: ("public health* OR “health risk*“ OR “mortality“ OR “morbidity*“ OR “cardiovascular disease* OR “respiratory
disease“ OR “asthma“ OR “COPD“ OR “lung cancer“ OR “epidemiology*); (4) Study Type: ("review* OR “meta-analysis“ OR ”sys-
tematic review“ NOT “greenhouse gas*“ NOT “climate change*). Specific targeted searches for Tarragona included: “Tarragona‘“ AND
("harbor* OR ”port*) AND ("air quality* OR “pollution“ OR "health*). To support the seventh objective, translating health evidence
into port planning and policy recommendations, a fifth conceptual block was added to the search: (5) Planning/Policy: ("port plan-
ning“ OR "port design“ OR ”port masterplan*“ OR “green port“ OR “onshore power supply“ OR “cold ironing* OR ”buffer zone*“ OR
”land use“ OR ~freight corridor*“ OR “drayage“ OR "health impact assessment“ OR “environmental impact assessment“ OR “port
governance“ OR "port sustainability“) AND (“port*“ OR "harbor*“ OR “harbor**). Additional targeted searches were conducted in the
Transport Research International Documentation (TRID) database and Google Scholar for grey literature on port environmental
management plans, national and regional port planning guidance documents, and Health Impact Assessment frameworks applied to
transport infrastructure.

2.2. Eligibility criteria

Original research, comprehensive reviews, systematic reviews, and meta-analyses in peer-reviewed journals were included, as well
as studies focusing on pollution attributable to port/harbor activities; measurements in port-adjacent residential areas, exposure
modeling, biomonitoring, epidemiological analysis, or quantitative health risk assessment. By contrast, studies exclusively focused on
greenhouse gas emissions/climate change without direct health co-benefits linkages were excluded, as well as open-ocean shipping
without near-port community exposure assessment, technical reports on port engineering/logistics/economics without primary
environmental or health data, and non-peer-reviewed literature, commentaries, editorials, and conference abstracts without full data.
For the port planning and policy synthesis, the eligibility criteria were extended to include: peer-reviewed studies and authoritative
policy documents evaluating port planning instruments, environmental management systems, Health Impact Assessment methodol-
ogies applied to transport or port infrastructure, buffer zone and land-use separation standards, freight corridor routing assessments,
and Green Port certification and governance frameworks. Technical reports from recognized international bodies (IMO, ESPO, PIANC,
WHO, US EPA, European Commission) were also considered when directly relevant to health-protective port planning.

Data were extracted using standardized templates capturing: authors, year, location, design, pollutants/exposures, assessment
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methods, health endpoints, key findings, and limitations. Given significant heterogeneity in study designs, locations, exposures, and
outcomes, a formal meta-analysis was not feasible. A narrative synthesis approach was adopted, organizing evidence thematically, and
assessing strength qualitatively based on volume, consistency, methodological quality, and biological plausibility.

Publications identified through database searches were screened in two stages. First, titles and abstracts were evaluated against
eligibility criteria to exclude clearly irrelevant studies (e.g., those focused solely on climate outcomes, open-ocean shipping without
community exposure, or purely technical/economic analyses). Full texts of potentially relevant articles were then assessed, with
additional studies identified through backward and forward citation tracking. This work constitutes a narrative, not systematic, re-
view. Accordingly, the search process was iterative and not designed to produce exhaustive record counts or a PRISMA flow diagram.
Consequently, precise numbers of retrieved, screened, and excluded records were not systematically documented. The final body of
evidence corresponds to the studies cited in Sections 3-5 and included in the list of references, representing those considered most
relevant and methodologically informative.

Given the heterogeneity of study designs, no formal risk-of-bias tool was applied. Instead, methodological quality was evaluated
qualitatively based on study design, exposure assessment rigor, confounder control (notably smoking, socioeconomic status, and co-
exposures), sample size and statistical precision, and the validity of source-apportionment methods where applicable. Greater weight
was assigned to findings replicated across settings and consistent with established biological mechanisms. Evidence strength ratings
reflect the overall convergence of these factors rather than a quantitative scoring system.

2.3. Translation of health evidence into port planning recommendations

Translating health and exposure evidence into planning and policy recommendations have followed a structured evidence-to-
action mapping process. For each planning domain identified (master planning and environmental impact assessment, buffer zones
and land-use separation, freight corridor management, green port infrastructure design, and real-time monitoring) four steps were
applied: (a) relevant health and exposure evidence was assembled from the narrative synthesis, (b) the mechanistic pathway linking
each planning decision to the reported health burden was articulated, (c) existing planning instruments, regulatory frameworks, and
case examples were identified from the planning/policy literature, and (d) recommendations were formulated at the level of specificity
appropriate for port planning authorities or transport regulators, with explicit linkage to the supporting evidence. This approach is
consistent with the established Health Impact Assessment methodology (Nieuwenhuijsen et al., 2017a) and evidence-to-policy
translation frameworks in urban transport health research (Mueller et al., 2017; lungman et al., 2021).

3. Results and discussion
3.1. Sources and chemical Signatures of Port-Related emissions

3.1.1. Ocean-Going Vessels: Dominant contributors and evolving profiles

Combustion of marine fuels in main and auxiliary engines has been the primary source of SOz and major source of NOy and primary
PM in coastal areas (Nguyen et al., 2021; Yu et al., 2025). The chemical signature of traditional heavy fuel oil (HFO) exhaust is
characterized by high sulfate content and two trace metals (i.e., vanadium (V) and nickel (Ni)), serving as robust tracers for ship
emissions (Pandolfi et al., 2011; Viana et al., 2008).

The IMO 2020 global sulfur cap has meant major fuel transitions to very low sulfur fuel oils and marine gas oil. While dramatically
reducing ambient SOq, recent research indicates altered physicochemical properties of ship-derived PM, potentially increasing relative
contributions of organic carbon and black carbon with uncertain health implications (Chu Van et al., 2019; Shi et al., 2025). Exhaust
gas cleaning systems (“scrubbers”), particularly open-loop systems, are controversial due to pollution transfer from air to water
(Hassellov et al., 2013; Stathatou et al., 2025).

Table 1
Primary Emission Sources in Port Areas and Their Characteristic Pollutant Profiles.
Source Category Sub-Sources Primary Pollutants Characteristic Chemical Tracers/
Signatures
Ocean-Going Vessels Main and auxiliary S04, NOy, PM,.5 (SO4, Black Carbon, OC), CO,, CO,  V, Ni; High sulfate; Specific organic markers
engines, boilers Hydrocarbon
Harbor Craft Tugs, ferries, pilot boats, NO,, PM, CO Often higher PM/NOy per kWh than large
fishing vessels vessels; Localized impact
Cargo Handling Bulk material transfer Fugitive PM; o, PM,.5 (dust) Si, Al, Fe, Mn, As (cargo-specific);
(coal, ore, grain) Crystalline silica; Adsorbed PAHs
Diesel-powered cargo NOy, PM,.5 (Black Carbon, DPM), CO, Black carbon; Diesel exhaust markers
handling equipment Hydrocarbon
Tanker loading/ballasting VOCs (e.g., benzene, toluene, xylene) Specific hydrocarbon ratios (e.g., BTEX)
Land-Side Transport Heavy-duty diesel trucks NOy (dominant), PM,.s, Black Carbon, CO Major source of near-road NOy in port
(HDDT) communities
Locomotives NOy, PM, CO, Hydrocarbon Line-source emissions along rail corridors
Co-located Industry Refineries, power plants, SO,, NO,, PM, VOCs, Hazardous Air Pollutants Industry-specific chemical profiles (e.g.,
chemical plants (HAPs: benzene, 1,3-butadiene, etc.) specific VOCs, metals)




J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541

3.1.2. Harbor Craft and In-Port vessels

Tugboats, pilot boats, ferries, and commercial fishing vessels often use older diesel engines with weaker emission controls, adding a
large share of the pollution released in ports. Because they frequently speed up, slow down, and stay stopped near the coast, these
vessels can release more NOy and PM per unit of activity than many other ships (Jayaram et al., 2011; Jonson et al., 2015).

3.1.3. Cargo handling Operations: Fugitive dust and diesel combustion

Handling of dry bulk materials in ports is a major source of fugitive PM;(, while PM,.5 in port areas is frequently enriched in toxic
metals such as chromium-VI (Cr-VI), manganese (Mn), zinc (Zn) and arsenic (As), conferring non-negligible carcinogenic and non-
—carcinogenic risks (Pongpiachan et al., 2025). The extensive fleet of diesel-powered cargo handling equipment emits significant
quantities of NOy and diesel particulate matter (DPM), a known human carcinogen (IARC, 2014).

3.1.4. Land-Side Heavy-Duty Vehicle traffic and logistics

Drayage trucks (heavy-duty diesel vehicles) moving containers to and from port terminals constitute critical mobile source lines.
These vehicles are major emitters of NOy and primary PMs.5 (including black carbon) along designated freight corridors, creating
“pollution highways” traversing adjacent residential neighborhoods (Hatzopoulou et al., 2011; Ramirez-Ibarra and Saphores, 2023).
Table 1 summarizes the primary emission sources in port areas, their characteristic pollutant profiles, and typical emission factors.
Comparative emission inventory data from major international ports demonstrate the substantial variation in pollutant loadings
attributable to differences in cargo throughput, fleet composition, fuel types, and regulatory frameworks (Table 2).

3.1.5. Noise and marine discharges as additional port stressors

Beyond airborne pollutants, port activities also generate substantial environmental noise and marine discharges. These two
additional stressors are addressed in Section 3.4 due to their human-health and ecological implications. Noise arises from ship engines
and auxiliary systems, cargo-handling operations, drayage trucks, rail traffic, and foghorns, and can extend into nearby residential
areas. Contamination of water and sediments results from fuel-related spills, ballast-water releases, antifouling paint leachates
(notably tributyltin and copper), and the accumulation of metals, PAHs, and persistent organic pollutants in port sediments (de Castro
et al., 2017; Turner, 2010). Consideration of these stressors alongside atmospheric emissions is essential to the multi-media, multi-
pathway framework adopted in this review.

3.2. Co-located industrial complexes

Many major ports are integrated with heavy industries: petroleum refineries, petrochemical plants, power stations, and metal
processing facilities. These point sources emit complex suites of criteria pollutants (SO3, NOy, PM) and hazardous air pollutants
including benzene, 1,3-butadiene, formaldehyde, and other VOCs (Ducruet et al., 2024; Tsai et al., 2024). Although separating the
health impacts that are specifically due to port activities from those caused by nearby industries is methodologically challenging, it is
essential for accurate risk attribution.

Separating port and industrial contributions relies mainly on receptor-based source-apportionment of chemically specified par-
ticulate matter. Techniques such as Positive Matrix Factorization and Chemical Mass Balance identify source profiles using charac-
teristic tracers (e.g., vanadium and nickel for fuel-oil combustion; crustal elements for coal handling; BTEX for petrochemical activity),
often combined with wind analysis, dispersion modelling, and multi-site data. Nonetheless, collinearity among co-located sources
under similar meteorological conditions limits precise attribution, making results model- and site-dependent. From a health
perspective, populations in port-industrial areas are exposed to complex pollutant mixtures. However, most studies assess pollutants
individually, potentially underestimating combined effects. Accordingly, this review considers such environments as integrated sys-
tems (e.g., Tarragona) rather than attempting to isolate port-specific impacts and acknowledges these attribution constraints as a
limitation.

Table 2
Comparative Emission Inventory Data from Major International Ports (2017-2023).
Port/Region Year OGV NOy OGV Harbor Craft Cargo Drayage Total NO,  Key Notes
(tons) PM,.5 NO, (tons) Handling NOy Trucks NOy (tons)
(tons) (tons) (tons)
Port of Oakland, 2020 1,461.9 17.3 156.0 195.9 89.3 2,158.5 Cruise lay berths included;
USA COVID-19 reduced cruise
operations
Port of Houston, 2023 1,372 54.7 NR NR 198.9 2,404.9 32% cargo increase vs. 2019;
USA truck VMT + 32%
Port of Los 2017 2,344.6 45.9 161.7 173.0 79.9 2,786.6 Pre-IMO 2020 baseline; CHE
Angeles/Long electrification since
Beach, USA
Baltic Sea SECA 2020 NR NR NR NR NR NR 0.1% sulfur limit; 50-70%
Region SO, reduction

Note: NR = Not Reported in comparable format. OGV = Ocean-Going Vessels. Data compiled from Port of Oakland (2020), Port of Houston (2023),
and Puget Sound Maritime Air Forum (2016) emission inventories.
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3.3. Assessing exposure in Port-Adjacent Communities: Methodologies and challenges

3.3.1. Environmental monitoring strategies

Regulatory air quality networks are often too sparse to capture sharp concentration gradients near ports. Dedicated research-grade
stations deployed strategically at 0.5-3 km from port boundaries measure criteria pollutants plus advanced metrics: particle number
concentration of ultrafine particles (UFP), black carbon, and speciated PM for source apportionment (Barregard et al., 2019; Huber
et al., 2025). Van-based mobile laboratories with high-time-resolution instruments are able to map spatial variability and to identify
hotspots (Viana et al., 2014). Miniaturized wearable sensors for UFP and black carbon enable personal exposure assessment, capturing
individual activity patterns and microenvironments (de Nazelle et al., 2017). Low-cost sensor networks offer denser spatial moni-
toring, though data quality assurance remains challenging (Castell et al., 2017). Ground-based techniques including Differential
Optical Absorption Spectroscopy (DOAS) and MAX-DOAS map NO; and SO; plumes from individual ships and terminals (Berg et al.,
2012). In turn, satellite observations (e.g., TROPOMI) provide synoptic views of NO, columns over major shipping lanes and port
regions (Georgoulias et al., 2020).

3.3.2. Modeling exposure for epidemiological and risk assessment studies

Computer models are used to see how pollution from ports spreads and changes in the air. These models combine detailed data on
ship emissions with weather and air-flow information to estimate how much ports add to city and regional air pollution and to test
potentially different policy- or traffic-scenarios (Aksoyoglu et al., 2016; Brandt et al., 2013). Gaussian plume models (AERMOD) or
Computational Fluid Dynamics (CFD) models simulate pollutant dispersion in complex building and terrain environments, essential for
understanding street-level concentrations and exposure inequities (Fernandez-Pacheco et al., 2023). On the other hand, developed
from dedicated short-term monitoring campaigns, LUR models use geographic predictor variables (traffic, land use, population
density, distance to port) to predict intra-urban spatial variation of NOy, PMs.5, and UFP. These are powerful tools for assigning
exposure estimates to participant residences in large cohort studies (Eeftens et al., 2016; Wang et al., 2014).

3.3.3. Biomarkers of exposure and internal dose

While ambient monitoring estimates external exposure, biomonitoring provides direct evidence of internal dose integrating all
exposure routes and individual pharmacokinetics. Thus, elevated urinary and blood V and Ni in port workers and residents in the
neighborhood serve as biomarkers of fuel oil combustion exposure (Spada et al., 2018), while urinary 1-hydroxypyrene (1-OHP)
reflects recent exposure to pyrene, a common PAH in combustion emissions like shipping (Buratti et al., 2000; Mari et al., 2009).
Moreover, detection and quantification of black carbon particles in induced sputum or bronchoalveolar lavage fluid provide direct,
lung-deposited evidence of inhalation of combustion-derived particulate matter (Bai et al., 2015).

Asthma
Respiratory Disease, COPD

Lung Cancer

Adverse Birth Outcomes

Neurodevelopmental
Effects (Children)

Noise-Related Health
Effects

Environmental Justice /
Vulnerable Populations

Incidence, exacerbation,
mortality
Incidence, mortality

Preterm birth, low birth
weight, SGA

Cognitive deficits, ADHD,
autistic traits
Cardiovascular disease,
sleep disturbance, mental
health

Socioeconomic disparities,
disproportionate exposure

PMo.5, PMj0, NO2

PM,.5-bound PAHs
(BaP), DEP, As, Cr
(VD

PM,.s, PAHs, NOy

UFP, PAHs, PM,.5

Noise (Lnight,
Lden)

Multiple pollutants

Moderate to Strong
Strong

Moderate to Strong
(Growing)

Moderate (Growing)

Moderate

Moderate (Growing)

Table 3
Synthesis of Health Outcomes Associated with Port-Related Pollution and Strength of Evidence.
Health Outcome Category  Specific Endpoints Key Pollutants Strength of References
Implicated Epidemiological
Evidence
Mortality All-cause, PM,.5 (especially Strong / Consistent Corbett et al. (2007); Sofiev et al. (2018);
cardiopulmonary, lung secondary Nunes et al. (2021); Ducruet et al. (2024); Lin
cancer aerosols), NO,, SO, et al. (2018); Brunekreef et al. (2009)
Cardiovascular Disease Ischemic heart disease, PMs,.s, UFP, Black Strong Brook et al. (2010); Barregard et al. (2019);
heart failure, stroke, Carbon, NO, Shah et al. (2015); Miller et al. (2012);
hypertension Newman et al. (2020); Sagaro et al. (2023)
Respiratory Disease — Incidence, exacerbation PM,.s, DEP, NO, Strong Guarnieri and Balmes (2014); Kim et al.

(2004); Singh and Sharma (2025); Brunekreef
et al. (2009)

Schikowski et al. (2005); Gauderman et al.
(2004); Brunekreef et al. (2009)

IARC (2014, 2016); (Keerlev et al., 2005; 2014);
US EPA (2025)

Stieb et al. (2012); Shah and Balkhair (2011);
Bové et al. (2019)

Calderon-Garciduenas et al. (2016); Perera

et al. (2009); Vrijheid et al. (2016)

Babisch (2011); Miinzel et al. (2014); Basner
et al. (2014); WHO (2011); Murphy and King
(2014)

Pastor et al. (2002); Miraftab (2004); Morello-
Frosch et al. (2000); Hajat et al. (2015); O’Neill
et al. (2007); Newman et al. (2020); Wu and
Batterman (2006)
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3.3.4. Major challenges in exposure assessment

Separating port contributions from background urban traffic, residential heating, and other industrial sources remains difficult,
although advanced receptor modeling techniques (Positive Matrix Factorization, Chemical Mass Balance) with detailed chemical
speciation have improved source resolution (Belis et al., 2013; Pandolfi et al., 2011). Ingestion of soil and household dust contaminated
by atmospheric deposition of metals and PAHs, and dermal contact, are important secondary pathways, especially for children
exhibiting hand-to-mouth behavior (Granero and Domingo, 2002; Moya and Phillips, 2014). Populations are exposed to dynamic,
complex mixtures of pollutants (PM, gases, noise) with potential synergistic or antagonistic health effects. Risk assessments often treat
pollutants in isolation, potentially underestimating or misattributing risk (Anenberg et al., 2017; Dominici et al., 2006).

3.4. Health Impacts: A critical synthesis of the evidence

Table 3 shows a summary of health outcomes associated with port-related pollution, categorized by strength of epidemiological
evidence and biological plausibility. Mortality and cardiovascular effects are classified as strong due to consistent, biologically
plausible associations observed across modelling, epidemiological, and mechanistic studies. In contrast, neurodevelopmental and
reproductive outcomes are considered moderate and emerging, as much of the evidence is based on general traffic-related exposures
rather than port-specific settings.

Three main limitations should be noted. First, many studies rely on proxy exposure metrics, leading to potential misclassification.
Second, the co-location of ports with other emission sources limits attribution to port activities alone. Third, findings are not fully
consistent, particularly regarding the relative toxicity of shipping-related PM,.5 and the health implications of recent changes in fuel
composition. These constraints are reflected in the more cautious evaluation of less developed evidence areas.

3.4.1. All-Cause and Cause-Specific mortality

Corbett et al. (2007) estimated thousands of annual cardiopulmonary and lung cancer deaths globally from shipping PM, although
subsequent modeling studies have refined these values. Thus, Sofiev et al. (2018) estimated that cleaner shipping fuels could prevent
approximately 137,000 premature deaths globally annually by 2020-2025. In turn, Nunes et al. (2021) attributed over 600 premature
deaths per year in the Iberian Peninsula to shipping emissions. A recent global analysis by Ducruet et al. (2024) of 832 ports found
robust associations between port activity intensity and elevated local PMs.5 and NO; levels, key drivers of increased all-cause and
cardiovascular mortality.

Cohort and time-series studies in specific port cities (i.e., Rotterdam, Los Angeles, Hong Kong, Ancona, and Guangzhou) have found
associations between proxies for port pollution (distance to port, modeled ship emission contributions) and increased daily or long-
term mortality rates (Lin et al., 2018; Nieuwenhuijsen et al., 2017b). In Ancona, Italy, long-term exposure to PMs.5 and NO; near
the harbor, was found to be higher and associated with increased natural, cardiovascular, respiratory and lung cancer mortality. The
study estimates several dozen premature deaths per year attributable to these pollutants (Mei et al., 2023). In Guangzhou, China, each
interquartile range increase in lag-1 shipping emission-derived PM,.5 was associated with 4.60% (95% CI: 0.14%, 9.26%) increase in
overall cardiovascular mortality and 13.35% (95% CI: 5.54%, 21.75%) increase in cerebrovascular mortality (Lin et al., 2018).

3.4.2. Cardiovascular diseases

Inhaled port-sourced PM, especially UFP and black carbon, can translocate into systemic circulation, inducing systemic oxidative
stress and inflammation. This leads to endothelial dysfunction, atherosclerotic plaque destabilization, increased blood pressure,
autonomic nervous system imbalance, and pro-thrombotic states (Brook et al., 2010; Miller et al., 2012). Studies in or near major port
cities have shown increased hospital admissions and emergency department visits for ischemic heart disease, heart failure, and stroke
associated with short-term PMs.5 and NOs increases (Atkinson et al., 2001; Shah et al., 2015). Baltic Sea region research suggested
shipping-derived PMs.5 may carry higher myocardial infarction risk per unit mass than urban background PM,.s, pointing to a more
toxic composition (Barregard et al., 2019). Furthermore, occupational studies on seafarers indicate elevated cardiovascular disease
risk (Sagaro et al., 2023).

A spatial health impact assessment in Catalonia revealed that while the Port of Barcelona contributes a small fraction of total city-
wide pollutants, it significantly impacts local public health, particularly in southeastern neighborhoods. Specifically, port-sourced
emissions accounted for roughly 8% of NOy-related premature deaths and 1% of PMj, fatalities in 2017 (Mueller et al., 2024).
These findings highlight the need for targeted urban policies that address specific industrial sources to mitigate localized morbidity and
mortality burdens (Mueller et al., 2024). Neighborhoods closest to the port experienced highest mortality burdens, with spatial
gradients decreasing toward areas further inland.

3.4.3. Respiratory diseases

Strong evidence has demonstrated that traffic-related air pollution, including port drayage trucks and equipment, contributes to
pediatric asthma development and triggers exacerbations in children and adults (Brunekreef et al., 2009; Guarnieri and Balmes, 2014).
Port community studies show higher asthma prevalence and medication use (Kim et al., 2004). Diesel exhaust particles are potent
immune adjuvants enhancing allergic sensitization and airway inflammation (Singh and Sharma, 2025). Long-term PMs.5, PM;(, and
NO; exposure contributes to Chronic Obstructive Pulmonary Disease (COPD) development and progression. Studies carried out in
Rotterdam (The Netherlands) and Los Angeles (US) showed accelerated lung function decline and higher COPD mortality in com-
munities downwind of port complexes (Brunekreef et al., 2009; Gauderman et al., 2004; Schikowski et al., 2005). In Ancona, respi-
ratory mortality was 37.9% higher (SMR: 1.38; 95% CI: 1.165-1.631) among residents near the harbor (Mei et al., 2023). The
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International Agency for Research on Cancer (IARC) classifies outdoor air pollution and diesel engine exhaust as Group 1 (carcinogenic
to humans) (IARC, 2014, 2016). Port emissions contribute to population exposure to particle-bound PAHs (e.g., benzo[alpyrene),
certain metals (As, Cr-VI), and diesel particulate matter. Epidemiological studies performed by Kerlev et al. (2005; 2014) on occu-
pationally exposed populations (seafarers, dockworkers) supported elevated lung cancer risk. National-scale USA air toxics assess-
ments identify port areas as cancer risk hotspots, with approximately 4 million people living where diesel PM confers cancer risk
exceeding 100 per million (US EPA, 2025).

3.4.4. Adverse Pregnancy, Birth, and Developmental outcomes

Scientific literature links maternal exposure to traffic-related PMs.s, NO,, and PAHs with increased risks of preterm birth, low birth
weight, small for gestational age infants, and congenital anomalies (Shah and Balkhair, 2011; Stieb et al., 2012). Mechanisms include
placental inflammation, oxidative stress, endocrine disruption, and impaired nutrient transport (Bové et al., 2019). Moreover, prenatal
and early childhood exposure to traffic-related UFP and PAHs is increasingly linked to cognitive deficits, attention-deficit/
hyperactivity disorder (ADHD) symptoms, autistic traits, and lower academic achievement (Calderon-Garciduenas et al., 2016; Per-
era et al., 2009). While not specific to port emissions, high concentrations in port-adjacent areas raise significant concerns for child
development.

3.4.5. Mental and cognitive health impacts of noise and air pollution

The World Health Organization (WHO) estimated that at least one million healthy life years were lost annually in Western Europe
due to environmental noise, with transportation sources including shipping representing major contributors (WHO, 2011). Monitoring
near Dublin Port showed that night-time noise levels at nearby homes consistently exceeded the WHO night-noise guideline of 40 dB
(A), indicating a significant noise problem for local residents (Murphy and King, 2014).

Chronic noise exposure activates the hypothalamic—pituitary—adrenal axis, leading to elevated cortisol, hypertension, and
increased cardiovascular disease risk (Babisch, 2011; Miinzel et al., 2014). Mental health impacts include sleep disturbance, cognitive
impairment in children, increased anxiety and depression, and reduced quality of life (Basner et al., 2014). Port communities expe-
rience these burdens alongside air pollution, creating cumulative health risks requiring integrated assessment.

3.4.6. Health risks from waterborne and Seafood-Mediated exposures

Although air pollution dominates the port health literature, the waterborne and marine discharges characterized in Section 3.1
translate into distinct human-health risks that warrant separate consideration. The US New Bedford Harbor Superfund site,
contaminated with PCBs from industrial discharges, resulted in fish consumption advisories eliminating traditional fishing activities in
affected communities (Bolnick et al., 2023).

Ballast water introduces invasive species and pathogens. Thus, it was reported that introductions of Vibrio cholerae through ship
ballast contributed to disease outbreaks in South American ports (Ruiz et al., 2000). Sediment contamination with heavy metals, PAHs,
and persistent organic pollutants (POPs) accumulates in benthic organisms and biomagnifies through marine food webs, creating
human exposure pathways through seafood consumption (Barbieri et al., 2025; Storelli et al., 2011).

3.5. Vulnerable populations and environmental justice

Port-related pollution exposures are not distributed equitably. Children, elderly individuals, pregnant women, people with pre-
existing cardiopulmonary conditions, and socioeconomically disadvantaged communities face disproportionate risks (Newman
et al., 2020). Children are particularly vulnerable due to higher ventilation rates per body mass, immature immune and metabolic
systems, and longer remaining lifespans to manifest chronic disease (Vrijheid et al., 2016).

In the United States, environmental justice analyses have proven that Black and Hispanic populations are significantly over-
represented in census tracts with highest port-related diesel PM exposures and cancer risks (Gao et al., 2021: Pastor et al., 2002;
Rosenbaum et al., 2011; Wu and Batterman, 2006). These disparities reflect historical residential segregation, zoning decisions placing
polluting facilities in minority neighborhoods, and economic constraints limiting housing choices. Port workers, who experience
occupational exposure exceeding that of nearby residents, are disproportionately immigrants and people of color in many jurisdictions
(Miraftab, 2004; Schnake-Mahl et al., 2021). Addressing port-related health burdens requires explicit environmental justice attention,
community engagement, and targeted interventions protecting the most vulnerable. This synthesis treats vulnerability and environ-
mental justice as cross-cutting dimensions of all exposure—outcome pathways. The same uncertainties in source attribution, exposure
assessment, and co-located emissions that complicate risk evaluation also influence how burdens are distributed. Therefore, equity
considerations should be integrated into exposure assessment, health-impact estimation, and subsequent planning responses, rather
than addressed separately.

4. TIlustrative synthesis for the Tarragona Port-Industrial complex (Catalonia, NE Spain)

Tarragona Port complex, located in the Spanish Mediterranean coast, is an extensively studied port-industrial area. Decades of
multidisciplinary research, notably through projects like HADA (Harbour Area Diffuse Atmospheric emissions), provide compre-
hensive examination of source-to-exposure-to-impact pathways. Table 4 summarizes the key research findings from Tarragona Port
area, organized by study focus and primary outcomes. This complex was selected as an integrative example because it is one of the most
extensively studied port-industrial areas in the Mediterranean, with over two decades of research covering source apportionment,
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environmental contamination, biomonitoring, health impacts, and social perception. Its close co-location of a major port and petro-
chemical cluster also makes it representative of the attribution challenges common to many port cities. Notably, it is also the reference
port for the Camp de Tarragona area, where the Universitat Rovira i Virgili (URV) is located. This institutional connection, combined
with over two decades of local research engagement, provides the authors with unique access to primary literature and contextual
understanding that informs this illustrative synthesis. The material here presented is a synthesis of existing studies, not new analyses.
Tarragona is used to illustrate processes and approximate magnitudes, and reported findings reflect the broader Camp de Tarragona
area rather than impacts attributable solely to port activities. The applicability of these observations to other settings is discussed in
Section 4.8.

4.1. Port Characteristics and emission inventory

Tarragona is a multi-purpose port integrated with one of the largest petrochemical clusters in Southern Europe. This co-location
creates unique, complex emission profiles: petrochemical industry emitting SO,, NOy, VOCs (ethylene, propylene, benzene), dry
bulk terminals for major coal imports and cereals, liquid bulk terminals for crude oil and refined products, and general cargo/container
traffic. This combination yields pollutant mixes encompassing industrial vapors, ship exhaust, and substantial fugitive dust.

4.2. Environmental contamination and air quality impact

It has been shown that harbor and industrial activities significantly degrade local air quality (Duran-Grados et al., 2022). Harbor
sources contributed 7-25% to ambient PM;( concentrations in adjacent neighborhoods, with contributions dependent on wind di-
rection and specific industrial activity (Amato et al., 2016). Advanced receptor modeling (PMF) identified key factors: “fuel-oil
combustion” (enriched with V and Ni), “coal handling” (rich in Al, Si, Fe, and As), and urban/industrial combustion factors (Viana
etal., 2008; Pandolfi et al., 2011). In turn, recent studies have also confirmed elevated presence of UFP in areas influenced by port and
petrochemical complex, with significant contributions from industrial nucleation processes and traffic (Ridolfo et al, 2024; Wang et al.,
2023).

On the other hand, Rovira et al. (2018) reported significant soil contamination by coal dust in El Serrallo, a neighborhood closest to
the coal terminal, with As, lead (Pb) and PAHs showing exponential decay with distance from the source. This provided clear evidence
of atmospheric deposition as persistent secondary exposure pathway. In February 2017, residents of La Pineda (~3.5 km west-
southwest of the harbor) experienced dramatic coal dust contamination blackening buildings, a recurring event affecting ~ 3,000
residents (Rovira et al., 2018). Ambient monitoring has also detected plumes of specific VOCs, notably benzene and toluene, attrib-
utable to petrochemical activities. These carcinogenic compounds add significantly to the overall toxic burden (Lee et al., 2025;
Domingo et al., 2020).

4.3. Port water quality and oil Spill risk assessment

Mestres et al. (2010) conducted a hydrodynamic modeling study which proved that pollution inside Tarragona Port tended to
remain confined due to limited water exchange, while oil spills from the nearby offshore monobuoy would likely affect neighboring
beaches. Valdor et al. (2015) developed a comprehensive environmental risk analysis method for oil-handling facilities that combines
hazard identification, meteorological and oceanographic characterization, scenario analysis, and probabilistic assessment, thereby
supporting both routine monitoring and emergency response planning.

4.4. Human exposure and biomonitoring evidence

Biomarkers of internal dose measured in biomonitoring studies help link environmental contamination with human exposure. For
example, numerous investigations have found higher urinary 1-hydroxypyrene in workers occupationally exposed to PAHs, with

Table 4
Synthesis of Key Research Findings from the Tarragona Port Area.
Research Domain Key Finding References
Air Quality and Source Harbor/industrial activities contribute substantially to local PM; . Distinct PM Pandolfi et al. (2011); Viana et al.
Apportionment sources identified: fuel-oil combustion (V, Ni), coal dust (Al, Si, As, Fe). (2008)
Soil/Dust Contamination Exponential decay of coal-derived As, Pb, and PAHs in soil with distance from coal Rovira et al. (2018)
terminal; evidence of atmospheric deposition.
Water Quality and Oil Spill Pollution inside harbor tends to remain confined; oil spills from offshore monobuoy Mestres et al. (2010); Valdor et al.
Risk could affect neighboring beaches. Integrated risk analysis method developed. (2015)
Human Biomonitoring Elevated urinary vanadium and 1-hydroxypyrene in local population vs. controls; Esplugas et al. (2019); Domingo et al.
higher manganese in children's hair in impacted zone. (2020); Gonzélez et al. (2021)
Health Risk Assessment and Reducing PM.5 to WHO guidelines would prevent 23-297 premature deaths annually ~ Rovira et al. (2018, 2020)
Burden of Disease in Camp de Tarragona; burden of disease approximately 80 DALYs/100,000
population per year.
Social Perception and High environmental risk perception in neighborhoods of port-industrial complex; Bustamante Picon et al. (2023)
Environmental Justice inequitable burden on lower-SES communities.
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lower but still elevated levels in environmentally exposed populations compared with reference groups (Jongeneelen, 2001). In
addition, recent studies on urinary vanadium indicate increased internal exposure in populations living near industrial sources,
supporting its use as a biomarker of metal exposure (Gonzalez et al., 2021). In addition, studies focusing on children have reported
higher Mn levels in hair and urine from children in the port-adjacent zone versus control areas, highlighting early-life exposure po-
tential (Esplugas et al., 2019).

4.5. Health risk assessment and burden of disease

Rovira et al. (2020) conducted a comprehensive health impact assessment of air pollution in Camp de Tarragona County
(2005-2017), integrating temporal/spatial air quality analysis, population attributable fraction calculations (WHO AirQ + model),
and burden of disease quantification (DALYs). These were the key findings: reducing PMa.5 to WHO annual guidelines (10 pg/m®)
would prevent 23-297 premature deaths annually (0.5-7% of all mortality in the area), while burden of disease for specific causes
(lung cancer, ischemic heart disease, stroke, COPD): 240 DALYs, equivalent to ~ 80 DALYs per 100,000 population annually. While EU
air quality standards were generally met, WHO guideline values, health-based rather than politically negotiated, were frequently
exceeded. This gap between regulatory compliance and health protection is a recurring issue in port city environmental management.

4.6. Air pollution and COVID-19 in Tarragona Province

During the COVID-19 pandemic, Marques et al. (2021) investigated associations between air pollution and COVID-19 trans-
mission/mortality. The industrialized/urban area of Camp de Tarragona experienced higher COVID-19 incidence and mortality than
the agricultural zones of Terres de I'Ebre (south of Tarragona Province). The authors hypothesized that chronic respiratory system
stress from long-term air pollution exposure near the petrochemical complex and port might increase severe COVID-19 risk, with
correlations observed between PM;o and COVID-19 cases in some municipalities. Nevertheless, it must be noted that COVID-19 is an
acute viral infection, not a chronic disease associated with long-term port emissions. The cited findings are ecological and preliminary,
focused only on suggesting that pre-existing air pollution can influence susceptibility, not to demonstrate a port-specific effect.
Anyway, these results are subject to major confounding and ecological limitations and should be interpreted cautiously.

4.7. Social Perception, risk Communication, and environmental justice

Scientific data on environmental contamination aligns with sociological research on community perceptions. Some studies have
shown heightened environmental risk perception and dissatisfaction with local environmental quality among residents of neighbor-
hoods closest to the port-industrial complex (Bustamante Picon et al., 2023; O'Neill et al., 2007). These communities often have lower
average socioeconomic status, illustrating environmental justice patterns, where pollution burdens and health risks are dispropor-
tionately borne by vulnerable populations (Miraftab, 2004; Pastor et al., 2002), a pattern common in port cities worldwide (Greenberg,
2021).

A 2023 Public Participation Geographic Information Systems (PPGIS) study found residents clearly identified main chemical risk
sources on maps and predicted affected areas, demonstrating high spatial awareness of industrial hazards (Bustamante Picon et al.,
2023).

4.8. Lessons and Generalizability

Tarragona case offers universal lessons: (1) industrial co-location needs integrated “port-industrial complex” assessment rather
than isolated port emission studies, (2) fugitive dust from bulk material handling requires stringent, continuously evaluated engi-
neering controls, (3) multi-media (air, soil, dust, water), multi-pathway (inhalation, ingestion, dermal absorption) assessment is
essential, (4) biomonitoring validates exposure models, and (5) environmental justice is a core concern, so research and mitigation
should clearly focus on the unequal impacts faced by the most affected communities.

5. Mitigation strategies and assessment of health Co-Benefits
5.1. Technological and Fuel-Based interventions

Onshore Power Supply (OPS, also termed cold ironing) enables vessels to connect to shore-based electricity grids during port calls,
eliminating engine exhaust emissions at berth. Health modeling studies indicate that widespread OPS deployment could substantially
reduce premature mortality, cardiorespiratory hospital admissions, and asthma exacerbations in port-adjacent communities
(Tichavska and Tovar, 2014). However, OPS faces obstacles such as high installation costs, technical compatibility between ships and
ports, and the lack of common international standards (Le, 2024).

Transition to liquefied natural gas (LNG), methanol, ammonia, or green hydrogen offers pathways to zero-sulfur and substantially
lower NOy and PM emissions (Brynolf et al., 2014; Gilbert et al., 2018). Life-cycle assessments and near-port health co-benefit studies
are active research frontiers, while exhaust Gas Cleaning Systems (scrubbers) are effective at removing SO» from ship exhaust, open-
loop scrubbers transfer pollution from air to water, creating acidification and contaminant concerns. Their net environmental and
health benefit is highly contested (Hassellov et al., 2013; Stathatou et al., 2025).
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The IMO 2020 global fuel sulfur cap (0.5% S, reduced from 3.5%) was projected to prevent approximately 34% of shipping-related
premature deaths and 54% of childhood asthma cases compared to pre-regulation scenarios (Sofiev et al., 2018). Even more, stringent
0.1% sulfur limits in Emission Control Areas have dramatically reduced SO5 and PM emissions in North America and Northern Europe
(Johansson et al., 2013). Coastal area fuel controls (0.5% or 0.1% sulfur within 200 nautical miles) could prevent 33,500-43,500
premature deaths annually (Winebrake et al., 2009).

Emerging post-implementation evidence broadly supports the anticipated SOz and PM reductions at port level: observational
studies have confirmed sharp declines in V and Ni concentrations in port-adjacent PMs.s, the characteristic tracers of HFO combustion,
following fuel transitions (Moreira et al., 2024), and satellite monitoring has confirmed reduced SO; near major shipping routes in
European ECAs (Contini and Merico, 2021; Van Roy et al., 2023). However, NOy emissions have not reduced according to predictions,
and they have actually increased in some areas due to limited Tier III NOy engine compliance, attenuating the cardiovascular and
secondary PM health benefits (Van Roy et al., 2023). Post-2020 monitoring in Mediterranean ports further confirms that organic
carbon and black carbon now dominate ship-emitted PM, with uncertain but potentially significant toxicological implications (Shi
et al., 2025).

5.2. Operational and Logistical measures

Programs that take advantage of the non-linear relationship between speed and fuel use/emissions show measurable local NOy and
PM reductions (Khan et al., 2012; Psaraftis and Lagouvardou, 2023). In turn, electrification (or hydrogen fuel cell conversion) of
drayage trucks and cargo handling equipment directly reduces community NOyx and diesel PM exposure along freight corridors.
California's Advanced Clean Fleets rule and Zero Emissions 2030 initiatives commit major ports to zero-emission cargo handling by
2030 (California Air Resources Board, 2022).

5.3. Spatial Planning, Policy, and Community-Focused instruments

Creating mandatory buffer zones that prevent new homes, schools, and hospitals from being sited too close to heavy industrial port
areas is a key primary prevention strategy (Ontario Ministry of the Environment, Conservation and Parks, 2021). Including port-
specific emissions in regional air quality management plans and implementing market-based instruments (emission trading
schemes, differentiated port fees based on environmental performance (e.g., the Environmental Ship Index) drive fleet-wide im-
provements (Miola and Ciuffo, 2011). Moreover, proactive engagement with port-adjacent communities, transparent real-time air
quality data sharing, and directing mitigation benefits (green job training, community investment) to most affected neighborhoods are
essential for equitable solutions (Ducruet et al., 2024; Hooks, 2024).

5.4. Assessing health Co-Benefits

Evaluating strategy success must be extended beyond emission reductions to quantified health improvements. Integrated modeling
frameworks link: Emission Scenario — Atmospheric Dispersion and Chemistry — Population Exposure — Concentration-Response
Function — Health Burden (DALYs, premature deaths, cases avoided). Studies applying this framework have consistently shown
substantial potential health gains from aggressive port decarbonization, electrification, and operational improvements (Nunes et al.,
2021; Sofiev et al., 2018).

As an illustrative exercise, published estimates for Tarragona can be combined under explicit assumptions. Rovira et al. (2020)
reported substantial mortality reductions associated with lowering PMy 5 to WHO guidelines, while source-apportionment studies
attribute a limited share of particulate matter to harbor activities (Amato et al., 2016). A first-order combination suggests that
eliminating this harbor-related fraction could yield modest health benefits, although this estimate is highly uncertain and intended
only as an approximation. Important limitations include assumptions of linearity, inconsistencies between PM metrics, and the
inability to distinguish harbor emissions from other co-located sources. Evidence from Barcelona indicates relatively small port-
specific contributions to mortality (Mueller et al., 2024), suggesting the lower end of the estimated range may be more plausible.
This calculation is therefore illustrative, and it does not replace a dedicated, source-resolved health-impact assessment.

5.5. Health-Informed port planning and Design: Translating evidence into action

The health and exposure evidence consolidated in this review has direct implications for how ports are planned, designed,
expanded, and managed. Established frameworks for integrating health considerations into transport infrastructure planning
(Nieuwenhuijsen and Khreis, 2016; Mueller et al., 2017) are directly applicable to the port context. The conceptual framework pre-
sented in Fig. 2 illustrates how these planning and management interventions fit within the broader pathway from port activities to
population health. The following subsections organize these implications around five planning domains actionable by port authorities,
urban planners, transportation agencies, and regulators.

5.5.1. Mandatory health impact assessment in port masterplanning and expansion

Health Impact Assessment (HIA) is a structured, evidence-based process that evaluates the potential health consequences of
proposed policies, plans, programs, or projects using quantitative dose-response functions, population exposure estimates, and
burden-of-disease metrics such as disability-adjusted life years (DALYs) (Nieuwenhuijsen et al., 2017a). Although HIA has been
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extensively applied to urban transport planning scenarios (Mueller et al., 2017; Iungman et al., 2021), its systematic use in port
masterplanning and Environmental Impact Assessment (EIA) procedures remains largely absent. The evidence reviewed here,
demonstrating that port-adjacent communities bear quantifiable burdens of premature mortality, cardiovascular and respiratory
disease, and reproductive harm, provides the scientific substrate that HIA frameworks require. Mandatory pre-authorization HIA,
applied to any significant port expansion or new terminal development, would enable planners to: (a) model the incremental health
burden of proposed traffic growth and associated freight corridors before construction; (b) compare the health performance of
alternative port layout designs, berth configurations, and hinterland access routes; (c) set binding mitigation requirements as con-
ditions of development consent; and (d) establish a pre-construction baseline against which post-implementation monitoring can be
compared. The Tarragona case study (Rovira et al., 2020) illustrates the feasibility of such assessments: the finding of 23-297 pre-
ventable premature deaths per year could directly inform health-performance thresholds in port planning instruments. A prospective,
mandatory HIA framework for port developments would require applicants to model exposure scenarios under different design
configurations and demonstrate compliance with health-protective concentration targets aligned with WHO Air Quality Guidelines,
not merely with the less stringent legal limits of EU Directive 2008/50/EC.

5.5.2. Health-Protective buffer zones and Land-Use separation criteria

Exposure data reviewed in this paper show sharp distance-decay gradients in PMy.s, ultrafine particles, and black carbon con-
centrations extending 1-3 km from port boundaries (Viana et al., 2014). Soil contamination data from Tarragona demonstrate
measurable As, Pb, and PAH deposition in neighborhoods within 3.5 km of the coal terminal (Rovira et al., 2018). These findings
directly inform land-use separation standards: new sensitive receptors (homes, schools, hospitals, childcare facilities) should not be
permitted within scientifically-derived minimum separation distances from port operational areas, berths handling bulk materials, and
high-frequency drayage truck corridors. Several jurisdictions have begun formalizing such standards (Ontario Ministry of the
Environment, Conservation and Parks, 2021). Nevertheless, a harmonized European framework remains absent. Port buffer zones
should not be static one-size-fits-all distances. Rather, they should be scenario-specific, derived from validated Gaussian or Eulerian
dispersion models incorporating local meteorology, terrain, and source-specific emission profiles. The Tarragona case, where regu-
latory EU air quality standards were met yet WHO health-protective guidelines were repeatedly exceeded, illustrates why buffer zone
criteria must be anchored to health-based thresholds, not only legally mandated limits.

5.5.3. Freight corridor planning and drayage route management

Heavy-duty drayage trucks are among the largest contributors of NOx and primary PMs.5 in port-adjacent residential areas
(Hatzopoulou et al., 2011; Ramirez-Ibarra and Saphores, 2023). The creation of “pollution highways” through existing neighborhoods
is, in a significant part, a planning failure. Thus, freight access routes frequently result from inadequate integration between port
masterplans and urban land-use plans. Therefore, port expansion planning must include mandatory freight corridor routing assess-
ments that minimize cumulative residential exposure. This entails: (a) mapping current and projected drayage trip densities on all
potential route options using emissions dispersion modeling, (b) quantifying the population health impact of each routing scenario,
disaggregated by socioeconomic status to identify environmental justice dimensions, (c) prioritizing routes along existing major ar-
terials with minimal fronting residential use, and (d) where re-routing is not feasible, accelerating electrification of the drayage fleet. In
their life-cycle-based systems analysis of the Port of Oakland, Greer et al. (2024) demonstrated that integrating supply chain emissions
accounting into port air quality planning substantially changes the ranking of mitigation priorities, with drayage electrification
yielding greater per-dollar health benefits than many vessel-side interventions. This type of analysis should become standard practice
in port expansion EIAs.

5.5.4. Real-Time air quality monitoring linked to operational management

Emerging research on port sustainability (Alamoush et al., 2021; Lam and Notteboom, 2014) highlights Green Port Master planning
as a framework that integrates environmental performance into core design principles from project inception. Within this framework,
health protection should be addressed as a parallel objective to climate mitigation and biodiversity conservation. This approach
implies several design imperatives with direct health co-benefits: (a) integrating Onshore Power Supply (OPS) as standard in new berth
designs to reduce air pollution-related morbidity and mortality (Tichavska and Tovar, 2014); (b) optimizing terminal layouts to
enhance emission dispersion by locating high-emission berths at greater distances from residential zones and aligning them with
prevailing winds; (c) mandating enclosed and covered infrastructure for dry bulk handling to control dust emissions, with performance
tied to ambient PM;( compliance levels; and (d) embedding multimodal connectivity, rail and inland waterway links, into masterplans
to minimize road-based freight traffic and associated exposure along transport corridors (Psaraftis and Lagouvardou, 2023).

Conventional regulatory air quality networks in port areas are often too sparse and lack the temporal resolution needed to capture
short-term emission peaks from specific operations, such as vessel berthing or bulk unloading (Huber et al., 2025). Establishing dense,
dedicated monitoring systems that combine fixed reference instruments with low-cost sensor arrays around port perimeters would
deliver two core benefits: (i) real-time situational awareness supporting adaptive operational management (e.g., pausing bulk handling
during PM;( exceedances or rescheduling high-emission activities), and (ii) high-resolution spatial datasets for validating and refining
dispersion models used in planning. The Tarragona HADA case study (Pandolfi et al., 2011; Viana et al., 2008;) illustrates how robust
monitoring can attribute emissions to specific sources, assess community impacts, and inform management decisions. Port authorities
should therefore be mandated to implement and publicly disclose perimeter air quality monitoring data, as transparency mechanisms
(similar to the Environmental Ship Index) can drive operator accountability and empower affected communities during pollution
episodes.
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Table 5 synthesizes the principal planning and policy recommendations derived from the health evidence reviewed, organized by
planning domain, with indicative implementation instruments and real-world examples. It is intended as an operational reference for
port planners, transport agencies, and regulators seeking to embed health-protective criteria in port governance frameworks.

6. Limitations, knowledge Gaps, and conclusions
6.1. Strengths and limitations of the review

This review integrates a broad body of evidence within a source-to—exposure-to-impact framework, incorporates post-IMO 2020
findings, and uses the Tarragona port-industrial complex to illustrate a full causal chain in a well-characterized setting. Its main
limitation is that neither the primary studies, nor this synthesis, can clearly separate the effects of port operations from those of co-
located petrochemical, traffic, and urban background sources. Therefore, in Tarragona, the environmental and health findings
reflect the integrated industrial-port complex rather than port activities alone (Amato et al., 2016; Ducruet et al., 2024; Mueller et al.,
2024). Additional limitations include reliance on proxy exposure metrics in many epidemiological studies, the narrative (non-
registered) nature of the review without formal meta-analysis or risk-of-bias scoring, and the use of published burden-of-disease
and source-contribution estimates (e.g., Rovira et al., 2020) that were not recalculated here. Thus, the illustrative scenario in
Section 5.4 should be viewed as an order-of-magnitude example rather than an original quantitative assessment, which highlights the

need for dedicated, source-resolved monitoring and epidemiological research.

Table 5

Port Planning and Policy Recommendations Derived from Health Evidence.

Planning Domain

Health Evidence Base

Planning/Policy Recommendation

Implementation Examples

Port Masterplanning
and EIA

Buffer Zones and
Land-Use
Separation

Freight Corridor
Routing and
Drayage
Management

Green Port
Infrastructure
Design

Real-Time Monitoring
and Operational
Triggers

Environmental Justice
and Community
Participation

PM,.5 exposure in port-adjacent areas
associated with 23-297 preventable
deaths/year in Camp de Tarragona); port
proximity linked to cardiovascular and
lung cancer excess mortality (Ducruet

et al., 2024; Mei et al., 2023)
Distance-decay gradients in UFP and BC
extend 1-3 km from port boundaries; soil
As, Pb, PAH contamination at 3.5 km from
Tarragona coal terminal (Rovira et al.,
2018); higher biomonitoring levels in
port-adjacent residents (Esplugas et al.,
2019)

Drayage trucks create pollution hotspots
along freight corridors (Hatzopoulou

et al., 2011); life-cycle EJ analysis shows
drayage electrification yields highest per-
dollar health benefit at Port of Oakland (
Greer et al., 2024)

OPS eliminates berth emissions and
reduces premature mortality and hospital
admissions (Tichavska and Tovar, 2014);
terminal layout determines proximity of
emission sources to residential areas;
closed bulk-handling systems reduce
fugitive dust

Acute pollution episodes generated by
vessel arrivals and bulk operations not
captured by sparse regulatory networks;
monitoring data from HADA project
identified specific port source
contributions in Tarragona (Viana et al.,
2008)

Lower-SES communities closest to
Tarragona port-industrial complex bear
disproportionate health burden (
Bustamante Picén et al., 2023); racial/
ethnic disparities in port diesel PM
exposure (Pastor et al., 2002; Wu and
Batterman, 2006)

Mandate Health Impact Assessment (HIA)
as statutory requirement in port expansion
EIA; require health performance scenarios
for alternative layout designs; set health-
based approval thresholds aligned with
WHO AQGs

Establish health-based minimum
separation distances between port terminal
types (dry bulk, liquid bulk, container) and
sensitive receptors (homes, schools,
hospitals); anchor criteria to WHO Air
Quality Guidelines rather than EU legal
limits

Conduct freight corridor health impact
routing assessments; prioritize routes along
arterials minimizing residential exposure;
require drayage electrification timelines as
permit condition; integrate with regional
clean truck programs

Require OPS capability at all new berths as
planning conditions; mandate enclosed
conveyor systems and covered stockpiles at
dry bulk terminals; orient high-emission
berths to maximize distance/wind
dispersion from residential areas;
incorporate rail/waterway multimodal
access

Require dense perimeter air quality
monitoring networks (PMz.s5, PM;o, NO2,
BC) as licence condition; link exceedance
thresholds to operational management
triggers; mandate public real-time data
disclosure via open platforms

Require EJ analysis in port planning
consent procedures; use PPGIS for
community exposure mapping; direct green
job investment and monitoring resources to
most-affected neighborhoods; adopt tiered
mitigation requirements targeting highest-
exposure communities

Barcelona port HIA (Mueller et al., 2024);
UTOPHIA tool applied to urban transport (
Mueller et al., 2017); WHO HIA guidance

Ontario MoECP (2021) land-use
compatibility guidelines; California Air
Quality and Land Use Handbook; EU SEA
Directive application

California CARB Advanced Clean Fleets
(2022); Port of Los Angeles Clean Truck
Program; Greer et al. (2024) life-cycle
planning framework

Port of Barcelona OPS + electrification
plan; Rotterdam green shipping hub
strategy; EU Alternative Fuels
Infrastructure Regulation (AFIR) OPS
mandates from 2030

Environmental Ship Index (ESI); Green
Award scheme; California AB 617
Community Air Monitoring Plans; ESPO
EcoPort monitoring standards

California AB 617 (2017); PPGIS study
Camp de Tarragona (Bustamante Picon
et al., 2023); US EPA Environmental
Justice screening (EJScreen); West
Oakland Community Action Plan

Note: OPS = Onshore Power Supply; HIA = Health Impact Assessment; EIA = Environmental Impact Assessment; EJ = Environmental Justice; ESI =
Environmental Ship Index; WHO AQG = WHO Air Quality Guidelines; PPGIS = Public Participation Geographic Information System; BC = Black
Carbon; UFP = Ultrafine Particles.
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6.2. Knowledge gaps and future research Directions

Despite there have been significant advances in recent years, existing persistent gaps still must guide future research.

A major lack of targeted, long-term cohort studies in people living near ports makes it difficult to draw firm causal conclusions
about chronic diseases (such as dementia, diabetes, and site-specific cancers) or to evaluate impacts across the life course, whereas
long-term health implications of PM and emissions from post-2020 VLSFO blends, scrubber wash water, and alternative fuels
(methanol combustion products) require urgent investigation.

Research must move beyond single-pollutant models to understand combined health effects of complex, dynamic mixtures (PM of
varying sizes/composition, gases, metals, noise, psychosocial stress) in port areas. Systems biology and multi-omics approaches may
prove valuable. To date, most research and stringent regulation have been focused on high-income country ports. Health impacts,
exposure patterns, and effective mitigation strategies in rapidly growing port cities of Asia, Africa, and Latin America are critically
understudied (Ducruet et al., 2024; Hajat et al., 2015).

Robust, independent evaluations of actual air quality and health improvements from IMO 2020, ECAs, and local green port pro-
grams using monitoring and health surveillance data are needed, while holistic assessments, considering combined exposures via air,
soil, water, and noise in port communities, are necessary for complete risk pictures.

For advancing exposure science, new technologies (low-cost sensor networks, satellite remote sensing, AI/ML for source attribu-
tion) for high-spatiotemporal-resolution exposure assessment, and further biomarker development for emerging contaminants, should
be used. Future research should be interdisciplinary and collaborative, explicitly focused on protecting health, co-designed with
affected communities, and clearly communicated to guide policy and strengthen community advocacy.

In transport planning and port design, important knowledge gaps remain when integrating health into port development. First,
standardized methodologies for including Health Impact Assessments in port expansion Environmental Impact Assessments are
missing, even though urban transport HIA tools exist, their adaptation to ports —which combine maritime, land-based, and industrial
emissions- has not been systematically explored yet. Second, no port-specific guidelines for minimum buffer zones are established in
European or international regulations, despite available evidence. Third, the real-world health benefits of Green Port certification
schemes like the Environmental Ship Index, EcoPort, or Green Award have not been evaluated using actual health outcomes, only
reported emissions. Fourth, the health consequences of port masterplan decisions, such as berth placement, terminal design, and
logistics zone location, have rarely been modeled in advance, leaving planners without data-driven insights for long-term structural
planning. Closing these gaps requires collaboration between port planners, transportation engineers, urban health researchers, and
regulators, along with a political commitment to make health protection a measurable goal in port governance.

6.3. Conclusions

This review consolidates a consistent and substantial body of evidence: residential proximity to ports and harbors is associated with
significant, multi-faceted public health risks. Emissions from maritime vessels, cargo handling operations, and land-side logistics
degrade local air quality, elevating ambient concentrations of harmful pollutants. This exposure translates into increased population-
level risks of premature death from cardiovascular and respiratory causes, higher incidence and exacerbation of chronic diseases
(asthma, COPD, lung cancer), and emerging threats to reproductive health and child development.

Specifically, the multi-decadal Tarragona port-industrial complex illustrates the full pathway from the combined emissions of a
port and its co-located petrochemical cluster to environmental contamination, human exposure (confirmed by biomonitoring), and
associated health burdens. Notwithstanding, the reviewed studies do not allow the contribution of port operations to be isolated from
that of the petrochemical complex and other urban sources. These observations sit within a framework of environmental injustice
where regulatory compliance with EU standards coexists with frequent exceedance of health-protective WHO guidelines.

Although regulatory and technological measures can clearly cut emissions and related health impacts, they are still not applied
consistently, being constrained by economic and political pressures. Moving forward will require a genuine shift toward a “Health in
All Port Policies” approach, in which protecting public health is treated as a central goal port planning, expansion, and day-to-day
operations. Achieving this requires sustained investment in community-scale environmental and health monitoring, support for
longitudinal epidemiological research and biomonitoring programs (needed in Tarragona and other similar locations with ports),
development and enforcement of health-protective regulations aligned with WHO guidelines rather than politically negotiated limits,
and a strong, consistent focus on environmental justice. The goal must ensure that undeniable economic benefits of global maritime
trade are not realized at the expense of health and well-being of millions calling the world's port cities home.

Declaration of Al-assisted technologies

Artificial Intelligence (Skywork AI Smart Slide Tool) was only used to assist in the graphic designs of Figs. 1 and 2.
CRediT authorship contribution statement

Jose L. Domingo: Writing — review & editing, Writing — original draft, Validation, Supervision, Methodology, Formal analysis,
Data curation, Conceptualization. Joaquim Rovira: Writing — review & editing, Writing — original draft, Validation, Methodology,
Formal analysis, Data curation, Conceptualization. Marti Nadal: Writing — review & editing, Writing — original draft, Validation,

Methodology, Formal analysis, Data curation, Conceptualization.

14



J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541
Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

This is a review article without data specifically created.

References

Agrawal, H., Welch, W.A., Miller, J.W., Cocker, D.R., 2008. Emission measurements from a crude oil tanker at sea. Environ. Sci. Technol. 42 (19), 7098-7103. https://
doi.org/10.1021/es703102y.

Aksoyoglu, S., Baltensperger, U., Prévot, A.S., 2016. Contribution of ship emissions to the concentration and deposition of air pollutants in Europe. Atmos. Chem.
Phys. 16 (4), 1895-1906. https://doi.org/10.5194/acp-16-1895-2016.

Alamoush, A.S., Ballini, F., f)l(;en A.L, 2021. Revisiting port sustainability as a foundation for the implementation of the United Nations Sustainable Development
Goals (UN SDGs). J. Shipp. Trd. 6, 19. https://doi.org/10.1186/s41072-021-00101-6.

Amato, F., Alastuey, A., Karanasiou, A., Lucarelli, F., Nava, S., Calzolai, G., Severi, M., Becagli, S., Gianelle, V.L., Colombi, C., Alves, C., Custédio, D., Nunes, T.,
Cerqueira, M., Pio, C., Pont, V., Eleftheriadis, K., Diapouli, E., Reche, C., Minguillén, M.C., Manousakas, M., Maggos, T., Vratolis, S., Harrison, R.M., Querol, X.,
2016. AIRUSE-LIFE+: a harmonized PM speciation and source apportionment in five southern European cities. Atmos. Chem. Phys. 16 (5), 3289-3309. https://
doi.org/10.5194/acp-16-3289-2016.

Anenberg, S.C., Miller, J., Minjares, R., Du, L., Henze, D.K., Lacey, F., Malley, C.S., Emberson, L., Franco, V., Klimont, Z., Heyes, C., 2017. Impacts and mitigation of
excess diesel-related NOx emissions in 11 major vehicle markets. Nature 545 (7655), 467-471. https://doi.org/10.1038/nature22086.

Atkinson, R.W., Anderson, H.R., Sunyer, J., Ayres, J., Baccini, M., Vonk, J.M., Boumghar, A., Forastiere, F., Forsberg, B., Touloumi, G., Schwartz, J., Katsouyanni, K.,
2001. Acute effects of particulate air pollution on respiratory admissions: results from APHEA 2 project. Am. J. Respir. Crit. Care Med. 164 (10), 1860-1866.
https://doi.org/10.1164/ajrccm.164.10.2101028.

Babisch, W., 2011. Cardiovascular effects of noise. Noise Health 13 (52), 201-204. https://doi.org/10.4103/1463-1741.80148.

Bai, Y., Brugha, R.E., Jacobs, L., Grigg, J., Nawrot, T.S., Nemery, B., 2015. Carbon loading in airway macrophages as a biomarker for individual exposure to
particulate matter air pollution—A critical review. Environ. Int. 74, 32-41. https://doi.org/10.1016/j.envint.2014.09.010.

Barbieri, M.V., Gonzalez, M.P., Piqué, V.A., Blasco, J., Eljarrat, E., 2025. Contaminants in fish and seafood from the marine environment: a global overview of current
status and future perspective. Mar. Pollut. Bull. 219, 118319. https://doi.org/10.1016/j.marpolbul.2025.118319.

Barregard, L., Molndr, P., Jonson, J.E., Stockfelt, L., 2019. Impact on population health of Baltic shipping emissions. Int. J. Environ. Res. Public Health 16 (12), 2164.
https://doi.org/10.3390/ijerph16122164.

Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., Stansfeld, S., 2014. Auditory and non-auditory effects of noise on health. Lancet 383 (9925),
1325-1332. https://doi.org/10.1016/50140-6736(13)61613-X.

Belis, C.A., Karagulian, F., Larsen, B.R., Hopke, P.K., 2013. Critical review and meta-analysis of ambient particulate matter source apportionment using receptor
models in Europe. Atmos. Environ. 69, 94-108. https://doi.org/10.1016/j.atmosenv.2012.11.009.

Berg, N., Mellqvist, J., Jalkanen, J.P., Balzani, J., 2012. Ship emissions of SO2 and NO2: DOAS measurements from airborne platforms. Atmos. Meas. Tech. 5 (6),
1485-1502. https://doi.org/10.5194/amt-5-1485-2012.

Bolnick, J., Roubin, S., Burr, M., Byrne, S., 2023. Assessing awareness and compliance with fish consumption advisories on the upper Hudson River: Implications for
risk management of the Hudson River Superfund site. Environ. Pollut. 334, 122125. https://doi.org/10.1016/j.envpol.2023.122125.

Bové, H., Bongaerts, E., Slenders, E., Bijnens, E.M., Saenen, N.D., Gyselaers, W., Van Eyken, P., Plusquin, M., Roeffaers, M.B.J., Ameloot, M., Nawrot, T.S., 2019.
Ambient black carbon particles reach the fetal side of human placenta. Nat. Commun. 10 (1), 3866. https://doi.org/10.1038/541467-019-11654-3.

Brandt, J., Silver, J.D., Christensen, J.H., Andersen, M.S., Bgnlgkke, J.H., Sigsgaard, T., Geels, C., Gross, A., Hansen, A.B., Hansen, K.M., Hedegaard, G.B., Kaas, E.,
Frohn, L.M., 2013. Contribution from the ten major emission sectors in Europe and Denmark to the health-cost externalities of air pollution using the EVA model
system — an integrated modelling approach. Atmos. Chem. Phys. 13 (16), 7725-7746. https://doi.org/10.5194/acp-13-7725-2013.

Brook, R.D., Rajagopalan, S., Pope, C.A., Brook, J.R., Bhatnagar, A., Diez-Roux, A.V., Holguin, F., Hong, Y., Luepker, R.V., Mittleman, M.A., Peters, A., Siscovick, D.,
Smith, S.C., Whitsel, L., Kaufman, J.D., 2010. Particulate matter air pollution and cardiovascular disease: an update to the scientific statement from the American
Heart Association. Circulation 121 (21), 2331-2378. https://doi.org/10.1161/CIR.0b013e3181dbecel.

Brunekreef, B., Beelen, R., Hoek, G., Schouten, L., Bausch-Goldbohm, S., Fischer, P., Armstrong, B., Hughes, E., Jerrett, M., van den Brandt, P., 2009. Effects of long-
term exposure to traffic-related air pollution on respiratory and cardiovascular mortality in the Netherlands: the NLCS-AIR study. Res. Rep. Health Eff. Inst. 139,
5-71. https://www.healtheffects.org/publication/effects-long-term-exposure-traffic-related-air-pollution-respiratory-and.

Brynolf, S., Magnusson, M., Fridell, E., Andersson, K., 2014. Compliance possibilities for the future ECA regulations through the use of abatement technologies or
change of fuels. Transp. Res. Part D: Transp. Environ. 28, 6-18. https://doi.org/10.1016/j.trd.2013.12.001.

Buratti, M., Pellegrino, O., Brambilla, G., Colombi, A., 2000. Urinary excretion of 1-hydroxypyrene as a biomarker of exposure to polycyclic aromatic hydrocarbons
from different sources. Biomarkers 5 (5), 368-381. https://doi.org/10.1080/135475000424375.

Bustamante Picon, E., Alberich Gonzélez, J., Pérez-Albert, Y., Gheitasi, M., 2023. Public Risk perception of the Petrochemical Industry, measured using a Public
Participation Geographic Information System: a Case Study of Camp de Tarragona (Spain). Environments 10 (3), 36. https://doi.org/10.3390/
environments10030036.

California Air Resources Board. (2022). 2022 State Strategy for the State Implementation Plan. Sacramento, CA: California Environmental Protection Agency.
Available at https://ww2.arb.ca.gov/resources/documents/2022-state-strategy-state-implementation-plan-2022-state-sip-strategy [accessed 9 March, 2026].

Calderén-Garciduenas, L., Reynoso-Robles, R., Vargas-Martinez, J., Gémez-Maqueo Chew, A., Gonzalez-Maciel, A., Mukherjee, P.S., Torres-Jarddn, R., Mills, P.C.,
2016. Prefrontal white matter pathology in air pollution exposed Mexico City young urbanites and their potential impact on neurovascular unit dysfunction and
the development of Alzheimer's disease. Environ. Res. 146, 404-417. https://doi.org/10.1016/j.envres.2015.12.031.

Castell, N., Dauge, F.R., Schneider, P., Vogt;, M., Lerner, U., Fishbain, B., Broday, D., Bartonova, A., 2017. Can commercial low-cost sensor platforms contribute to air
quality monitoring and exposure estimates? Environ. Int. 99, 293-302. https://doi.org/10.1016/j.envint.2016.12.007.

Chu Van, T., Ramirez, J., Rainey, T., Ristovski, Z., Brown, R.J., 2019. Global impacts of recent IMO regulations on marine fuel oil refining processes and ship
emissions. Transp. Res. Part D: Transp. Environ. 70, 123-134. https://doi.org/10.1016/].trd.2019.04.001.

Contini, D., Merico, E., 2021. Recent advances in Studying Air Quality and Health Effects of Shipping Emissions. Atmos. 12 (1), 92. https://doi.org/10.3390/
atmos12010092.

15


https://doi.org/10.1021/es703102y
https://doi.org/10.1021/es703102y
https://doi.org/10.5194/acp-16-1895-2016
https://doi.org/10.1186/s41072-021-00101-6
https://doi.org/10.5194/acp-16-3289-2016
https://doi.org/10.5194/acp-16-3289-2016
https://doi.org/10.1038/nature22086
https://doi.org/10.1164/ajrccm.164.10.2101028
https://doi.org/10.4103/1463-1741.80148
https://doi.org/10.1016/j.envint.2014.09.010
https://doi.org/10.1016/j.marpolbul.2025.118319
https://doi.org/10.3390/ijerph16122164
https://doi.org/10.1016/S0140-6736(13)61613-X
https://doi.org/10.1016/j.atmosenv.2012.11.009
https://doi.org/10.5194/amt-5-1485-2012
https://doi.org/10.1016/j.envpol.2023.122125
https://doi.org/10.1038/s41467-019-11654-3
https://doi.org/10.5194/acp-13-7725-2013
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://www.healtheffects.org/publication/effects-long-term-exposure-traffic-related-air-pollution-respiratory-and
https://doi.org/10.1016/j.trd.2013.12.001
https://doi.org/10.1080/135475000424375
https://doi.org/10.3390/environments10030036
https://doi.org/10.3390/environments10030036
https://doi.org/10.1016/j.envres.2015.12.031
https://doi.org/10.1016/j.envint.2016.12.007
https://doi.org/10.1016/j.trd.2019.04.001
https://doi.org/10.3390/atmos12010092
https://doi.org/10.3390/atmos12010092

J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541

Cooper, D., Gustafsson, T. (2004). Methodology for calculating emissions from ships: 1. Update of emission factors. IVL Swedish Environmental Research Institute
Report. Available at: https://www.diva-portal.org/smash/get/diva2:1117198/FULLTEXTO1.pdf (accessed February 2, 2026).

Corbett, J.J., Winebrake, J.J., Green, E.H., Kasibhatla, P., Eyring, V., Lauer, A., 2007. Mortality from ship emissions: a global assessment. Environ. Sci. Technol. 41
(24), 8512-8518. https://doi.org/10.1021/es071686z.

de Castro, M.C.T., Fileman, T.W., Hall-Spencer, J.M., 2017. Invasive species in the Northeastern and Southwestern Atlantic Ocean: a review. Mar. Pollut. Bull. 116
(1-2), 41-47. https://doi.org/10.1016/j.marpolbul.2016.12.048.

de Nazelle, A., Bode, O., Orjuela, J.P., 2017. Comparison of air pollution exposures in active vs. passive travel modes in European cities: a quantitative review.
Environ. Int. 99, 151-160. https://doi.org/10.1016/j.envint.2016.12.023.

Domingo, J.L., Marques, M., Nadal, M., Schuhmacher, M., 2020. Health risks for the population living near petrochemical industrial complexes. 1. Cancer risks: a
review of the scientific literature. Environ. Res. 186, 109495. https://doi.org/10.1016/j.envres.2020.109495.

Dominici, F., Peng, R.D., Bell, M.L., Pham, L., McDermott, A., Zeger, S.L., Samet, J.M., 2006. Fine particulate air pollution and hospital admission for cardiovascular
and respiratory diseases. J. Am. Med. Assoc. 295 (10), 1127-1134. https://doi.org/10.1001/jama.295.10.1127.

Ducruet, C., Martin, B.P., Sene, M.A., Prete, M.L., Sun, L., Itoh, H., Pigné, Y., 2024. Ports and their influence on local air pollution and public health: a global analysis.
Sci. Total Environ. 915, 170099. https://doi.org/10.1016/j.scitotenv.2024.170099.

Duréan-Grados, V., Rodriguez-Moreno, R., Calderay-Cayetano, F., Amado-Sanchez, Y., Pdjaro-Veldzquez, E., Nunes, R.A.O., Alvim-Ferraz, M.C.M., Sousa, S.L.V.,
Moreno-Gutiérrez, J., 2022. The Influence of Emissions from Maritime Transport on Air Quality in the Strait of Gibraltar (Spain). Sustainability 14 (19), 12507.
https://doi.org/10.3390/5u141912507.

Eeftens, M., Beelen, R., de Hoogh, K., Bellander, T., Cesaroni, G., Cirach, M., Declercq, C., Dédele, A., Dons, E., de Nazelle, A., Dimakopoulou, K., Eriksen, K., Falq, G.,
Fischer, P., Galassi, C., Grazuleviciene, R., Heinrich, J., Hoffmann, B., Jerrett, M., Keidel, D., Korek, M., Lanki, T., Lindley, S., Madsen, C., Molter, A., Nador, G.,
Nieuwenhuijsen, M., Nonnemacher, M., Pedeli, X., Raaschou-Nielsen, O., Patelarou, E., Quass, U., Ranzi, A., Schindler, C., Stempfelet, M., Stephanou, E.,
Sugiri, D., Tsai, M.Y., Yli-Tuomi, T., Brunekreef, B., Hoek, G., 2016. Development of Land Use Regression models for PM2.5, PM2.5 absorbance, PM10 and
PMcoarse in 20 European study areas; results of the ESCAPE project. Environ. Sci. Technol. 46 (20), 11195-11205. https://doi.org/10.1021/es301948k.

Esplugas, R., Mari, M., Marques, M., Schuhmacher, M., Domingo, J.L., Nadal, M., 2019. Biomonitoring of Trace elements in Hair of Schoolchildren living Near a
Hazardous Waste Incinerator—A 20 Years Follow-up. Toxics 7 (4), 52. https://doi.org/10.3390/toxics7040052.

Eyring, V., Isaksen, I.S.A., Berntsen, T., Collins, W.J., Corbett, J.J., Endresen, @., Grainger, R.G., Moldanova, J., Schlager, H., Stevenson, D.S., 2010. Transport impacts
on atmosphere and climate: shipping. Atmos. Environ. 44 (37), 4735-4771. https://doi.org/10.1016/j.atmosenv.2009.04.059.

Fernandez-Pacheco, V.M., Fernandez-Tena, A., Ackermann, T., Blanco-Marigorta, E., Alvarez-Alvarez, E., 2023. Physical and CFD model used in the analysis of
particles dispersion. Heliyon 9 (11), e21330. https://doi.org/10.1016/j.heliyon.2023.e21330.

Gauderman, W.J., Avol, E., Gilliland, F., Vora, H., Thomas, D., Berhane, K., McConnell, R., Kuenzli, N., Lurmann, F., Rappaport, E., Margolis, H., Bates, D., Peters, J.,
2004. The effect of air pollution on lung development from 10 to 18 years of age. N. Engl. J. Med. 351 (11), 1057-1067. https://doi.org/10.1056/
NEJMo0a040610.

Georgoulias, A. K., Boersma, K. F., Van Vliet, J., Zhang, X., Van Der A, R., Zanis, P., De Laat, J. (2020). Detection of NO2 pollution plumes from individual ships with
the TROPOMI/S5P satellite sensor. Environmental Research Letters, 15(12), 124037. dOI: 10.1088/1748-9326/abc445.

Gilbert, P., Walsh, C., Traut, M., Kesieme, U., Pazouki, K., Murphy, A., 2018. Assessment of full life-cycle emissions of alternative shipping fuels. J. Clean. Prod. 172,
855-866. https://doi.org/10.1016/j.jclepro.2017.10.165.

Gonzalez, N., Esplugas, R., Marques, M., Domingo, J.L., 2021. Concentrations of arsenic and vanadium in environmental and biological samples collected in the
neighborhood of petrochemical industries: a review of the scientific literature. Sci. Total Environ. 771, 145149. https://doi.org/10.1016/j.
scitotenv.2021.145149.

Granero, S., Domingo, J.L., 2002. Levels of metals in soils of Alcald de Henares, Spain: Human health risks. Environ. Int. 28 (3), 159-164. https://doi.org/10.1016/
S0160-4120(02)00024-7.

Greer, F., Bin Thaneya, A., Horvath, A., 2024. Environmental justice and systems analysis for air quality planning in the Port of Oakland in California. Environ. Sci.
Technol. 58 (19), 8135-8148. https://doi.org/10.1021/acs.est.3c07728.

Greenberg, M.R., 2021 Nov. Ports and Environmental Justice in the United States: an Exploratory Statistical Analysis. Risk Anal. 41 (11), 2112-2126. https://doi.org/
10.1111/risa.13697.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. Lancet 383 (9928), 1581-1592. https://doi.org/10.1016/50140-6736(14)60617-6.

Hajat, A., Hsia, C., O’Neill, M.S., 2015. Socioeconomic disparities and air pollution exposure: a global review. Curr. Environ. Health Rep. 2 (4), 440-450. https://doi.
org/10.1007/s40572-015-0069-5.

Hassellov, I.M., Turner, D.R., Lauer, A., Corbett, J.J., 2013. Shipping contributes to ocean acidification. Geophys. Res. Lett. 40 (11), 2731-2736. https://doi.org/
10.1002/grl.50521.

Hatzopoulou, M., Hao, J.Y., Miller, E.J., 2011. Simulating the impacts of household travel on greenhouse gas emissions, urban air quality, and population exposure.
Transportation 38, 871-887. https://doi.org/10.1007/s11116-011-9362-9.

Hooks, M.M. (2024). A Just Solution to Port Pollution: Tailoring the Clean Ports Program to Ensure Equitable Distribution of Inflation Reduction Act Grants. Journal
of Environmental Law & Litigation. Vol. 39, University of Oregon School of Law. https://hdl.handle.net/1794/29449.

Huber, D.E., Kerr, G.H., Nawaz, M.O., Runkel, S., Anenberg, S.C., Goldberg, D.L., 2025. TROPOMI NO 2 for urban and polluted areas globally from 2019 to 2024.
Egusphere 2025, 1-33. https://doi.org/10.5194/egusphere-2025-3178.

IARGC, International Agency for Research on Cancer. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Diesel and gasoline engine exhausts and
some nitroarenes. IARC monographs on the evaluation of carcinogenic risks to humans. IARC Monogr Eval Carcinog Risks Hum. 2014;105:9-699. PMID:
26442290.

IARC, International Agency for Research on Cancer. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Outdoor Air Pollution. IARC Monogr
Eval Carcinog Risks Hum. 2016;109:9-444. PMID: 29905447.

IMO, International Maritime Organization. (2020). IMO 2020 — Cutting Sulphur Oxide Emissions. London: International Maritime Organization. Available at: https://
www.imo.org/en/MediaCentre/HotTopics/Pages/Sulphur-2020.aspx [accessed 9 March, 2026].

Tungman, T., Khomenko, S., Nieuwenhuijsen, M., Barboza, E.P., Cirach, M., Khreis, H., Tonne, C., Mueller, N., 2021. The impact of urban and transport planning on
health: assessment of the attributable mortality burden in Madrid and Barcelona and its distribution by socioeconomic status. Environ. Res. 196, 110988. https://
doi.org/10.1016/j.envres.2021.110988.

Jayaram, V., Agrawal, H., Welch, W.A., Miller, J.W., Cocker III, D.R., 2011. Real-time gaseous, PM and ultrafine particle emissions from a modern marine engine
operating on biodiesel. Environ. Sci. Technol. 45 (6), 2286-2292. https://doi.org/10.1021/es1026954.

Johansson, L., Jalkanen, J.P., Kalli, J., Kukkonen, J., 2013. The evolution of shipping emissions and the costs of regulation changes in the northern EU area. Atmos.
Chem. Phys. 13 (22), 11375-11389. https://doi.org/10.5194/acp-13-11375-2013.

Jongeneelen, F.J., 2001. Benchmark guideline for urinary 1-hydroxypyrene as biomarker of occupational exposure to polycyclic aromatic hydrocarbons. Ann. Occup.
Hyg. 45 (1), 3-13. https://doi.org/10.1016/50003-4878(00)00007-9.

Jonson, J.E., Jalkanen, J.P., Johansson, L., Gauss, M., Denier Van Der Gon, H.A.C., 2015. Model calculations of the effects of present and future emissions of air
pollutants from shipping in the Baltic Sea and the North Sea. Atmos. Chem. Phys. 15 (2), 783-798. https://doi.org/10.5194/acp-15-783-2015.

Kerlev, L., Hansen, J., Hansen, H.L., Nielsen, P.S., 2005. Cancer incidence among danish seafarers: a population based cohort study. Occup. Environ. Med. 62 (11),
761-765. https://doi.org/10.1136/0em.2005.020818.

Kaerlev, L., Jensen, A., Hannerz, H., 2014. Surveillance of Hospital Contacts among danish Seafarers and Fishermen with Focus on Skin and Infectious Diseases—A
Population-based Cohort Study. Int. J. Environ. Res. Public Health 11 (11), 11931-11949. https://doi.org/10.3390/ijerph111111931.

Khan, M.Y., Agrawal, H., Ranganathan, S., Welch, W.A., Miller, J.W., Cocker III, D.R., 2012. Greenhouse gas and criteria emission benefits through reduction of vessel
speed at sea. Environ. Sci. Technol. 46 (22), 12600-12607. https://doi.org/10.1021/es302371f.

16


https://doi.org/10.1021/es071686z
https://doi.org/10.1016/j.marpolbul.2016.12.048
https://doi.org/10.1016/j.envint.2016.12.023
https://doi.org/10.1016/j.envres.2020.109495
https://doi.org/10.1001/jama.295.10.1127
https://doi.org/10.1016/j.scitotenv.2024.170099
https://doi.org/10.3390/su141912507
https://doi.org/10.1021/es301948k
https://doi.org/10.3390/toxics7040052
https://doi.org/10.1016/j.atmosenv.2009.04.059
https://doi.org/10.1016/j.heliyon.2023.e21330
https://doi.org/10.1056/NEJMoa040610
https://doi.org/10.1056/NEJMoa040610
https://doi.org/10.1016/j.jclepro.2017.10.165
https://doi.org/10.1016/j.scitotenv.2021.145149
https://doi.org/10.1016/j.scitotenv.2021.145149
https://doi.org/10.1016/S0160-4120(02)00024-7
https://doi.org/10.1016/S0160-4120(02)00024-7
https://doi.org/10.1021/acs.est.3c07728
https://doi.org/10.1111/risa.13697
https://doi.org/10.1111/risa.13697
https://doi.org/10.1016/S0140-6736(14)60617-6
https://doi.org/10.1007/s40572-015-0069-5
https://doi.org/10.1007/s40572-015-0069-5
https://doi.org/10.1002/grl.50521
https://doi.org/10.1002/grl.50521
https://doi.org/10.1007/s11116-011-9362-9
https://doi.org/10.5194/egusphere-2025-3178
https://doi.org/10.1016/j.envres.2021.110988
https://doi.org/10.1016/j.envres.2021.110988
https://doi.org/10.1021/es1026954
https://doi.org/10.5194/acp-13-11375-2013
https://doi.org/10.1016/S0003-4878(00)00007-9
https://doi.org/10.5194/acp-15-783-2015
https://doi.org/10.1136/oem.2005.020818
https://doi.org/10.3390/ijerph111111931
https://doi.org/10.1021/es302371f

J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541

Kim, J.J., Smorodinsky, S., Lipsett, M., Singer, B.C., Hodgson, A.T., Ostro, B., 2004. Traffic-related air pollution near busy roads: the East Bay Children's respiratory
Health Study. Am. J. Respir. Crit. Care Med. 170 (5), 520-526. https://doi.org/10.1164/rccm.200403-2810C.

Lack, D.A., Cappa, C.D., Langridge, J., Bahreini, R., Brock, C.A., Buffaloe, G., Cerully, K.M., Coffman, D., Hayden, K.L., Holloway, J.S., Lerner, B.M., Massoli, P., Li, S.
M., McLaren, R., Middlebrook, A.M., Moore, R., Nenes, A., Nuaaman, I., Onasch, T.B., Peischl, J., Perring, A.E., Quinn, P.K., Ryerson, T., Schwartz, J.P.,
Spackman, R., Wofsy, S.C., Worsnop, D.R., Xiang, B., Williams, E.J., 2011. Impact of fuel quality regulation and speed reductions on shipping emissions:
Implications for climate and air quality. Environ. Sci. Technol. 45 (20), 9052-9060. https://doi.org/10.1021/es2013424.

Lam, J.S.L., Notteboom, T., 2014. The Greening of ports: a Comparison of Port Management Tools used by Leading ports in Asia and Europe. Transp. Rev. 34 (2),
169-189. https://doi.org/10.1080/01441647.2014.891162.

Le, S.T., 2024. Research on Drivers and Barriers to the Implementation of Cold Ironing Technology in Zero Emissions Port. Environ. Health Insights 18. https://doi.
org/10.1177/11786302241265090.

Lee, H.E., Yoon, S.J., Kim, J.H., 2025. Analysis of VOC Emission Characteristics in the Petrochemical Industry and Study on Fenceline monitoring Techniques. Atmos.
16 (5), 543. https://doi.org/10.3390/atmos16050543.

Lin, H., Tao, J., Qian, Z.M., Ruan, Z., Xu, Y., Hang, J., Xu, X., Liu, T., Guo, Y., Zeng, W., Xiao, J., Guo, L., Li, X., Ma, W., 2018. Shipping pollution emission associated
with increased cardiovascular mortality: a time series study in Guangzhou, China. Environ. Pollut. 241, 862-868. https://doi.org/10.1016/j.envpol.2018.06.027.

Liu, H., Fu, M., Jin, X., Shang, Y., Shindell, D., Faluvegi, G., Shindell, C., He, K., 2016. Health and climate impacts of ocean-going vessels in East Asia. Nat. Clim.
Chang. 6 (11), 1037-1041. https://doi.org/10.1038/nclimate3083.

Mari, M., Schuhmacher, M., Domingo, J.L., 2009. Levels of metals and organic substances in workers at a hazardous waste incinerator: a follow-up study. Int. Arch.
Occup. Environ. Health 82 (4), 519-528. https://doi.org/10.1007/500420-008-0350-0.

Marques, M., Rovira, J., Nadal, M., Domingo, J.L., 2021. Effects of air pollution on the potential transmission and mortality of COVID-19: a preliminary case-study in
Tarragona Province (Catalonia, Spain). Environ. Res. 192, 110315. https://doi.org/10.1016/j.envres.2020.110315.

Mei, F., Renzi, M., Bonifazi, M., Bonifazi, F., Pepe, N., D'Allura, A., Brusasca, G., Viegi, G., Forastiere, F., 2023. Long-term effects of air pollutants on respiratory and
cardiovascular mortality in a port city along the Adriatic sea. BMC Pulm. Med. 23, 395. https://doi.org/10.1186/512890-023-02629-8.

Mestres, M., Sierra, J.P., Mdsso, C., Sdnchez-Arcilla, A., 2010. Sources of contamination and modelled pollutant trajectories in a Mediterranean harbour (Tarragona,
Spain). Mar. Pollut. Bull. 60 (6), 898-907. https://doi.org/10.1016/j.marpolbul.2010.01.002.

Miller, M.R., Shaw, C.A., Langrish, J.P., 2012. From particles to patients: Oxidative stress and the cardiovascular effects of air pollution. Future Cardiol. 8 (4),
577-602. https://doi.org/10.2217 /fca.12.43.

Miola, A., Ciuffo, B., 2011. Estimating air emissions from ships: Meta-analysis of modelling approaches and available data sources. Atmos. Environ. 45 (13),
2242-2251. https://doi.org/10.1016/j.atmosenv.2011.01.046.

Miraftab, F., 2004. Public-private partnerships: the Trojan horse of neoliberal development? J. Plan. Educ. Res. 24 (1), 89-101. https://doi.org/10.1177/
0739456X04267173.

Moreira, C.A.B., Polezer, G., Silva, J.C.S., Locateli Godoi, A.F., Moreton Godoi, R.H., 2024. Impact assessment of IMO's sulfur content limits: a case study at Latin
America's largest grain port. Air Quality, Atmosphere & Health 17, 1237-1250. https://doi.org/10.1007/511869-024-01576-5.

Morello-Frosch, R., Pastor, M., Porras, C., Sadd, J., 2000. Environmental justice and regional inequality in southern California: Implications for future research.
Environ. Health Perspect. 110 (Suppl 2), 149-154. https://doi.org/10.1289/ehp.02110s2149.

Moya, J., Phillips, L., 2014. A review of soil and dust ingestion studies for children. J. Eposure Sci. Environ. Epidemiol. 24 (6), 545-554. https://doi.org/10.1038/
jes.2014.17.

Mueller, N., Rojas-Rueda, D., Basagana, X., Cirach, M., Cole-Hunter, T., Dadvand, P., Donaire-Gonzalez, D., Foraster, M., Gascon, M., Martinez, D., Tonne, C.,
Triguero-Mas, M., Valentin, A., Nieuwenhuijsen, M., 2017. Health impacts related to urban and transport planning: a burden of disease assessment. Environ. Int.
107, 243-257. https://doi.org/10.1016/j.envint.2017.07.020.

Mueller, N., Westerby, M., Nieuwenhuijsen, M., 2023. Health impact assessments of shipping and port-sourced air pollution on a global scale: a scoping literature
review. Environ. Res. 216 (Pt 1), 114460. https://doi.org/10.1016/j.envres.2022.114460.

Mueller, N., Cirach, M., Ambros, A., Daher, C., Nieuwenhuijsen, M., Basagana, X., 2024. Health impact assessment of port-sourced air pollution in Barcelona. PLoS
One 19 (8), e0305236. https://doi.org/10.1371/journal.pone.03052.36.

Murphy, E., King, E.A., 2014. An assessment of residential exposure to environmental noise at a shipping port. Environ. Int. 63, 207-215. https://doi.org/10.1016/j.
envint.2013.11.001.

Miinzel, T., Gori, T., Babisch, W., Basner, M., 2014. Cardiovascular effects of environmental noise exposure. Eur. Heart J. 35 (13), 829-836. https://doi.org/10.1093/
eurheartj/ehu030.

Newman, J.D., Bhatt, D.L., Rajagopalan, S., Balmes, J.R., Brauer, M., Breysse, P.N., Brown, A.G.M., Carnethon, M.R., Cascio, W.E., Collman, G.W., Fine, L.J.,
Hansel, N.N., Hernandez, A., Hochman, J.S., Jerrett, M., Joubert, B.R., Kaufman, J.D., Malik, A.O., Mensah, G.A., Newby, D.E., Peel, J.L., Siegel, J., Siscovick, D.,
Thompson, B.L., Zhang, J., Brook, R.D., 2020. Cardiopulmonary Impact of Particulate Air Pollution in High-Risk Populations: JACC State-of-the-Art Review.
J. Am. Coll. Cardiol. 76, 2878-2894. https://doi.org/10.1016/j.jacc.2020.10.020.

Nguyen, D.H., Lin, C., Cheruiyot, N.K., Hsu, J.Y., Cho, M.Y., Hsu, S.H., Yeh, C.K., 2021. Reduction of NOx and SO2 Emissions by Shore Power Adoption. Aerosol Air
Qual. Res. 21, 210100. https://doi.org/10.4209/aaqr.210100.

Nieuwenhuijsen, M.J., Khreis, H., 2016. Car free cities: Pathway to healthy urban living. Environ. Int. 94, 251-262. https://doi.org/10.1016/j.envint.2016.05.032.

Nieuwenhuijsen, M.J., Khreis, H., Verlinghieri, E., Mueller, N., Rojas-Rueda, D., 2017a. Participatory quantitative health impact assessment of urban and transport
planning in cities: a review and research needs. Environ. Int. 103, 61-72. https://doi.org/10.1016/j.envint.2017.03.022.

Nieuwenhuijsen, M.J., Khreis, H., Triguero-Mas, M., Gascon, M., Dadvand, P., 2017b. Fifty shades of green: Pathway to healthy urban living. Epidemiology 28 (1),
63-71. https://doi.org/10.1097/EDE.0000000000000549.

Nunes, R.A., Alvim-Ferraz, M.C., Martins, F.G., Penuelas, A.L., Duran-Grados, V., Moreno-Gutiérrez, J., Jalkane, J.P., Hannuniemi, H., Sousa, S.I., 2021. Estimating
the health and economic burden of shipping related air pollution in the Iberian Peninsula. Environ. Int. 156, 106763. https://doi.org/10.1016/j.
envint.2021.106763.

O'Neill, M.S., Jerrett, M., Kawachi, I., Levy, J.I., Cohen, A.J., Gouveia, N., Wilkinson, P., Fletcher, T., Cifuentes, L., Schwartz, J., 2007. Health, wealth and air
pollution: advancing theory and methods. Environ. Health Perspect. 111 (16), 1861-1870. https://doi.org/10.1289/ehp.6334.

Ontario Ministry of the Environment, Conservation and Parks. (2021). D-6: Compatibility Between Industrial Facilities and Sensitive Land Uses. Guideline document.
Available at: https://www.ontario.ca/page/d-6-compatibility-between-industrial-facilities [accessed 9 March, 2026].

Pandolfi, M., Gonzalez-Castanedo, Y., Alastuey, A., de la Rosa, J.D., Mantilla, E., de la Campa, A.S., Querol, X., Pey, J., Amato, F., Moreno, T., 2011. Source
apportionment of PM10 and PM2.5 at multiple sites in the strait of Gibraltar by PMF: Impact of shipping emissions. Environ. Sci. Pollut. Res. 18 (2), 260-269.
https://doi.org/10.1007/511356-010-0373-4.

Pastor Jr, M., Sadd, J.L., Morello-Frosch, R., 2002. Who's minding the kids? Pollution, public schools, and environmental justice in Los Angeles. Soc. Sci. Q. 83 (1),
263-280. https://doi.org/10.1111/1540-6237.00082.

Perera, F.P., Rauh, V., Whyatt, R.M., Tsai, W.Y., Bhat, H.K., Barr, D.B., Yan, B., Diaz, D., Camann, D., Kinney, P.L., 2009. A summary of recent findings on birth
outcomes and developmental effects of prenatal ETS, PAH, and pesticide exposures. Neurotoxicology 30 (5), 935-944. https://doi.org/10.1016/j.
neuro.2004.07.007.

Pongpiachan, S., Tipmanee, D., Khumsup, C., Hirunyatrakul, P., Hashmi, M.Z., Poshyachinda, S., 2025. Size-segregated analysis of PAHs in Urban air: source
apportionment and health risk assessment in an Urban canal-adjacent environment. PLoS One 20 (4), e0320405. https://doi.org/10.1371/journal.pone.0320405.

Psaraftis, H.N., Lagouvardou, S., 2023. Ship speed vs power or fuel consumption: are laws of physics still valid? Regression analysis pitfalls and misguided policy
implications. Cleaner Logist. Supply Chain 7, 100111. https://doi.org/10.1016/j.clscn.2023.100111.

Ramirez-Ibarra, M., Saphores, J.D.M., 2023. Health and equity impacts from electrifying drayage trucks. Transp. Res. Part D: Transp. Environ. 116, 103616. https://
doi.org/10.1016/j.trd.2023.103616.

17


https://doi.org/10.1164/rccm.200403-281OC
https://doi.org/10.1021/es2013424
https://doi.org/10.1080/01441647.2014.891162
https://doi.org/10.1177/11786302241265090
https://doi.org/10.1177/11786302241265090
https://doi.org/10.3390/atmos16050543
https://doi.org/10.1016/j.envpol.2018.06.027
https://doi.org/10.1038/nclimate3083
https://doi.org/10.1007/s00420-008-0350-0
https://doi.org/10.1016/j.envres.2020.110315
https://doi.org/10.1186/s12890-023-02629-8
https://doi.org/10.1016/j.marpolbul.2010.01.002
https://doi.org/10.2217/fca.12.43
https://doi.org/10.1016/j.atmosenv.2011.01.046
https://doi.org/10.1177/0739456X04267173
https://doi.org/10.1177/0739456X04267173
https://doi.org/10.1007/s11869-024-01576-5
https://doi.org/10.1289/ehp.02110s2149
https://doi.org/10.1038/jes.2014.17
https://doi.org/10.1038/jes.2014.17
https://doi.org/10.1016/j.envint.2017.07.020
https://doi.org/10.1016/j.envres.2022.114460
https://doi.org/10.1371/journal.pone.0305236
https://doi.org/10.1016/j.envint.2013.11.001
https://doi.org/10.1016/j.envint.2013.11.001
https://doi.org/10.1093/eurheartj/ehu030
https://doi.org/10.1093/eurheartj/ehu030
https://doi.org/10.1016/j.jacc.2020.10.020
https://doi.org/10.4209/aaqr.210100
https://doi.org/10.1016/j.envint.2016.05.032
https://doi.org/10.1016/j.envint.2017.03.022
https://doi.org/10.1097/EDE.0000000000000549
https://doi.org/10.1016/j.envint.2021.106763
https://doi.org/10.1016/j.envint.2021.106763
https://doi.org/10.1289/ehp.6334
https://doi.org/10.1007/s11356-010-0373-4
https://doi.org/10.1111/1540-6237.00082
https://doi.org/10.1016/j.neuro.2004.07.007
https://doi.org/10.1016/j.neuro.2004.07.007
https://doi.org/10.1371/journal.pone.0320405
https://doi.org/10.1016/j.clscn.2023.100111
https://doi.org/10.1016/j.trd.2023.103616
https://doi.org/10.1016/j.trd.2023.103616

J.L. Domingo et al. Transportation Research Part D 159 (2026) 105541

Ridolfo, S., Amato, F., Querol, X., 2024. Particle number size distributions and concentrations in transportation environments: a review. Environ. Int. 187, 108696.
https://doi.org/10.1016/j.envint.2024.108696.

Rosenbaum, A., Hartley, S., Holder, C., 2011. Analysis of diesel particulate matter health risk disparities in selected US harbor areas. Am. J. Public Health 101 (Suppl
1), $217-5223. https://doi.org/10.2105/AJPH.2011.300190.

Rovira, J., Schuhmacher, M., Nadal, M., Domingo, J.L., 2018. Contamination by coal dust in the neighborhood of the Tarragona Harbor (Catalonia, Spain): a
preliminary study. The Open Atmospheric Science Journal 12 (1), 14-20. https://doi.org/10.2174/1874282301812010014.

Rovira, J., Domingo, J.L., Schuhmacher, M., 2020. Air quality, health impacts and burden of disease due to air pollution (PM10, PM2. 5, NO2 and O3): Application of
AirQ+ model to the Camp de Tarragona County (Catalonia, Spain). Sci. Total Environ. 703, 135538. https://doi.org/10.1016/j.scitotenv.2019.135538.

Ruiz, G.M., Rawlings, T.K., Dobbs, F.C., Drake, L.A., Mullady, T., Hug, A., Colwell, R.R., 2000. Global spread of microorganisms by ships. Nature 408 (6805), 49-50.
https://doi.org/10.1038/35040695.

Sagaro, G.G., Angeloni, U., Marotta, C., Nittari, G., Rezza, G., Silenzi, A., Battineni, G., Amenta, F., 2023. The magnitude of cardiovascular disease risk factors in
seafarers from 1994 to 2021: a systematic review and meta-analysis. Journal of Personalized Medicine 13 (5), 861. https://doi.org/10.3390/jpm13050861.

Santos, T.A., 2025. Sustainable Port Operations: Pollution Prevention and Mitigation strategies. Sustainability 17, 4798. https://doi.org/10.3390/su17114798.

Schikowski, T., Sugiri, D., Ranft, U., Gehring, U., Heinrich, J., Wichmann, H.E., Kramer, U., 2005. Long-term air pollution exposure and living close to busy roads are
associated with COPD in women. Respir. Res. 6 (1), 152. https://doi.org/10.1186/1465-9921-6-152.

Schnake-Mahl, A.S., Lazo, M., Dureja, K., Ehtesham, N., Bilal, U., 2021. Racial and ethnic inequities in occupational exposure across and between US cities. SSM
Population Health 16, 100959. https://doi.org/10.1016/j.ssmph.2021.100959.

Shah PS, Balkhair T; Knowledge Synthesis Group on Determinants of Preterm/LBW births. (2011) Air pollution and birth outcomes: a systematic review. Environment
International, 37(2), 498-516. dOI: 10.1016/j.envint.2010.10.009.

Shah, A.S.V., Langrish, J.P., Nair, H., McAllister, D.A., Hunter, A.L., Donaldson, K., Newby, D.E., Mills, N.L., 2015. Global association of air pollution and heart failure
hospitalizations: a systematic review and meta-analysis. Lancet 382 (9897), 1039-1048. https://doi.org/10.1016/50140-6736(13)60898-3.

Shi, J., Chen, J., Wan, Z., Zhou, S., Jun, Y., Shu, Y., 2025. The impact of low-sulfur marine fuel policy on air pollution in global coastal cities. Sustainable Horiz. 14,
100130. https://doi.org/10.1016/j.horiz.2024.100130.

Singh, N., Sharma, S., 2025. Molecular and Immunological Mechanisms Associated with Diesel Exhaust Exposure. Targets 3 (2), 14. https://doi.org/10.3390/
targets3020014.

Small, C., Nicholls, R.J., 2003. A global analysis of human settlement in coastal zones. J. Coast. Res. 19 (3), 584-599. https://www.jstor.org/stable/4299200.

Sofiev, M., Winebrake, J.J., Johansson, L., Carr, E.W., Prank, M., Soares, J., Vira, J., Kouznetsov, R., Jalkanen, J.P., Corbett, J.J., 2018. Cleaner fuels for ships provide
public health benefits with climate tradeoffs. Nat. Commun. 9 (1), 406. https://doi.org/10.1038/s41467-017-02774-9.

Sorte, S., Rodrigues, V., Borrego, C., Monteiro, A., 2020. Impact of harbour activities on local air quality: a review. Environ. Pollut. 257, 113542. https://doi.org/
10.1016/j.envpol.2019.113542.

Spada, N.J., Cheng, X., White, W.H., Hyslop, N.P., 2018. Decreasing Vanadium Footprint of Bunker fuel Emissions. Environ. Sci. Technol. 52 (20), 11528-11534.
https://doi.org/10.1021/acs.est.8b02942.

Stathatou, P.M., Petrunia, I., Barenthin, T., Gotsis, G., Jeffrey, P., Fee, C., Bergeron, S., Tsezos, M., Triantafyllou, M., Gershenfeld, N., 2025. Marine Scrubbers vs Low-
Sulfur Fuels: a Comprehensive Well-To-Wake Life Cycle Assessment Supported by Measurements Aboard an Ocean-going Vessel. Environ. Sci. Technol. 59 (14),
7066-7080. https://doi.org/10.1021/acs.est.4c10006.

Stieb, D.M., Chen, L., Eshoul, M., Judek, S., 2012. Ambient air pollution, birth weight and preterm birth: a systematic review and meta-analysis. Environ. Res. 117,
100-111. https://doi.org/10.1016/j.envres.2012.05.007.

Storelli, M.M., Giachi, L., Giungato, D., Storelli, A., 2011. Occurrence of heavy metals (Hg, Cd, and Pb) and polychlorinated biphenyls in salted anchovies. J. Food
Prot. 74 (5), 796-800. https://doi.org/10.4315/0362-028X.JFP-10-453.

Tichavska, M., Tovar, B. (2014, July). Port-City exhaust emission model: An approach to cruise and ferry operations in Las Palmas Port. In IAME Conference in
Virginia, USA (Vol. 102, p. 3). dOI: 10.1016/j.tra.2015.05.021.

Tsai, J.H., Yeh, P.C., Huang, J.J., Chiang, H.L., 2024. Characteristics of Air Toxics from Multiple sources in the Kaohsiung Coastal Industrial complex and Port Area.
Atmos. 15 (12). https://doi.org/10.3390/atmos15121547.

Turner, A., 2010. Marine pollution from antifouling paint particles. Mar. Pollut. Bull. 60 (2), 159-171. https://doi.org/10.1016/j.marpolbul.2009.12.004.

United Nations Trade & Development. Review of Maritime Transport 2025: Staying the course in turbulent waters. Available at: https://unctad.org/topic/transport-
and-trade-logistics/review-of-maritime-transport [accessed 9 March, 2026].

US EPA, 2025. National Port Strategy Assessment: Reducing Air Pollution and Greenhouse Gases at U.S. Ports. Available at: https://www.epa.gov/ports-initiative/
national-port-strategy-assessment-reducing-air-pollution-and-greenhouse-gases-us [accessed 9 March, 2026].

Valdor, P.F., Gémez, A.G., Puente, A., 2015. Environmental risk analysis of oil handling facilities in port areas. Application to Tarragona harbor (NE Spain). Mar.
Pollut. Bull. 90 (1-2), 78-87. https://doi.org/10.1016/j.marpolbul.2014.11.018.

Van Roy, W., Van Roozendael, B., Vigin, L., Van Nieuwenhove, A., Scheldeman, K., Merveille, J.-B., Weigelt, A., Mellgvist, J., Van Vliet, J., van Dinther, D.,
Beecken, J., Tack, F., Theys, N., Maes, F., 2023. International maritime regulation decreases sulfur dioxide but increases nitrogen oxide emissions in the North and
Baltic Sea. Commun. Earth Environ. 4 (1), 391. https://doi.org/10.1038/s43247-023-01050-7.

Viana, M., Pandolfi, M., Minguillon, M.C., Querol, X., Alastuey, A., Monfort, E., Celades, 1., 2008. Inter-comparison of receptor models for PM source apportionment:
Case study in an industrial area. Atmos. Environ. 42 (16), 3820-3832. https://doi.org/10.1016/j.atmosenv.2007.12.056.

Viana, M., Hammingh, P., Colette, A., Querol, X., Degraeuwe, B., de Vlieger, 1., van Aardenne, J., 2014. Impact of maritime transport emissions on coastal air quality
in Europe. Atmos. Environ. 90, 96-105. https://doi.org/10.1016/j.atmosenv.2014.03.046.

Vrijheid, M., Casas, M., Gascon, M., Valvi, D., Nieuwenhuijsen, M., 2016. Environmental pollutants and child health—A review of recent concerns. Int. J. Hyg.
Environ. Health 219 (4-5), 331-342. https://doi.org/10.1016/j.ijheh.2016.05.001.

Wang, M., Beelen, R., Bellander, T., Birk, M., Cesaroni, G., Cirach, M., Cyrys, J., de Hoogh, K., Declercq, C., Dimakopoulou, K., Eeftens, M., Eriksen, K.T., Forastiere, F.,
Galassi, C., Grivas, G., Heinrich, J., Hoffmann, B., Ineichen, A., Korek, M., Lanki, T., Lindley, S., Modig, L., Molter, A., Nafstad, P., Nieuwenhuijsen, M.J.,
Nystad, W., Olsson, D., Raaschou-Nielsen, O., Ragettli, M., Ranzi, A., Stempfelet, M., Sugiri, D., Tsai, M.Y., Udvardy, O., Varrd, M.J., Vienneau, D., Weinmayr, G.,
Wolf, K., Yli-Tuomi, T., Hoek, G., Brunekreef, B., 2014. Performance of multi-city land use regression models for nitrogen dioxide and fine particles. Environ.
Health Perspect. 122 (8), 843-849. https://doi.org/10.1289/ehp.1307271.

Wang, Q., Huo, J., Chen, H., Duan, Y., Fu, Q., Sun, Y., Zhang, K., Huang, L., Wang, Y., Tan, J., Li, L., Wang, L., Li, D., George, C., Mellouki, A., Chen, J., 2023. Traffic,
marine ships and nucleation as the main sources of ultrafine particles in suburban Shanghai. China. Environmental Science: Atmospheres 3 (12), 1805-1819.
https://doi.org/10.1039/D3EA00096F.

WHO, World Health Organization. (2011). Burden of disease from environmental noise: Quantification of healthy life years lost in Europe. Copenhagen: WHO
Regional Office for Europe. Available at https://www.who.int/publications/i/item/burden-of-disease-from-environmental-noise-quantification-of-healthy-life-
years-lost-in-europe [accessed 9 March, 2026].

Winebrake, J.J., Corbett, J.J., Green, E.H., Lauer, A., Eyring, V., 2009. Mitigating the health impacts of pollution from oceangoing shipping: an assessment of low-
sulfur fuel mandates. Environ. Sci. Technol. 43 (13), 4776-4782. https://doi.org/10.1021/es803224q.

Winther, M., Christensen, J.H., Plejdrup, M.S., Ravn, E.S., Eriksson, O.F., Kristensen, H.O., 2014. Emission inventories for ships in the Arctic based on satellite sampled
AIS data. Atmos. Environ. 91, 1-14. https://doi.org/10.1016/j.atmosenv.2014.03.006.

Wu, Y.C., Batterman, S.A., 2006. Proximity of schools in Detroit, Michigan to automobile and truck traffic. J. Eposure Sci. Environ. Epidemiol. 16 (5), 457-470.
https://doi.org/10.1038/sj.jes.7500484.

Yu, G., Zhang, Y., Wang, Q., Han, Z., Jiang, S., Yang, F., Yang, X., Huang, C., 2025. Changes in the impacts of ship emissions on PM2.5 and its components in China
under the staged fuel oil policies. Atmos. Chem. Phys. 25, 9497-9518. https://doi.org/10.5194/acp-25-9497-2025.

18


https://doi.org/10.1016/j.envint.2024.108696
https://doi.org/10.2105/AJPH.2011.300190
https://doi.org/10.2174/1874282301812010014
https://doi.org/10.1016/j.scitotenv.2019.135538
https://doi.org/10.1038/35040695
https://doi.org/10.3390/jpm13050861
https://doi.org/10.3390/su17114798
https://doi.org/10.1186/1465-9921-6-152
https://doi.org/10.1016/j.ssmph.2021.100959
https://doi.org/10.1016/s0140-6736(13)60898-3
https://doi.org/10.1016/j.horiz.2024.100130
https://doi.org/10.3390/targets3020014
https://doi.org/10.3390/targets3020014
https://www.jstor.org/stable/4299200
https://doi.org/10.1038/s41467-017-02774-9
https://doi.org/10.1016/j.envpol.2019.113542
https://doi.org/10.1016/j.envpol.2019.113542
https://doi.org/10.1021/acs.est.8b02942
https://doi.org/10.1021/acs.est.4c10006
https://doi.org/10.1016/j.envres.2012.05.007
https://doi.org/10.4315/0362-028X.JFP-10-453
https://doi.org/10.3390/atmos15121547
https://doi.org/10.1016/j.marpolbul.2009.12.004
https://doi.org/10.1016/j.marpolbul.2014.11.018
https://doi.org/10.1038/s43247-023-01050-7
https://doi.org/10.1016/j.atmosenv.2007.12.056
https://doi.org/10.1016/j.atmosenv.2014.03.046
https://doi.org/10.1016/j.ijheh.2016.05.001
https://doi.org/10.1289/ehp.1307271
https://doi.org/10.1039/D3EA00096F
https://doi.org/10.1021/es803224q
https://doi.org/10.1016/j.atmosenv.2014.03.006
https://doi.org/10.1038/sj.jes.7500484
https://doi.org/10.5194/acp-25-9497-2025

	Port environmental health Risks: Insights from the Tarragona Port-Industrial complex and planning implications
	1 Introduction
	1.1 The global Port-City Nexus and public health Imperative
	1.2 Evolution of the scientific and regulatory Landscape
	1.3 Objectives

	2 Methods: Literature search strategy and synthesis approach
	2.1 Information sources and search strategy
	2.2 Eligibility criteria
	2.3 Translation of health evidence into port planning recommendations

	3 Results and discussion
	3.1 Sources and chemical Signatures of Port-Related emissions
	3.1.1 Ocean-Going Vessels: Dominant contributors and evolving profiles
	3.1.2 Harbor Craft and In-Port vessels
	3.1.3 Cargo handling Operations: Fugitive dust and diesel combustion
	3.1.4 Land-Side Heavy-Duty Vehicle traffic and logistics
	3.1.5 Noise and marine discharges as additional port stressors

	3.2 Co-located industrial complexes
	3.3 Assessing exposure in Port-Adjacent Communities: Methodologies and challenges
	3.3.1 Environmental monitoring strategies
	3.3.2 Modeling exposure for epidemiological and risk assessment studies
	3.3.3 Biomarkers of exposure and internal dose
	3.3.4 Major challenges in exposure assessment

	3.4 Health Impacts: A critical synthesis of the evidence
	3.4.1 All-Cause and Cause-Specific mortality
	3.4.2 Cardiovascular diseases
	3.4.3 Respiratory diseases
	3.4.4 Adverse Pregnancy, Birth, and Developmental outcomes
	3.4.5 Mental and cognitive health impacts of noise and air pollution
	3.4.6 Health risks from waterborne and Seafood-Mediated exposures

	3.5 Vulnerable populations and environmental justice

	4 Illustrative synthesis for the Tarragona Port-Industrial complex (Catalonia, NE Spain)
	4.1 Port Characteristics and emission inventory
	4.2 Environmental contamination and air quality impact
	4.3 Port water quality and oil Spill risk assessment
	4.4 Human exposure and biomonitoring evidence
	4.5 Health risk assessment and burden of disease
	4.6 Air pollution and COVID-19 in Tarragona Province
	4.7 Social Perception, risk Communication, and environmental justice
	4.8 Lessons and Generalizability

	5 Mitigation strategies and assessment of health Co-Benefits
	5.1 Technological and Fuel-Based interventions
	5.2 Operational and Logistical measures
	5.3 Spatial Planning, Policy, and Community-Focused instruments
	5.4 Assessing health Co-Benefits
	5.5 Health-Informed port planning and Design: Translating evidence into action
	5.5.1 Mandatory health impact assessment in port masterplanning and expansion
	5.5.2 Health-Protective buffer zones and Land-Use separation criteria
	5.5.3 Freight corridor planning and drayage route management
	5.5.4 Real-Time air quality monitoring linked to operational management


	6 Limitations, knowledge Gaps, and conclusions
	6.1 Strengths and limitations of the review
	6.2 Knowledge gaps and future research Directions
	6.3 Conclusions

	Declaration of AI-assisted technologies
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Data availability
	References


