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Abstract: The increase of global commerce and tourism makes the shipping sector an important
contributor of atmospheric particles and gaseous pollutants. These have impacts on both health and
climate, especially in populated coastal areas. Maritime activities could be an important driver for
economic and social development, however, they are also an environmental pressure. Several policies
were implemented in the last decades, at local/regional or international levels, mainly focused on
reducing the content of sulphur in marine fuels. The last international IMO-2020 regulation was
enforced on 1 January 2020. This work reviews some recent studies on this topic delineating current
knowledge of the impacts of maritime emissions on air quality and health and the future projections
relative to the benefits of the implementation of the new IMO-2020 regulation. In addition, future
perspectives for further mitigation strategies are discussed.

Keywords: maritime transport; shipping impacts; health impacts; harbour air quality; mitigation
strategies; IMO legislation; low-sulphur fuel; ECA; particulate matter

1. Introduction

Shipping is a significant atmospheric source of aerosol particles (particulate matter,
PM10, PM2.5) and gaseous pollutants (SO2, NOX, VOCs, COX), especially near harbours
and surroundings coastal areas, including densely populated harbour cities. Demand for
seaborne shipping services is increasing all over the world, so that the number of active
ships will be nearly twice as high as in 2016 by the year 2030 [1]. In combination with this
trend, the increasing coastal population and the foreseen decrease of important land-based
emissions in the near future (e.g., traffic, heating), contribute in keeping high the role of
shipping emissions for urban air quality and health. The “green port” concept has been
applied to harbours to conciliate economic development and sustainability objectives,
reducing pressures on the environment and public health effects. Atmospheric pollution
due to ships is one of the main issues within harbour management due to the degradation
of local air quality, adverse health effects, and climate implications.

Shipping was recognized within the “Health risks of air pollution in Europe” (HRAPIE)
project of the World Health Organization (WHO) as the third among the top-six air pol-
lution emission source categories (of a total of 16), after road transport, heating and air
conditioning [2]. This poses an emerging health risk in port cities, reflected in an increase
in respiratory diseases such as inflammation, aggravation of asthmatic symptoms, lung
cancer, as well as cardiovascular diseases, increase in hospital admissions and respiratory
acute mortality.

In the last few decades, many legislative efforts have been made, both at global and
local scales, to curb atmospheric pollutants emissions due to the shipping sector. In October
2016, the International Maritime Organization (IMO) introduced the Global Sulphur Cap
2020, enforced on 1 January 2020, according to its Revised International Convention for the
Prevention of Pollution from Ships (MARPOL) Annex VI rule. It stated that the sulphur
content of any fuel oil used on board ships shall not exceed 0.50% m/m (against the
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previous limit of 3.5% m/m) outside emission control areas (ECAs) and 0.1% m/m remains
the standard value (already established in 2015) for the ECAs. Regulation 4 specifies that
these limits can be compliant by alternative methods that are ‘at least as effective in terms of
emissions reductions’. At present, there are two other options: use of alternative fuel such
as liquefied natural gas (LNG) or bio-fuel and installation on-board of fitting exhaust gas
cleaning (scrubber) units. Since 1 January 2021, a nitrogen emission control area (NECA)
will be enforced in the Baltic and North Seas, with a mandatory Tier 3 standard (80%
reduction compare to Tier 1) for ships built after 2021 operating in that area. It is expected
to reduce NOX from maritime transport by 80%, in addition to a further reduction of
PM2.5 of 72%, due to lower NOX-induced SOA formation, by 2040 [3]. NOX emissions will
decrease gradually because of the slow replacement rate of ships, which could take at least
30 years.

From a climate perspective, the net radiative forcing (RF) of the shipping sector was
estimated at −0.4 W/m2 (cooling effect) on short term [4], due to the combination of
negative (SO2) and positive (CO2, black carbon) RF of ship-released pollutants. However,
the slow removal of CO2, in the long term could turn it to a warming effect [5]. This effect
could be amplified by the use of low-sulphur fuels that implies a decrease of secondary
sulphate produced in ship-related aerosols [6].

This work briefly reviews the current knowledge on the impact of shipping to local air
quality in harbour areas and on public health indicators. The main evidences from health
assessment studies will be discussed in order to evaluate the effectiveness of the recent
IMO policy regarding the standard of sulphur content in marine fuels, together with the
implementation of new ECAs. Finally, future perspectives and mitigation scenarios will
be discussed.

2. Discussion
2.1. Contribution of Shipping to Atmospheric Pollutants

The impact of shipping influences both health (through air quality) and climate.
Although the contribution of shipping quickly decreases as the distance from the harbour
increases [7], important impacts on local air quality, close to harbours and downwind of
them, are expected, especially for NOX, PM and SO2. These emissions are also related to
harbour logistics (i.e., loading/unloading operations, maneuvering, hotelling services),
even if emissions from ships are generally larger compared to harbour-related emissions [7].
In medium-size harbour cities, emissions of SO2 due to ships and harbour activities are
larger than those of road traffic, instead, emissions of PM and NOX could be comparable
with those of road traffic [7,8].

Different methodologies have been used to quantify the contributions of maritime
activities to PM concentrations, with different uncertainties, pros and cons: from large
(global, continental, and/or national) to local scale source-oriented modelling [6,7,9] to
receptor-oriented models [10–13]. Some results of the primary contribution to PM2.5 and
PM10 obtained using receptor-oriented approaches, separated by ECA and no-ECA areas,
are reported in Table 1. In general terms, it is evident that the contribution to PM10 is
generally lower (in relative terms) compared to those to PM2.5, because ship emissions,
being products of a combustion process, are dominated by fine and ultrafine particles.
For this reason, contribution to particle number concentration (PNC) in the fine (diameter
<0.3 µm) and ultrafine range (diameter <0.1 µm) was found to be 3–4 times larger than
those to PM mass concentrations in some Mediterranean harbours [14–16].

Relative contributions to PM2.5 range between 3% and 9% in USA sites, with the
highest values on the Eastern coasts. In Europe, the contribution is larger in Mediterranean
harbours (from 0.2% to 14%), compared to northern Europe (1–5%) where ECAs exist.
Worldwide busy harbours in East Asia, especially in China, recorded maxima in PM2.5
contributions, between 2.4% and 25%. The combined designation of a SECA and a NECA
in European seas could have a PM2.5 reduction potential of 50% and 65% in 2030 and 2050,
respectively [17]. A similar descending trend (−35–37% of PM2.5) was predicted for the
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Baltic Sea, between 2012 and 2040, with a consequent reduction of secondary PM, even if
not proportional to the reduction of the sulphur emissions [18].

Table 1. Shipping primary contributions (range, expressed as %) to PM concentration estimated
using source-apportionment approaches worldwide in ECA and outside ECA.

Location ECA/no-ECA PM10 (%) PM2.5 (%) References

North America SOX and NOX ECA 3–9% [19,20]

East Asia no-ECA 2.4–25% [19,21,22]

Mediterranean area no-ECA <0.2–16% 0.2–14% [19,20,23–25]

Baltic and North Sea SOX ECA
NOX ECA (from 2021) 2% 1–5% [20]

The studies regarding contribution of ships to gaseous pollutants concentration are
more limited compared to those related to particulate matter, overall, and SO2 is the most in-
vestigated gaseous pollutant, being directly the subject of IMO regulation. Contribution to
CO is typically comparable with the contribution to PM [8], while relative contributions to
SO2 and NOx are generally larger compared to those of PM. This could lead to exceedances
of legislated standards for NO2 in sites located near harbour areas, thus representing an
important issue that needs to be addressed in future mitigation strategies. At large dis-
tances from the emissions, the excess of NO2 due to ships could enhance the production of
O3 at ground level [26] even if, at local scale, a depletion of O3 due to NO releases is often
observed [12,15]. The use of low-sulphur content fuels will bring a reduction effect not
only of SO2 but also of primary and secondary PM [27–29], instead, no significant changes
are expected for total metals and PAHs in gaseous and particulate phase in PM10 [30].

2.2. Health Effects of Shipping Emissions

Epidemiological evidences demonstrated that shipping pollutants can lead to negative
health effects like asthma, cardiovascular diseases, lung cancer, premature mortality and
morbidity [31–36]. The most common exposure estimates are calculated using population-
weighted concentrations of ship-related pollutants and specific concentration (or exposure)–
response (C/E–R) functions [36–42]. Grid resolution, population density and C/E–R
functions used can significantly affect estimates, producing important differences among
health assessment studies.

Within the applied models, uncertainties are associated with measured pollutant
concentrations, meteorological fields, and boundary conditions as simulation inputs. High-
resolution air pollution models could reduce the effect of differences in population density,
which is higher along coastlines.

Traditional approaches for exposure estimates are only based on static residency
population counts while others are more dynamic, taking into account specific spatial and
temporal population activity [43,44]. Population-activity data could vary according to
population size, temporal and spatial distribution and infiltration factors of pollutants from
outdoor to indoor environments [43]. The C/E–R function used influences health impact
estimates. Some studies applied C/E–R functions assuming the same impact of different
fractions of PM [32,40], however there are some indications about the different health
effects of primary PM compounds (elemental, organic carbon, inorganic PM) with respect
to secondary inorganic species (sulphates, nitrates and ammonium). In addition, secondary
PM formation (mainly sulphates), which is relevant in specific areas in summer, could be
underestimated by global and regional models, thus introducing errors in input boundary
conditions [18]. Linear C/E–R functions have been demonstrated to better estimate health
impacts when PM2.5 concentration was higher (i.e., >20 µg/m3) in correspondence of
a relevant ship traffic contribution. Instead, alternative log-linear functions [45] reach
a saturation level in health risk assessment at high ambient concentrations, which is
not evident in other studies using the linear equation. Furthermore, availability, update
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and accuracy of in-country incidence rates with respect to global incidence rates can
affect results, especially asthma morbidity, showing different C/E–R patterns in different
countries [46]. Finally, the assumption about age distribution in coastal population can be
different from those of hinterland areas, producing large approximations in final estimates.
Uncertainties occurring in absolute health effects estimates could be mitigated when
different scenarios are evaluated using the same assumptions, like, for example, the effects
of the policies on fuel quality [47].

About 60,000 annual premature deaths in 2010 and 90,000 annual premature deaths in
2012 due to cardiopulmonary diseases and lung cancer were attributed to exposure to PM
emissions in coastal regions of Europe, eastern Asia and southern Asia [34]. Andersson
et al. [32] and Brandt et al. [48] estimated 50,000 and 14,000 annual premature deaths in
2011 in Europe and in the Baltic and North Sea area, respectively. Recent modelling results
found 0.1–0.2 YOLLs (years of life lost) per person estimated with 2010 emissions, along
the southern coastlines of the Baltic and North Sea regions, with a 24% average reduction in
2030 because of stricter SOx limits in the same area [35]. The decrease in total YOLLs, from
17,000–38,000 in 2014 to 11,000–25,000 in 2016, demonstrated the effectiveness of SECA
implementation in the same area, with slight differences between countries due to age
specific death rates [49]. Impacts of exposure to NO2 and PM2.5 due to ships accounted for
2.6 premature deaths per year and 0.015 YOLLs per person, respectively, while an opposite
trend was recorded for ozone exposure with −0.4 premature deaths per year estimated
in 2012 [50]. In Australia, about 1.9% of the region-wide annual average population
weighted-mean concentration of all natural and human-made PM2.5 was attributable to
ship exhaust, and up to 9.4% at suburbs close to harbours for 2010–2011 [33]. From 14,500
to 37,500 premature deaths were estimated worldwide as due to PM2.5 related to shipping
with the highest values of 24,000 in East Asia [31]. These results were an order of magnitude
lower than those obtained applying different C–R functions, and considering all pollutants
emissions, which estimated 430,000 premature deaths per year due to shipping, under pre-
2020 policies [6]. A health assessment study conducted in eight European Mediterranean
coastal cities [47] reported 430 premature death per year attributable to ship-related PM2.5
exposure.

Some studies evaluated the effectiveness of the stricter SECA regulations implemented
since 2015 in the Baltic area, with a reduction of 35% of PM2.5 impact from the regional
shipping in the Gothenburg area [51], and a decrease in mortality, morbidity and YOLLs
by at least one third from 2014 to 2016 [49]. The introduction of SECA in the Baltic and
North Sea produced a decrease up to 40% in observed impacts of 5% and 9% of primary
and secondary PM population exposure, respectively [35,49]. Projections indicated that a
NECA would reduce total premature deaths in the North Sea countries by nearly 1% by
2030, doubling after 2040 [52]. For the Mediterranean region, the implementation of an
ECA could prevent 1730 premature deaths per year [53].

A recent analysis was performed in different cities of the Mediterranean area: Nicosia
(Cyprus), Brindisi, Genoa and Venice (Italy), Msida (Malta), Barcelona and Melilla (Spain),
and Athens (Greece). Results showed that the implementation of the IMO 2020 policy that
limits Sulphur content in marine fuels, could reduce PM2.5-attributable premature deaths
by 15% considering both primary and secondary PM2.5 due to shipping [47]. Percentages
varied from 1% in Brindisi to 45% in Melilla evidencing larger health benefits in smaller
cities with a higher relative impact of shipping emissions. However, in absolute terms, the
total reduction in premature deaths would be larger in cities with larger populations. At
global level, enforcement of the IMO-2020 policy could produce a reduction of 34% (range
18–49%) of annual premature deaths due to shipping emissions, while childhood asthma
morbidity will be reduced of about 54% (range 24–68%) [6]. This will be accompanied by a
reduction of the cooling effect of ships-related aerosol increasing by 3% the radiative forcing
due to anthropogenic activities (i.e., a negative drawback for climate). The relationship
between climate policies and health was evaluated in a recent report [17], indicating that
the PM2.5 shipping-related mortality decreased in the “climate scenario” (SECA + NECA)
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compared to the “no-climate scenario” of about 0.8% and 2% in 2030 and 2050, respectively,
in Sweden and 1% and 3.7% in all of Europe. Finally, technical measures introduced by
the IMO to control greenhouse gas (GHG) ship-related emissions including the Energy
efficiency Design Index (EEDI) determine a small health impact from exposure to PM2.5
(1.2%) and an improvement for ozone exposure (−1.6%), with the result being that these
are less effective for exposure to NO2 emissions (+17%). Shore-side electricity in 2040
could determine important reductions of 25–30%, 3% and 12% for NO2, PM2.5 and SO2,
respectively, with limited influence outside the harbour areas [51].

It has to be said that the reduction of emissions obtained using higher-quality fuels
could lead to an increase of operational costs with economic feedbacks such as slower fleet
replacement rate due to increased ship costs, and modal shift to other transportation routes
(roads, railways, and aviation) [54,55]. The latter could be true especially for the smallest
vessels that will obtain the largest relative cost increase compared to larger ships [56,57].
Åström et al. [58] concluded that a NECA is less likely to have significant impacts on the
transport patterns, compared to a SECA implementation. Results showed that the costs
of NECA are around 3% of total marine fuel costs in the Baltic and North Sea region. In
comparison, Jonson et al. [35] assessed that a SECA implemented using low sulphur fuel
would increase fuel costs in the range 30–80%. The effects of the increase of costs is highly
dependent on policies towards fuel prices as well as on additional measures that could
be taken for reducing fuel consumptions, like lowering cruising speed of vessels [17,59].
The current situation is very variable since low oil prices have reduced the effects of
SECA on transport prices, and the modal shift was expected to be minimal [60]. These
aspects need quantitative and exhaustive cost-benefit analysis worldwide such as those
conducted for the Northern European areas [56,58,61] and for all European seas, including
the Mediterranean Sea [17].

3. Concluding Remarks

Although most shipping emissions take place at sea, a non-negligible fraction of
these involve harbour cities and coastal communities, exposing them to PM and gaseous
pollutants with negative effects on health.

Ship traffic contribution to PM is found generally to be lower than those to gaseous
compounds like NOX, CO and SO2. In particular, PM2.5 impact ranges typically between
0.2% and 14% in Europe, with lower values in northern Europe compared to the Mediter-
ranean area; between 3% and 9% in North America and from 2.4% to 25% in Asia. Policy
actions at international level have been enforced to reduce the content of sulphur in marine
fuels as well as the design of specific emission control areas at local level (ECAs, NECAs).
The last international IMO regulation was enforced on 1 January 2020 and is expected to
produce a reduction of shipping emissions of SO2 and primary PM and this will also lead
to a reduction of secondary sulphate contained in PM. Limited effects are expected on
emissions of NOX, metals, and PAHs contained in PM.

Projections indicated that the implementation of the new IMO-2020 policy will lead
to a global decrease of premature deaths and morbidity due to shipping of about 34%
and 54%, respectively [6]. The implementation of the new NECA in the North Sea would
reduce total premature deaths by 1% by 2030, doubling after 2040. Nevertheless, the
estimated ship-related premature deaths will be 250,000 after 2020 policy implementation
and, even with the actual reduction efforts, ships could be responsible for about 6.4 million
cases of childhood asthma annually in the future [6]. In addition, the reduction of SO2
emissions due to the implementation of the IMO-2020 regulation will produce an increase
of the radiative forcing due to ship-related aerosol. For these reasons, besides the current
measures, further mitigation efforts (like, for example, shore-side electricity) should be
considered. The simultaneous increase of sea-trade volume, population and urbanization
in coastal areas require further efforts in identifying policies and strategies to curb their
impacts simultaneously on human health and climate, being two faces of the same coin,
from local to global scale in an integrated “green port” vision.
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