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Abstract: Marine air pollution is a major contributor to seaports and coastal air pollution, and
Israel has yet to seriously confront this issue. This study aimed to update previous marine air
pollution estimations in Israel’s two major ports: Haifa and Ashdod. The objectives were to examine
technical and regulatory measures to address the problem, to propose mitigation targets and to
estimate their potential benefits. Based on a model of emission-calculations that relies on an updated
ship-inventory data as well as real-time ships’ location and movement tools, the combined marine
NOx, SOx and PM2.5 annual emissions in these ports were found to be 18,415, 15,128 and 1453 tons,
respectively. These values are considerably higher than previous estimates, are comparable to the
constant pollution emitted at ground level from a 1000-MW coal powered city power plant and are
3–20 times higher than the industrial and land transportation sectors in these cities. Relatively high
nickel concentration in PM was found in Israel only relatively adjacent to the Haifa and Ashdod
ports. Since high nickel concentration in PM is today mainly associated with marine air pollution,
this finding supports the hypothesis that marine air pollution worsens the air quality in these cities.
SOx and PM2.5 emissions can be reduced by 78% and 27%, respectively, if Israel enforces the revised
International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI regulations
in its territorial waters. While the latter step can achieve external benefits of NIS 518.4 million/year
(EUR 132 million/year), additional mitigation actions and local regulations are suggested, focusing
on NOx emissions but also on other pollutant criteria. Such actions can achieve further benefits of
NIS 274.3 million/year (EUR 70 million/year). Achieving the suggested targets is challenging yet
attainable, and their potential benefits will probably outweigh their costs.

Keywords: marine air pollution; port air pollution; criteria air pollutants; sulfur oxides (SOx);
nitrogen oxides (NOx); PM2.5 (particulate matter); MARPOL Annex VI regulation 13; air pollution
regulations; external benefits; air pollution mitigation

1. Introduction
1.1. Global Marine Air Pollution

Marine transportation and freight are more efficient compared to land and air. Freight
of one ton of cargo by air or by land emits 50–2000% more CO2, compared to marine
freight [1,2]. However, marine fuels are the dirtiest fuels used. Most ships usually use
residual oil fuel, also called heavy fuel oil (HFO) [3,4]. HFO is a low-grade fuel that emits
high levels of air pollution upon combustion in the engine. Moreover, it is common that
other materials, such as hazardous chemicals, waste oil and motor oil, are blended with the
HFO. The use of this mixed fuel is even worse [5], and although some ships use marine
diesel that is cleaner than HFO, marine diesel fuel is still associated with high levels of air
pollution emissions (SOx, NOx, PM, CO, VOCs and heavy metals) [5–7].

Thus, even though the 2017 international marine sector accounted for only 3% of the
global greenhouse gas emissions [8], it accounted for 13% and 20% of global SOx and NOx
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emissions, respectively [1,8–10] (see Figure 1). While some of this air pollution is emitted at
sea and poses a health risk only for the crew (and passengers if there are any), 70% of all
ship emissions occur within 400 km of the coast [11,12].

Figure 1. Global annual anthropogenic air pollution emissions by sector for 2017. (A) SOx emissions
(in million-ton SO2/year). (B) NOx emissions (in million-ton NO2/year) [9].

Moreover, a significant portion is emitted within a few dozens of km from the coast
or within major rivers, and especially near and in ports. There, it often affects coastal and
inland air quality, where hundreds of millions of people reside [13–16]. About 62,000 deaths,
and USD 156 billion in health damages costs are attributed to international shipping PM2.5
and ozone air pollution annually [17,18]. These values might even be an underestimation,
since PM (particulate matter) from marine sources is known to be especially enriched with
toxic heavy metals and polycyclic aromatic hydrocarbons, that are more harmful for health
compared to ‘regular’ PM [19,20].

The challenge of dealing with air pollution from ships harboring at coastal waters
and ports is a complex one [6,21]. It is estimated that in the absence of sufficient policies,
ship emissions might grow by 50–250% until 2050 [1,3,7]. One of the main reasons for
this is that marine air pollution is one of the last air pollution sources to be globally
regulated by international standards [1,6]. Furthermore, while local jurisdictions can
restrict air emissions within 12 nautical miles from their shorelines (territorial waters),
they cannot dictate design, structure, staffing and equipment. Only the International
Maritime Organization (IMO) can approve air pollutant emissions’ restrictions beyond that
region (within exclusive economic zone and international waters) [6,21,22]. This makes
any local (state) jurisdiction attempt to establish emissions’ restrictions on ships (within
the 12 nautical miles), to be highly dependent on the IMO’s related regulations as well
as specific actions made by other local jurisdictions in the region (such as group of states
within certain sea-zones).

An Emission Control Area (ECA) is usually an area of sea or ocean waters, within
370 km (200 nautical miles) of the coast, in which stricter controls are established to
minimize airborne emissions from ships. An ECA can be approved only by the IMO. In an
SOx ECA (SECA), SOx emissions are restricted; in a NOx ECA (NECA), NOx emissions are
restricted. Present ECAs exist along North America, Northern Europe, and the United States
and France Caribbean coasts [23]. Both SECAs and NECAs, are based on implementing
the full International Convention for the Prevention of Pollution from Ships (MARPOL),
which includes IMO’s Tier III (Appendices B and G and Figure A1) MARPOL Annex VI
regulation 13 [5,7,23–25].

Following the establishment of the North Sea SECA in 2007 (reducing sulfur fuel
content from 4.5% to 1.5%), SOx emissions from ships dropped by 45% [26]. Lowering the
SOx limit even more from 1% to 0.1% was followed by a further three-fold reduction in the
relative ships SOx contribution to air pollution [27].

Additionally, implementation and enforcement of the recent MARPOL Annex VI
amendment for use of fuel with up to 0.5% of sulfur [28], can significantly reduce Sox
emissions globally. Regardless of these global air pollution emissions’ restrictions, for
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20 years now, regional, national and local regulations in the developed world [24,29–40]
and recently also in China [41–45], are successfully reducing marine air pollution.

Air pollution mitigation techniques vary in their technical complexity and cost (see
Section 3.2.1 and Appendix F). They include measures such as speed-control, conversion
to alternative fuels, scrubbers installation, connection to electric shore power (ESP) and
engine modification or replacement [23]. Particularly in the case of NOx emission reduction
techniques, some of these techniques require retrofitting large fleets of relatively older ships.
Since the lifespan of a ship can reach to more than 25 years, such older ships constitute a
significant portion of most international fleets [46–48].

1.2. Marine Air Pollution in Israel

To the best of our knowledge, no previous peer-reviewed papers have been published
aiming to calculate air pollution emissions from ships in Israel, while examining feasible
mitigation scenarios and their potential benefits. One previous non-peer-reviewed report
that used 2007 data, calculated that ships are responsible for 0.003–5.6% of air pollutants
in Israel, expressed mainly in emissions of criteria air pollutants such as SOx, NOx and
PM2.5 [49]. These emissions which were 3–9 times higher than their relative CO2 share,
were not spread evenly across the country, but rather mostly emitted next to the two main
ports in Israel: the Haifa and Ashdod ports. Each of these ports is located adjacent to a
highly populated area; approximately 550,000 and 250,000 inhabitants live within 10 km of
these ports, respectively [50–52]. The elevated levels of air pollution around the Haifa-bay
area are considered a well-known public issue, and some studies have also correlated the
latter with increased risk of adverse health effects in specific areas around the bay [53–55].

Interestingly, the total calculated NOx and SOx emissions for Israeli marine vessels
in 2007 was similar (~9000 ton/year) and three times lower respectively, compared to
that of oil refinery operations in Israel [49]. However, while local regulations have since
forced industrial air emissions to decrease, the lack of local regulations in the marine
sector coupled with the rise in marine activity probably led to a shift in the balance of air
pollution between the two industries. For example, SO2 emissions from Oil Refineries
Ltd. (ORL or BAZAN), famously known for being a high source for air pollution in Israel,
and particularly in the Haifa Bay [56], dropped by 80% between 2009 and 2014 [57,58].
In principle, any country can establish local marine emission restrictions within its own
territorial waters. For example. China is restricting emissions in its own Domestic ECA
(DECA) [41–45]. However, for a ‘small marine actor’ such as Israel, it appears to be a
challenging task from both regulatory and economic perspectives. Moreover, to date, Israel
has not yet established the legal framework that can allow it to enforce in its territorial
waters the 2020 MARPOL Annex VI regulation. This regulation is important as it restricts
the use of marine fuel with a sulfur content of up to 0.5%, or alternatively requires the use
of different sulfur emissions reduction technique with similar effects.

A future possible Mediterranean SECA, in which ships are restricted to use fuel with
sulfur content of up to 0.1%, could further reduce SOx emissions. Yet, declaration of
SECA requires international cooperation and agreements [6,22,59,60]. Therefore, until such
complex, multinational agreements are achieved, and since the Haifa and Ashdod ports are
located close to large populations in the country, special state efforts should be considered
to deal with the marine sector. Such efforts, for example, can come in the form of a local
state plan for reducing the air pollution and/or in the form of establishment of DECAs.

1.3. Are Marine Emissios in Isreal Higher Than Previously Esimated, and What Can Be Done to
Combat the Problem?

The calculation of the 2007 marine emissions mentioned previously, considered emis-
sions only from hoteling and from an hour of maneuvering per vessel. No study in Israel
considered emissions from ships in other navigation phases that can also affect the coastal
air quality: ships in the stand-by phase, that wait for an average of 2 days within 3 km of
the port; and ships cruising between 3–20 km of the ports. These additional emissions are
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relevant since marine emissions within 20 km (and even further away) from the shore can
contribute to shoreline air pollution and to adverse health effects [11,17,41,61].

Moreover, since 2007, marine activity increased by 40–80% in these ports [62–64], and
new ports are being commissioned in both Haifa and Ashdod (2021–2022) These additional
port activities within Haifa and Ashdod are expected to increase marine emissions even
further once the new ports are fully operational [65,66]. Therefore, Israeli marine traffic
poses an elevated risk today and in the future for the surrounding population, compared
to 2007.

Furthermore, no study in Israel has yet presented a mitigation framework to combat
this problem and the potential benefits that can be achieved by such a step, while consid-
ering regulation-aspects, mitigation technologies, future marine trends, and the expected
expansions of marine activities at both Haifa and Ashdod areas due to the new ports that
will soon be fully operational.

In this paper it is suggested that the extent of air pollution attributed to ships at
the Haifa and Ashdod ports is considerably larger than previously estimated, and while
reducing it is highly challenging, it is possible, and it could achieve major external benefits.
Four key-items to assist policymakers in determining the priority and means to address the
problem are presented: (1) An updated calculation of the level of air pollution emitted from
the marine sector in the Haifa and Ashdod ports; (2) Proposed targets for reducing the
current air pollution levels from this sector (for the year 2030), based on a combination of
feasible solutions that can be incorporated in a mitigation plan; (3) Estimation of potential
environmental–health–economic benefits that can be achieved by such mitigation plan; and
(4) Highlight policy and regulatory aspects to consider and prioritize in the plan.

2. Materials and Methods
2.1. Calculation of 2018 Marine Emissions in the Haifa and Ashdod Ports
2.1.1. Calculation of NOx, SOx, PM2.5, CO and VOCs Emissions

A new yearly ship emissions inventory in the Haifa and Ashdod ports was created.
It was based on calculation of instantaneous emissions towards the coast, from ships in
three marine navigation phases: (1) cruising–sailing within 1–10 km from the port, upon
arriving to the stand-by position, and after leaving the port; (2) stand-by–waiting in line
within 0.5–5 km from the port before entering the port, and maneuvering–sailing between
standby and hoteling and vice versa; and (3) hoteling–docking at the port (see Figure 2).

Figure 2. Differentiation between three marine navigation phases: cruising, stand-by and maneuver-
ing, and hoteling. (A) Haifa port. (B) Ashdod port. Round icons represent stationary ships, arrow
shaped icons represent sailing ships. Navigation phases: Stationary ships inside the port are hoteling
ships; stationary ships outside of the port are stand-by ships; sailing ships between stand-by and the
port are maneuvering ships (0.5–5 km from port); and sailing ships arriving to the stand-by position
or leaving the port within 1–10 km from the port, are cruising ships. Port coordinates are in the top
right of every panel. Data are from 24 July 2021, represents normal ports activity and is presented
with permission from MarineTraffic [67]. The maps are by [68].
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To characterize the typical daily number of ships entering each port, as a function
of the factors affecting ship emissions (described below), a number of data sources were
used: previous inventories prior to 2016; further EIA documents from 2016 submitted to
Israeli regulatory bodies in request for approval of plans for ports expansions [49,65,66,69];
interviews and collection of information from related Israeli officials; sampling and tracking
of daily/weekly/monthly ships‘ movements and locations at each port during the year 2018.
The last data source was from “Marine Traffic.Com”, Global Ship Tracking Intelligence. It
has daily tracking information available (based on real-time GPS locations) and a live map
that allows for viewing the current placement of each ship, its speed and distance from
each port [67].

Related emission factors were attributed to the different types of navigation phases.
The following main variables were analyzed and characterized for using related emission
factors: number of ships by type, engine size, manufacture year, fuel type and engine duty;
average time spent for cruising, maneuvering and stand-by, and hoteling; other physical
parameters such as: stacks heights, gas temperature and velocity, emissions rate and more
(see Appendices A–C).

Relevant specific emission factors for NOx, SOx, PM2.5, CO and VOCs were obtained
from the Entec Ship Emissions Inventory [70] and the USA EPA AP-42 Emission Fac-
tors [71,72]. All emission factors were normalized as detailed in Appendices A and B.
Eventually, the total emissions of each pollutant (from each type of vessel) were divided
into the three operational regimes, which are a function of the ship’s navigation phase:
cruising, maneuvering and stand-by and hoteling. The emission rates and total volumes
are strongly dependent on these navigation phases. For a single vessel, the emissions can
be expressed as:

Evessel = Ecruising + Emanoeuvring + Ehoteling (1)

where Evessel is all the emissions per vessel, Ecruising is emissions from cruising etc. Fuel
types are BFO (Bunker Fuel Oil), MDO (Marine Diesel Oil) and MGO (Marine Gas Oil).
When fuel consumption for each navigation phase is known, the emissions of pollutant i,
can be calculated by the following equation:

Evessel,i,e, f = ∑
p

(
FCe, f ,p × EFi,e, f ,p

)
(2)

where: Evessel is overall emission from a vessel (ton); FC is fuel consumption (ton); EFi is
the emission factor for pollutant i in kg pollutant per ton fuel (kg/ton); i is the pollutant
(NOx/CO/VOC/PM2.5/SOx); f is the fuel type (BFO/MDO/MGO); e is the engine type
(slow-/medium-/high- speed diesel or gas turbine); p is the navigation phase (cruising,
maneuvering, hoteling). An alternative calculation method was applied in cases where
fuel consumption per navigation phase were not known. In such cases, the emissions were
calculated based on the engine duty installed (power and operation time) at the different
phases. In the case of emissions from installed auxiliary engines, a load factor and total
time in hours for each phase using the following equation was assumed:

Evessel,i,e, f = ∑
p

[
T × P × ∑

ec

(
Pec × LFec × EFi, ec,e, f ,p

)]
(3)

where Evessel is the overall emission from a vessel (grams, g); EFi is the emission factor for
pollutant i (g/kWh) (see Appendix B); LF is the engine load factor (%); P is the engine
nominal power (kW); T is the time under the specific condition (hour); ec is the engine
category (main/auxiliary); i is the pollutant (NOx/CO/VOC/PM2.5/SOx); f is the fuel type
(BFO/MDO/MGO); e is the engine type (slow-/medium-/high- speed diesel or gas tur-
bine); p is the phase of the navigation (cruise, maneuvering, hoteling); see Appendices A–D.



Atmosphere 2022, 13, 241 6 of 54

Explanations, data sources and calculations of industrial zones and land transportation
emissions in Haifa and Ashdod, and of a typical 1000 MW coal power plant, can be found
in Appendix E.

2.1.2. Calculation of Average Nickel Concentration in Total Suspended Particulate (TSP)
Monitored by Air Quality Monitoring Stations

Average nickel concentration in TSP (µg/m3 of air) in Israeli air quality monitoring
stations for 2018 was calculated using data from the 17 monitoring stations that measured
nickel during 2018 [73,74]. Each station measured nickel concentrations between 1–26 times
annually (the monitoring stations do not necessarily measure air quality on a regular basis
in every place). Standard deviation was also measured for the nickel concentrations.

2.1.3. Calculation of Different Marine Activities Share in NOx Emissions

The share of different marine activities in NOx emissions was calculated based on the
inventory of ships visiting the Haifa and Ashdod ports during 2018, marine vessels and
engines emission factors, and the distribution of the time the ships spent in each of the
3 navigation phases; see Section 2.1.1, and the Appendices A–C.

2.1.4. Calculation of Visiting Ships Manufacturing Year-Range Distribution, for the Haifa
and Ashdod Ports

The distribution of the manufacturing year-range of the ships visiting the ports was
calculated. The fleet for the year 2018 was calculated based on [49], adjusted to the ports in
Israel (based on additional data from [63,64,69]). Prediction for 2030 was calculated for this
study as detailed in Appendix D.

2.2. Marine Emission Mitigation
2.2.1. Marine Emission Feasibility Assessment of Mitigation Techniques

The feasibility of marine emission mitigation techniques was assessed qualitatively by
the following criteria: cost, installation time, technique maturity, technique prevalence in
ships and ports around the world and special considerations regarding implementation
in Israel.

2.2.2. Calculation of Future Emission Scenarios for 2030

First, a ‘business as usual’ (BAU) emission scenario was created for the year 2030,
assuming no specific proactive local (state) regulations and mitigation actions are applied,
except for the enforcement of MARPOL VI (regarding use of fuel with sulfur of up to
0.5% or other measures with a similar SOx and PM reduction effect). This scenario also
considered the upcoming expansions of both Haifa and Ashdod ports, in accordance with
current national plans for building and operation of Hamifratz and Hadarom ports next to
Haifa and Ashdod ports respectively [65,66]. The expected replacement rate of older ships
with newer ships (in international fleets) was also considered.

The BAU scenario was then compared to a mitigation scenario, which was based
primarily on several suggested state proactive steps for mitigating the emissions (compared
to BAU), referred to as the MPS (‘Mitigation Plan Scenario’). The MPS was constructed by:

(a) Reviewing various mitigation techniques that can be applied on ships to reduce
NOx, SOx, PM2.5, CO and VOCs emissions. This was carried out while considering
that some new ships manufactured since 2016 have to meet more strict emission
standards [23,75], and yet as suggested in this paper, their portion in fleets is expected
to be limited even by year 2030. So, the MPS focused on techniques that can be used on
existing ships (up to Tier II). Additionally, other non-technological “soft” management
methods were considered. For example: port congestion management, control on
ship speeds, imposing green levies related to specific emissions and other types of
management and operational aspects that can affect air pollution performance around
ports areas.
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(b) Determining the feasibility of each technique, based on if the technique has been well
proven as a technically feasible method (used in ships) while considering its emission
reduction effectiveness and cost-efficiency.

(c) Calculating emission scenario after implementation of a mitigation plan, based on
creating different sub-emission reduction scenarios which rely on varying portions of
incorporation of the different available mitigation techniques. The MPS assumes that
one holistic policy framework is implemented to require and/or incentivize the tech-
niques incorporation, while considering that there are different ways (combinations
of techniques) that can lead to a general mitigation outcome (‘mitigation scenario’).
The outcome of the mitigation scenario assumed the following key elements: (1) All
ships at each port would comply with MARPOL VI concerning use of fuel with sulfur
content of up to 0.5%; (2) A total of 70% of the current most polluting ships at each
port would install NOx reduction technologies, would use LNG (liquefied natural
gas) as alternative fuel, or would convert hoteling engines to electric auxiliary en-
gines powered by ESP (electric shore power); (3) The other 30% of these ships would
allow stand-by for porting at distance of at least 5 km from each port/ shore; see
Appendix D.

2.3. Calculation of Emissions’ Environmental-Health Damage Cost and the Potential Benefits of MPS

The 2018 combined Haifa and Ashdod ports emissions environmental-health damage
cost (externalities) was calculated. Using Haifa and Ashdod ports combined NOx, PM2.5
and SOx emissions calculation for 2018 (Figure A2 in Appendix D), BAU 2030 and MPS
2030 scenarios and the externalities costs for marine air pollutants as presented in the
Israeli Ministry of Environmental Protection Green Book [76], the emissions environmental-
health damage cost were calculated per air pollutant, per scenario (see Appendix E). The
differences between BAU 2030 and the present costs, and between BAU 2030 and the MPS
2030 costs, were calculated, based on the following formula:

MPB = ∑
p
[(EBi × Ci)− (EAi × Ci)] (4)

where MBP is the Mitigation Plan Benefits; EBi is Emissions (in ton) of pollutant i in BAU
scenario (assuming no mitigation is applied); Ci is Damage costs (externalities) in ILS2020
(NIS: Israeli Shekels) per ton of emissions of pollutant, based on recent prices accepted in
Israel for the year 2020, published by the Israeli Ministry of Environmental Protection [76];
EAi is Emissions (in ton) of pollutant, assuming mitigation plan is applied. The criteria
pollutants included in the MPB were SO2 as SOx, NOx and PM2.5. Average EUR2020 (Euro)
to ILS2020 exchange rate for 2020 was 3.92 ILS [77].

3. Results and Discussion
3.1. Marine Vessels Air Pollution Emissions in and Adjacent to the Haifa and Ashdod Ports for 2018
3.1.1. Total NOx, SOx, PM2.5, C, and VOCs Emissions from Marine Activity

Haifa and Ashdod ports marine vessels air pollutants emissions were calculated for
2018 by preparing updated ships’ emissions inventory and using relevant emissions factors
(see Section 2.1.1, and Appendices A–C).

The current calculated annual air pollution emissions from both Haifa and Ashdod
ports are provided in Figure 3. The emitted pollutant criteria with relatively high values are
NOx, SOx, and PM2.5, with all other pollutants examined (VOCs, and CO) reaching rela-
tively lower values. From Haifa port, the emissions are 11,167 ton/year NOx, 8877 ton/year
SOx, 889 ton/year PM2.5, 444 ton/year VOCs and 1778 ton/year CO. From Ashdod port,
the emissions are 7248 ton/year NOx, 6251 ton/year SOx, 564 ton/year PM2.5, 281 ton/year
VOCs and 1127 ton/year CO.
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Figure 3. Calculated 2018 emissions from the Haifa and Ashdod ports, compared to other emission
sources. The horizontal axis shows different air emissions: NOx, VOCs, SOx, PM2.5 and CO; and
their sources. Calculation uncertainties are provided in Appendix B. Dark blue stripes: Haifa port,
red- Haifa Bay industrial zone, dark green: Haifa metropolitan land transportation, grey: a typical
1000 MW coal power plant, light blue stripes: Ashdod port, orange- North Ashdod industrial zone,
light green- Ashdod land transportation. (A) Absolute emission values. Y axis is air pollutant
emission in thousands ton/year. (B) Normalized emissions to the Haifa port emissions. Y axis is air
pollutant emission normalized to that of the Haifa port.
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This difference in marine activities between Haifa and Ashdod reflects the fact that the
total emissions of all pollutants examined in Haifa port are higher than in Ashdod. Absolute
emission values are presented in Figure 3A, and values normalized to the emissions
of the Haifa port are presented in Figure 3B (to present the ratio between the different
emission sources).

To provide perspective, the Haifa and Ashdod ports emissions were compared to
the emissions from the Haifa Bay and North Ashdod industrial zones, from the Haifa
metropolitan and the Ashdod area land transportation, and from a typical 1000 MW coal
power plant. The Haifa and Ashdod ports NOx emissions were comparable to those of
a 1000 MW coal plant, and 3–12 times higher than that of the industrial zones, and land
transportation. VOCs emissions from the ports were 37–60% lower than that of the Haifa
Bay industrial zone, similar or 40% lower than the those of the Haifa metropolitan land
transportation and the North Ashdod industrial zone and similar to or twice as high as
that of the Ashdod area land transportation.

SOx emissions in the ports were about half of the typical 1000 MW coal plant, and
10 times higher than those of the industrial zone. PM2.5 emissions from the ports were
4–20 times higher than those of the sectors. CO emissions from the ports were 55–70%
lower than that of the Haifa metropolitan land transportation, similar to or 40% lower
compared to that of the Ashdod area land transportation, and 1.4–2.2 times higher than
that of a typical 1000 MW coal power plant.

Such a high air pollution burden attributed to the ships at the ports is especially
concerning when considering that both Haifa and Ashdod are the third and sixth highest
populated cities in the country, respectively, and within 10 km of each port, approximately
550,000 and 250,000 inhabitants live, respectively [50–52]. Both ports are located next
to large industrial zones with many heavy industries, such as oil refineries and various
chemical factories. And yet, the ships’ NOx, PM2.5 and SOx emissions overwhelmingly
surpass the emissions from all other sources in and next to the cities.

While all active coal power plants emit their emissions through a 100–300 m chimney
that reduces the air pollutants concentrations once they flow back to ground level, marine
vessels emit their air pollutants at ground level or up to a few dozens of meters of the
ground. Therefore, marine vessels’ air pollution, could be more harmful to the nearby
population, compared to a coal power plant air pollution with similar emissions [78,79].

The ports’ air emission values were 2–3 times higher than the previous estimation [49].
It is suggested that the present calculations are higher due to two main reasons: first, the
present data are more updated as they represents port activities during 2018, as opposed to
the previous calculated data for the year 2007. Between 2007–2018, the shipment activity
at both Haifa and Ashdod ports increased by 40–80%, depending on the port and on the
type of port activity examined [62–64,80]. This activity can be measured by the number of
container cargos, liquid, bulk or other types of cargos handled in the port per year.

Second, the previous estimation has calculated yearly emissions primarily based on
the total annual number and type of ships entering the ports, and took into account only
emissions from hoteling and from an hour of maneuvering. However, the present study
found that on an average operational moment, approximately 40 ships are hoteling at the
Haifa port, while an additional 20 ships are waiting in line at the stand-by area, about 2 km
from the port. Similarly, in the Ashdod port at any typical moment, there are approximately
30 ships hoteling and 10 ships waiting in line (see Figure 1 and Appendix C).

For comparison, the Piraeus port in Greece (the most active passenger port in Europe)
had almost 18,000 ship calls in 2018, while Haifa and Ashdod had 3500 and 2300, respec-
tively. Most of the ship calls in the Piraeus port (13,000) are of relatively small passenger
ships, while almost all of those in Haifa and Ashdod are of cargo ships. The Piraeus port
handled about 1,000,000 TEUs (20-foot equivalent unit) of cargo, while Haifa and Ashdod
handled about 1,500,000 TEUs each [63,81–83].

Between 2009–2018, while ship calls in the Piraeus port rose from 10,500 to 18,000,
SOx emissions dropped from 722 to 191 ton/year, and NOx emissions rose from 1790 to



Atmosphere 2022, 13, 241 10 of 54

4366 ton/year. The relatively low values and decline in SOx emissions compared to Haifa
and Ashdod reflect the low sulfur content allowed in marine fuel in EU ports and in
passenger ships in the EU (0.1% today). The increase in NOx emissions reflects an increase
in marine activity and the fact that there were no effective NOx mitigation regulations in
place. Still, the Piraeus port NOx emissions are only 60% and 40% of those of Ashdod and
Haifa ports, respectively [63,81–83].

Furthermore, for the Piraeus port, only emissions from the hoteling and from one hour
of the maneuvering navigation phases were, considered, while in the present study cruising
emissions were also considered (comprising 17% of the emissions; see Section 3.1.3). Lastly,
the stand-by time in the Ashdod and Haifa ports is relatively long (about 2 days prior to
the COVID-19 pandemic) and was considered in the present study but was not considered
in the Piraeus port studies [63,81–83].

3.1.2. Relatively High Nickel Concentration in TSP (Total Suspended Particulate) was
Measured Only Relatively Close to the Haifa and Ashdod Ports

While other polluting sectors, such as the industrial and land transportation sectors,
are monitored in Israel, the marine sector air emissions are currently not directly monitored.
There are no air quality monitoring stations in, near or around the Haifa and Ashdod ports.
The closest monitoring stations are a few km away. Therefore, it is difficult to measure the
actual effect of marine air pollutants that are also emitted by other sectors (SOx, NOx, PM,
etc.), in these cities.

Nevertheless, it is known that marine vessels are a major source for air pollution with
toxic heavy metals, such as nickel, vanadium, mercury, arsenic, led and cadmium [17–20,84–92].
Specifically, nickel is mainly emitted from coal, petcock and heavy fuel oil combustion.
Since coal and petcock use is dwindling in Israel, and since facilities that use coal and
petcock employ dust and PM emissions’ reduction techniques that significantly reduce
heavy metals air emissions, heavy fuel oil combustion by marine vessels is the major
contributor for nickel air pollution in Israel [88–90].

According to the Israeli Ministry of Environmental Protection, 89% (about 7000 tons/year)
of all nickel emissions in Israel are from marine vessels (for 2018). Other nickel emission
sources are electricity production and industry [88]. To confirm that marine air emissions
reach the local population living around the ports, nickel concentration in TSP (total
suspended particulate) was studied in air quality monitoring stations’ data.

During 2018–2019, there were 17 monitoring stations in Israel that measured nickel
concentration as a fraction of TSP. In these two years, the Israeli daily nickel target value
(0.025 µg/m3) was exceeded by 6 times, all of which were in Ashdod and Haifa [74]. During
2018, among these 17 monitoring stations, only 4 stations (Check Post, Kishon, Ashdod
N.Ind.Z.No.1, Kiryat Haim) measured an average daily nickel concentration as a fraction
of TSP higher than 0.005 µg/m3 (red bars, Figure 4). These four stations are within 3.5 km
of the Ashdod and Haifa ports, and are downwind to prevailing winds from the ports
and ships stand-by areas (wind data are from the Ashdod and Igud-Haifa meteorological
stations in [91]). Three of the four monitoring stations had average values of 0.011 µg/m3,
that are 3.3 times higher than the average of the 13 stations with low nickel concentration
as a fraction of TSP [73].

Besides the ports, Haifa and Ashdod have no coal use within at least 20 km from
the cities, but they both have oil refinery facilities that produce petcock that can be the
source for the nickel air pollution. As there were no monitoring stations in or near the ports
during 2018–2019, a more certain conclusion for the nickel air pollution source in Haifa
and Ashdod could be reached if future monitoring stations will be placed in and around
the ports. However, it is worth noting that low nickel concentrations as a fraction of TSP
were found next to Israel’s largest petcock user, Nesher Ramla cement factory (Ramla and
Ahisamech monitoring stations, Figure 4), and next to Haifa’s petroleum refinery (Kiryat
Ata monitoring station, Figure 4). So, it is less likely that these facilities contribute much to
high nickel air pollution, as was found closer to the Haifa and Ashdod ports.
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Figure 4. Average 2018 nickel concentration as a fraction of TSP (total suspended particulate) in Israeli
air quality monitoring stations. The Y axis is an average concentration of nickel as a fraction of TSP in
µg/m3 of air. Red: monitoring stations with an average nickel concentration over 0.005 µg/m3; blue:
monitoring stations with an average nickel concentration under 0.005 µg/m3. Error bars represent
standard deviations.

Moreover, the current Israeli daily nickel target value (0.025 µg/m3), is higher than
the value recommended by the WHO, which is 0.020 µg/m3, and that is the value in other
developed countries [92]. Interestingly, the Israeli Ministry of Environmental Protection is
promoting (2022) an update of the air pollutant target values, based on the WHO recom-
mendations, and is proposing to lower the daily nickel target value to 0.020 µg/m3 [93,94].
While during 2018, the Israeli daily nickel target value (0.025 µg/m3) was exceeded by
3 times, the proposed 0.020 µg/m3 value, was exceeded by 7 times. In the Kiryat Haim
monitoring station, relatively close to the Haifa port and relatively far from the Haifa Bay
petroleum refinery (the other possible nickel air emission source in the area), over 15% of
the measurement exceeded the 0.020 µg/m3 value.

This data support the hypothesis that marine air pollution from the Haifa and Ashdod
ports affects the onshore air quality around the ports. It is suggested that new monitoring
stations should be installed in, near and around the Ashdod and Haifa ports, to better
monitor their effect on the urban air pollution.

3.1.3. Share of Different Marine Activities in NOx Emissions

To calculate the total emissions from marine activities in the Haifa and Ashdod ports,
and also to allow calculation of mitigation scenarios, the share of different marine activities
in NOx emissions was calculated (see Section 2.1.1, and the Appendices A–C).
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The ports’ NOx emissions being the highest of all emissions, represents a special
challenge compared to SOx and PM2.5. This is since, while SOx and PM2.5 can be signifi-
cantly reduced by using fuel with lower sulfur content (as required by MARPOL VI and as
expected to be enforced in Israel), NOx emissions can only be reduced on existing (older)
ships by retrofitting them with costly technologies. Of the total emissions of NOx, 54% are
emitted during the ships hoteling, while 29% and 17% are attributed to the maneuvering
and stand-by and cruising activities, respectively (see Figure 5).

Figure 5. Share of different marine activities in NOx emissions.

During hoteling, the ships are using their auxiliary engines to provide energy to their
onboard systems that must also remain active during hoteling. These engines are much
smaller than the engines used for cruising, yet the hoteling stage expands on extended time
(of approximately 2–3 days) compared to other activities, and they use the same fuel as the
main engines. This means that connecting the ships to electric shore power can eliminate
more than 50% of all direct NOx emissions from ships (see Figure 5) as well as a similar
portion of all the other direct air pollutants (see Appendices A–D).

3.1.4. Distribution of Visiting Ships Manufacturing Year, for the Haifa and Ashdod Ports

For calculation of both 2018 and 2030 marine vessels’ air pollution in the Haifa and
Ashdod ports, ports visiting ships manufacturing year distribution was calculated. The
portion of relative older ships versus newer ships entering the ports in Israel is highly
dependent on their typical portion in international fleets. In principle, older ships pollute
more than newer ships. Ships that were built before 2000 are referred to as having a Tier
0 standards’; ships constructed between 2000–2011 must comply with Tier I standards; ships
constructed after 2011 must comply with Tier II standards; and ships built from 2016 and on
and are operating within a NECA, must comply with Tier III standards. Tier II standards
are 15–20% better than Tier I, and Tier III standards are 5 times better than Tier I [75,95].

Based on the typical international distribution of exiting ships by year of manufac-
ture [47] and the typical slow replacement of ships in international fleets [46–48], it is
estimated that by year 2030, only 16% of the current portion of the oldest ships will be
replaced with ships that comply with the latest EPA NOx standards (see Figure 6).
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Figure 6. Distribution of ships, by year of manufacture, visiting the Haifa and Ashdod ports.

By year 2030, all ship activities are expected to increase at both Haifa and Ashdod cities.
This is because by 2022, the new Hadarom port (next to Ashdod port) and Hamifrats port in
Haifa bay are planned to become operational, while the Israeli population, economic activity
and consumption are expected to grow [96,97]. Therefore, it appears impossible for NOx
emissions to significantly decrease at Israel’s ports, unless NOx emissions are restricted.

3.2. Marine Emission Mitigation in Israel
3.2.1. Emission Mitigation Techniques and Their Feasibility in Israel

There is an array of mature marine air pollution mitigation techniques. To calculate
the possible marine emissions mitigation scenarios in Israel, the feasibility of mitigation
techniques was assessed as described in Section 2.2.1. An extensive list of the mitigation
techniques and their characteristics can be found in Appendix F.

Some mitigation techniques can be considered as ‘softer‘ management techniques,
as they are not associated with retrofitting ships with costly mitigation-technologies. For
example, increasing the stand-by distance of ships away from the port and controlling
ship’s speed. These techniques can be applied immediately with an instant effect, at no
cost, and thus with a very high cost-efficiency. However, ‘softer’ measures are usually
more limited in their effectiveness, while the more sufficient measures are associated with
incorporation of costly after treatment systems (such as Selective Catalytic Reduction (SCR)
and scrubbers) or investing in specific engine conversions (see Appendix F).

Furthermore, some techniques can be more effective in reducing emissions on several
ships’ navigation phases. For example, stand-by and maneuvering, cruising and hoteling
phases as in the case of the after-treatment techniques or the use of cleaner alternative
fuels. Other techniques are effective against only one navigation phase as in the case of
electric shore power (ESP), which eliminates all direct emissions from hoteling, but does
not mitigate emissions from stand-by and maneuvering and cruising.

In terms of costs, some techniques are more feasible for ships which are originally
designed to apply them, as in the cases of connecting to ESP or using liquid natural
gas (LNG) as an alternative fuel. In such cases, applying the techniques may even be
economically beneficial for those ships (due to savings in operational costs), provided that
related infrastructure exists in the port, such as: ESP infrastructure and LNG fueling station.

Table 1 summarizes the main different techniques that can potentially be applied. The
performance, suitability and compatibility of each technique depend on various specific
technical features of each ship, as well as technical-operational and strategic-management
considerations by fleet owners. For certain ships, a combination of techniques might be
required to comply with stricter local emission regulations.
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Table 1. Marine air pollution mitigation techniques and their feasibility in Israel.

Technique Name Compared to Tier I, Emission Mitigation by:
Cost Maturity Installation

Time Prevalence Cost-Efficiency Feasibility in
IsraelSOx PM NOx

Engine retrofitting from Tier I to
Tier III/IV

Tier III 70%
Tier IV 90% ++ +++++ ++ + + +

Selective catalytic reduction
(SCR) 70–98% +++ +++++ +++ ++++ ++ ++++

Exhaust gas recirculation (EGR) 70% ++++ +++++ ++++ +++ +++ ++++

Exhaust gas cleaning systems
(EGCS) (“scrubbers”) 90–99% 0–20% +++ +++++ +++ ++++ ++ ++++

Low or ultra-low sulfur diesel
(ULSD) 70–90% 25–60% ++++ +++++ +++ ++++ +++ ++++

Electric shore power (ESP) 100% during hoteling
50–70% over the 3 phases of navigation ++ +++++ ++ +++ ++ +++

Liquid natural gas (LNG)/dual
fuel 99% 94% 90% + +++++ + + + +

Distancing stand-by location 70–90% of emissions during stand-by phase.
15%–25% over all phases of navigation +++++ +++++ +++++ + +++++ +++++

Legend: + bad . . . +++++ very good. Based on the present study, Appendix F and [29,33,38,98–104].
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For example, relatively older ships might need to apply an EGR or SCR system for
reducing NOx and to use low-sulfur diesel to reduce SOx, while for others, only one
measure can potentially be sufficient. Relatively newer ships can connect to ESP or can run
on LNG, and therefore can potentially comply with most strict regulations (even beyond
NECA and SECA) without any need to apply further steps.

3.2.2. Emission Mitigation Scenario for 2030

The Mitigation Plan Scenario (MPS) for the Haifa and Ashdod ports was developed
and was compared to present emissions (2018) and the business as usual (BAU) scenario
for 2030. This was carried out to assess the possibility of future air pollution mitigation
in these ports, and to suggest a plausible path for which to achieve it. The emission
mitigation scenario was developed using available technologies and regulatory tools (see
Sections 2.2.2 and 3.2.1 and Appendix D).

Regulatory bodies (such as the Israeli Ministry of Environmental Protection) normally
avoid dictating to the industry regarding a specific technological solution that should be
chosen for pollution reduction if it meets certain criteria such as emission standards and/or
mitigation targets. In this case, it is suggested that such policy is especially important. Since
ship owners operate internationally, they have to consider various technical, operational
and economic aspects regarding the most feasible technique for specific ship, company
and port.

Accordingly, Figure 7 represents a proposed overall emission reduction scenario for
2030 compared to BAU scenario. The BAU scenario assumes that no local NOx and SOx
related mitigation plan is applied, besides enforcement of MARPOL VI. The MPS scenario
considers several sub-alternative reduction scenarios, which assumed different variations
in incorporation of any of the existing techniques (see Section 3.2.1, Appendix D). All these
variations enable achieving similar mitigation targets, based on the four key elements
described in Section 1.3 for the MPS.

Figure 7. Combined relative emission levels for Haifa and Ashdod for the year 2018, BAU 2030 and
MPS 2030 scenarios. Y axis is the emission level of the pollutants, relative to 2018 levels. Shown
are emissions for NOx, PM2.5, VOC, CO and SO2. Blue: the baseline level of annual 2018 calculated
emissions; red: the level of yearly emissions in BAU (business as usual) for the year 2030 scenario;
green: the level of yearly emissions in MPS (Mitigation Plan Scenario) for the year 2030. See absolute
numbers in Appendix D.

If the present estimated emission levels of each type of pollutant (see absolute numbers
in Appendix D) equals 1 as a relative baseline, it is predicted that by 2030 in a BAU
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scenario (no state local proactive mitigation plan is applied), VOCs and CO emissions will
increase by 17%. This is due to an increase in ship transport in the ports, as each port is
expanded in accordance with current national plans [65,66,69]. Moreover, NOx emission
levels would only be reduced by 4% due to this increase in ship transport, coupled with
a slow replacement of older ships with newer ships, that have a higher NOx emissions
standards Tier.

However, since the BAU scenario assumes that Israel would enforce MARPOL VI in
its ports, it is predicted that SOx emissions would drop by 78% even without any further
local regulations. Furthermore, since SOx emissions are associated with PM2.5 emissions, it
is estimated that the significant drop of SOx emissions in BAU, would also result in a 27%
drop in PM2.5 emissions. A feasible NOx and SOx proactive local mitigation plan (MPS
2030, blue columns in Figure 7) can achieve a significant decrease in all emissions compared
to BAU. NOx emissions can be reduced by 71% instead of 4% as in BAU, PM2.5 by 57%
instead of 27%, VOCs and CO by 36% and 31%, respectively (instead of a 17% increase),
and finally SOx can be cut in half compared to BAU 2030 (89% decrease compared to 2018).

3.3. Haifa and Ashdod Ports Air Polution Damage Cost and Mitigation Benefits

To monetize the environmental-health damages of the marine air pollution from each
port, the 2018 air pollution emissions data and the air pollutants externalities were used
(see Section 2.3, Appendix E and Figure A2).

For 2018, the combined estimated externalities of NOx, SOx and PM2.5 marine air
pollution in Haifa and Ashdod is ILS 991 million (NIS 991 million or EUR 253 million) or
0.08% of Israel’s GDP [105] (see Figure 8, and Table A29 in Appendix E). This cost is similar
to the 2015 annual cost attributed to air pollution from industrial, land transportation
and other land sources in the Haifa Bay, calculated to be ILS 561–1352 million/year (EUR
143–345 million) [58].

Figure 8. Combined Haifa and Ashdod ports’ air pollution annual damage cost from ships in different
scenarios. Scenarios: year 2018 Haifa and Ashdod ports air pollution cost, cost in a business as usual
(BAU) scenario for 2030, and cost in the Mitigation Plan Scenario (MPS) scenario for 2030. Y axis
values are millions of ILS/year. See Appendix E.

When considering the environmental-health damage costs from each type of emission,
it appears that strong and effective local enforcement of MARPOL VI is the first and most
important step. This is since this step alone can reduce SOx and PM2.5 by 78% and 27%,
respectively (BAU 2030 versus 2018 in Figure 8, and in Table A29 in Appendix E), and hence
generate external benefits of approximately ILS 518 million (EUR 132 million) per year.
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The second most important step as it appears from the model, is establishment and
implementation of a NOx and SOx related local mitigation plan. Such a plan in accor-
dance with the emission reduction targets presented in Figure 7 can generate additional
external benefits of approximately ILS 274 million (EUR 70 million) per year. Of these
costs, approximately ILS 160 million (EUR 41 million) would result from NOx reduction
and approximately ILS 68 and 44 million (EUR 17 and 11 million) from further reduction
in SOx and PM2.5, respectively, compared to BAU 2030. In total, realization of the MPS
2030 scenario is expected to generate external benefits of ILS 793 million (EUR 202 million)
per year, or 0.06% of Israel’s 2018 GDP [105], compared to the present ports’ air pollution
external cost.

It is important to note that the aim of the damage cost estimates mentioned is to
provide first indications regarding the potential benefits that can be achieved by the different
mitigation steps (whether local enforcement of MARPOL VI in BAU or MPS). However,
due to lack of current monitoring and lab-analysis data, these estimates do not yet account
for potential reduction in overall PM (including PM10), NMVOC, and particularly the
specific contaminants that compose these criteria pollutants.

For example, the specific heavy metals attached to PM or the specific organic com-
pounds that compose the NMVOC. The more there is an additional pollution of PM10 (on
top of the PM2.5 calculated in this paper) and/or the share of PM with attached heavy
metals (by type) is higher and/or the share of more toxic organic compounds is higher (as
part of the NMVOC criteria), the higher are the damage costs from the ships’ emissions.

More specifically, it is known that marine vessels are a major source for air pollution
with toxic polycyclic aromatic hydrocarbons and toxic heavy metals, such as nickel, vana-
dium, mercury, arsenic, led and cadmium [19,20,84–88]. In addition, the Israeli Ministry of
Environmental Protection calculated that 89% (about 7000 tons/year) of all nickel emissions
in Israel are from marine vessels (for 2018) [88]. These facts together with the findings
in this study regarding higher concentrations of nickel around the Haifa and Ashdod
ports, compared to the rest of Israel (Section 3.1.2), suggest that the PM2.5 criteria pollutant
emitted from the ships, includes a significant share of highly toxic contaminants. If these
were accounted for, the damage cost values from the emissions would have been higher.

Moreover, the external cost values (per air pollutant emitted) that were used for the
mitigation benefits calculations are the formal acceptable values recommended to be used
by the Israeli Ministry of Environmental Protection in case of air pollution emissions from
the marine sector in Israel. However, these values are currently 2–10 times lower than
similar emissions from onshore stationary facilities from stacks at height below 100 m) [76].
Hoteling ships air pollution externalities in the Haifa and Ashdod ports should be the same
as for urban onshore facilities, as they are practically emitting air pollution as coastline
facilities from stacks at height below 100 m. Therefore, it is expected that the real external
costs could be higher than the costs presented in Figure 8.

Accordingly, it is suggested that the environmental-health benefits potential of the
mitigation-steps presented in this paper, should be currently regarded as rather conserva-
tive, while acknowledging that the real values may be even higher than those indicated in
this paper. Future studies which can integrate related emissions’ monitoring from the ships
with lab analysis data (for example, PM size distribution and chemical composition), can
assist in providing more accurate estimations.

Previous studies that analyzed the cost–benefit of establishing an ECA in the Mediter-
ranean Sea, concluded that the benefit from realizing this plan is 3–8 times higher than
the cost, and will save ~4000 premature deaths annually in the area (a few hundred in
Israel) [15,16]. These studies support the hypothesis that the benefits from mitigating
marine emissions outweigh the cost.

When compared to the studies conducted on the Piraeus port (Section 3.1.1), The 2018
Haifa and Ashdod ports externalities are about 5 times higher per port (EUR 253 million for
both Haifa and Ashdod, and EUR 24 million for Piraeus). This is expected, as SOx and PM
emissions comprise the major portion of the externalities, and those in Piraeus are minimal.
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Interestingly, the relatively low marine emissions externalities in the Piraeus port, stress
that the significant benefit from Israeli marine emissions reduction is achievable [81].

3.4. Israeli Marine Emission Mitigation Feasibility

Besides mitigation techniques’ feasibility, it is also important to examine the feasibility
of the whole proposed 2030 Israeli marine emissions mitigation plan (MPS 2030). Realizing
this mitigation plan will be challenging. It not only influences local actors, but carries
implications for foreign countries and companies and minor marine actors, such as Israel, do
not have much leverage in this matter. Moreover, the mitigation plan involves considerable
expenses that would have to be paid within 5–10 years, with the benefits materializing later.
These costs will be paid by the shipping companies and/or by governmental subsidies,
and eventually will be passed to the consumers and/or to the residents. Either way, the
government should plan it carefully, so the burden on the costumers/residents will be
bearable. This is especially true in 2022, as the COVID-19 crisis is still not over, as the world
is facing global supply chain challenges, and as global inflation rates rise and affect the
global economy [106,107].

Nevertheless, the MPS 2030 is feasible. First, the MARPOL Annex VI is in force, and
should contribute greatly to SOx and PM2.5 emission reduction. Israel needs to complete
writing it into law and to begin enforcement. Second, as mentioned above, most of Israel’s
(and the world’s) marine transport sail between North America, Europe and/or China, are
already (or will be in a few years) under SOx, PM2.5 and NOx marine emissions regulation
(see Section 1.1). So, most of the marine vessels visiting Israel already have, or will have
in the next few years, appropriate emissions mitigation techniques on board, to comply
with North American, European, or Chinese regulations. Therefore, small global actors,
such as Israel, can reap the benefits of these global emission mitigation programs. Third,
there is a variety of mitigation techniques that can fit different types of ships. Fourth, the
economic, health and environmental benefits of this mitigation plan are probably higher
than the costs of this plan [15,16].

It seems that all the knowledge, technological, and international affairs barriers for
implementing a marine emissions mitigation plan have been overcome. It is now up to the
government to promote such a plan that will greatly improve air quality in these cities.

4. Conclusions

A number of conclusions can be drawn from this study:

• Compared to the industrial and land transportation sectors in these cities, the marine
sectors in Haifa and Ashdod emit 3–12 times more NOx, 10 times more SOx than the
industrial zones (the land transportation sectors do not emit any SOx) and 4–20 times
more PM2.5.

• Relatively high average concentrations of nickel (a signature air pollutant for marine
air emissions) as a fraction of TSP were found in Israel only around the Haifa and
Ashdod ports, which indicates that the marine air pollution reaches the shore and
therefore poses a risk to the surrounding populations.

• Air quality monitoring stations in, near and around the Haifa and Ashdod ports should
be installed to properly understand the impact of marine air pollution in these cities.

• Of the total marine NOx emissions, 54% are emitted during the ships’ hoteling, while
29% and 17% are attributed to the maneuvering and stand-by and cruising navigation
phases, respectively. The share of the maneuvering and stand-by phase is unusually
high, due to the long average stand-by duration in these ports.

• Due to the slow replacement of international fleets, reduction in marine NOx emissions
is improbable in the next decade.

• The most feasible marine emission mitigation techniques for Israel are distancing
stand-by location (all emissions), SCR (selective catalytic reduction: NOx), EGR (ex-
haust gas recirculation: NOx), EGCS (exhaust gas cleaning systems: SOx and PM2.5),
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ULSD (low or ultra-lowc sulfur diesel: SOx and PM2.5) and ESP (electric shore power-
all emissions).

• In the BAU 2030 (business as usual) scenario, NOx emissions will hardly change, PM2.5
will drop by 27%, VOCs and CO will rise by 17% and SOx will drop by 78% (if the
MARPOL VI will be fully implemented). However, in the MPS 2030 (Mitigation Plan
Scenario), NOx will drop by 71%, PM2.5 will drop by 57%, VOCs will drop by 36%,
CO will drop by 31% and SOx will drop by 89%.

• The most important and beneficial policy step to mitigate the marine emissions is
first to have a strong and effective local enforcement of MARPOL VI regulation for
reducing SOx and PM emissions.

• Since it was found that current NOx emissions are the highest of all emissions exam-
ined and are unlikely to significantly decrease in the next decade, decision makers in
Israel should consider establishing a local mitigation plan focused on NOx. This plan
can achieve significant reduction for other air pollutants, including NMVOCs and CO
as well as further reduction of SOx, PM2.5 and other pollutants

• A preliminary calculation shows that the marine sectors in Haifa and Ashdod exter-
nalities are at least ILS 991 million (EUR 253 million) per year. The BAU 2030 scenario
can lower them by ILS 518 million (EUR 132 million) and the MPS 2030 scenario can
lower them by ILS 793 million (EUR 202 million) per year.

• Israeli marine emissions mitigation is feasible from technological and regulatory aspects.
• As of today, and increasingly more going forward, most of the large marine vessels

are subjected to stricter NOx and SOx regulation at least in one of the ports in their
route (North America, Europe, China); it is suggested that regulation will make it
more feasible for countries to restrict their emissions, including small countries, such
as Israel.

Economic motives push marine companies to send their polluting vessels to ports
with low emissions standards. Furthermore, since some marine emission reduction tech-
nologies can be turned off at will, they are turned off when there is no emission reduction
regulation in place, to save expenses. Therefore, even marine vessels with SOx and/or
NOx emissions reduction capabilities can pollute when proper emissions standards are
missing. Accordingly, it is important to include in the local mitigation plan both relevant
local regulations as well as strict and efficient enforcement mechanisms.

• It is highlighted that although implementation of a local emission mitigation plan,
as suggested in this paper, is a feasible step with probably more benefits than costs,
it is also associated with significant economic and regulatory challenges. As most
of all imports to Israel takes place by marine shipping [108], policy makers in Israel
should consider the potential economic risks of imposing new costly environmental
standards. The latter should be especially considered in light of the recent trend in
price increase of various goods in Israel and elsewhere [106,107], which is to some
extent attributed to the increase in marine shipping costs. However, since most of
the global marine traffic is already (or will be in a few years) under SOx and NOx
emissions restriction (North America, Europe, China), many ships have invested or
are investing in complying with emissions restrictions.

• It is recommended to examine the expected costs and other strategic implications of
an ambitious marine emissions reduction plan, including legal and financial ways
for promoting it. It is also recommended to examine other potential public benefits
of such plan, for example, opportunities for real estate development and increase of
the land value around areas currently affected by marine air pollution in Haifa and
Ashdod. The overall benefits of such a plan will probably outweigh its costs.
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Appendix A. Marine Emission Sources in 2018

Air pollution sources from Haifa and Ashdod seaports include both marine and land
activities. Main sources are the vessels engines, where emissions occur during cruising
time (in the territorial waters), maneuvering time (in the port water area) and hoteling time
(in the port terminal area). Other significant sources are the land transportation activity in
the port, including operating vehicles (trucks, diesel forklifts, diesel cranes and bulldozers)
and transportation vehicles (trucks and train locomotives).

Fuel type is one of the most influential factors on the emission volumes for all
combustion-based sources. The common fuel types for vessels are BFO (bunker fuel
oil), MDO (marine diesel oil) and MGO (marine gas oil). Fuel types for land vehicle are
diesel and gasoline. Table A1 shows the marine emission sources and major mobile sources
in HAIFA port.

Table A1. Marine emission sources and major mobile sources in HAIFA port.

Source Engine Phase Engine Type Fuel Type

Vessels:
Cruise,

Passenger shuttle,
Panamax,
Oil tanker,

Bunker,
General cargo ship,

Tugboat,
I.N.S,
ect.

main

cruise

gas turbine BFO

MDO/MGO

high-speed diesel BFO

MDO/MGO

medium-speed diesel BFO

MDO/MGO

slow-speed diesel BFO

MDO/MGO

steam turbine
BFO

MDO/MGO

manoeuvring/hoteling

gas turbine BFO

MDO/MGO

high-speed diesel BFO

MDO/MGO

medium-speed diesel BFO

MDO/MGO

slow-speed diesel BFO

MDO/MGO

steam turbine
BFO

MDO/MGO

auxiliary cruise/manoeuvring/hoteling

high-speed diesel BFO

MDO/MGO

medium-speed diesel BFO

MDO/MGO
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Table A1. Cont.

Source Engine Phase Engine Type Fuel Type

Trucks main

travel
4-stroke gasoline gasoline

diesel diesel

waiting
4-stroke gasoline gasoline

diesel diesel

Locomotives main
travel

diesel diesel
waiting

Cranes main
travel

diesel diesel
loading

Forklifts main

travel
4-stroke gasoline gasoline

diesel diesel

loading
4-stroke gasoline gasoline

diesel diesel

Bulldozers main
travel

diesel diesel
loading

Appendix B. Emission Factors

Air emissions produced by vessels are a result of combustion processes occurring
in the internal engines. The main pollutants emitted are NOx, CO, VOC and PM2.5. the
emission rates are strongly dependent on the engine technology and fueled used.

The total emissions from a vessel can be divided into three phases: (1) cruising-
sailing within 1–10 km from the port, upon arriving to the stand-by position, and af-
ter leaving the port; (2) stand-by–waiting in line within 0.5–5 km from the port before
entering the port; maneuvering–sailing between stand-by and hoteling and vice versa;
and (3) hoteling–docking at the port The emission volumes are controlled by the above
operation regime/navigation phase, fuel type, engine type and engine duty.

For a single navigation, the emissions can be expressed as:

Evessel = Ecruising + Emanoeuvring + Ehoteling (A1)

Fuel types are usually either BFO (bunker fuel oil), MDO (marine diesel oil) and MGO
(Marine Gas Oil). In the case where fuel consumption for each operational regime is known,
the emissions of pollutant i can be calculate by the following equation:

Evessel,i,e, f = ∑
p

(
FCe, f ,p × EFi,e, f ,p

)
(A2)

where: Evessel = overall emission from a vessel (ton). FC = Fuel consumption (ton). EFi
= emission factor for pollutant i (kg/ton). See Tables A2 and A3 below. i = pollutant
(NOx/CO/VOC/PM2.5/SOx). f = fuel type (BFO/MDO/MGO). e = engine type (slow-
/medium-/high-speed diesel or gas turbine). p = phase operational regime (cruise, maneu-
vering, hoteling).

The advanced calculation method is applied where fuel consumption per operational
regime phase is not known. In this case, the emissions can be calculated based on the
engine duty (installed power and operation time) in the different phases.

Emissions can be calculated for auxiliary engines, using load factor and total time in
hours for each phase by the following equation:

Evessel,i,e, f = ∑
p

[
T × P × ∑

ec

(
Pec × LFec × EFi, ec,e, f ,p

)]
(A3)
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where:

Evessel = overall emission from a vessel (g)
EFi = emission factor for pollutant i (g/kWh). See Figure A1, Tables A2 and A3.
LF = engine load factor (%)
P = engine nominal power (kW)
T = time (hour)
ec = engine category (main/auxiliary)
i = pollutant (NOx/CO/VOC/PM2.5/SOx)
f = fuel type (BFO/MDO/MGO)
e = engine type (slow-/medium-/high- speed diesel or gas turbine)
p = phase of the navigation (cruise, maneuvering, hoteling)

Figure A1. Allowed NOx emissions per Tier I, II and III standards. Y axis is NOx emissions (g/kWh),
and the X axis is engine speed (rpm). Adopted from [109].

Emission factors for pollutants NOx, VOC, PM2.5, CO and SOx, per individual engine
and fuel type combinations are displayed in Tables A2 and A3 in units of g pollutant
per kWh. The emission factors are categorized according to the vessel’s manufacturer
year. The emission factors were established by the ENTEC report based on a compre-
hensive emissions inventory for Mediterranean vessels [70]. For vessels manufactured
after 2010, the emission factors are based on the EPA emissions standards for NOx and
PM2.5 [71,72]. For SOx, emissions are derived from the sulfur content in fuel oil used
by vessel engines in accordance with the current regulation in force (Table A4 shows the
current regulation/standard in force).
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Table A2. Emission factors for NOx (N = engine rpm) [70,72].

Engine Phase Engine Type Fuel Type
NOx EF (g/kWh)

Entec 2000 Entec 2005 Entec 2010 EPA Standard
TIER I

EPA Standard
TIER II

EPA Standard
TIER III

EPA Standard
TIER IV

Main

cruise

gas turbine BFO 6.1 5.9 5.7

45 × N−0.20 44 × N−0.23 9 × N−0.20 1.8

MDO/MGO 5.7 5.5 5.3

high-speed diesel BFO 12.7 12.3 11.8
MDO/MGO 12 11.6 11.2

medium-speed
diesel

BFO 14 13.5 13
MDO/MGO 13.2 12.8 12.3

slow-speed diesel BFO 18.1 17.5 16.9
MDO/MGO 17 16.4 15.8

steam turbine
BFO 2.1 2 2

MDO/MGO 2 1.9 1.9

manoeuvring/hoteling

gas turbine BFO 3.1 3 2.9
MDO/MGO 2.9 2.8 2.7

high-speed diesel BFO 10.2 9.9 9.5
MDO/MGO 9.6 9.3 8.9

medium-speed
diesel

BFO 11.2 10.8 10.4
MDO/MGO 10.6 10.2 9.9

slow-speed diesel BFO 14.5 14 13.5
MDO/MGO 13.6 13.1 12.7

steam turbine
BFO 1.7 1.6 1.6

MDO/MGO 1.6 1.6 1.5

Auxiliary cruise/manoeuvring/hoteling
high-speed diesel BFO 11.6 11.2 10.8

MDO/MGO 10.9 10.5 10.2

medium-speed
diesel

BFO 14.7 14.2 13.7
MDO/MGO 13.9 13.5 13
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Table A3. Emission factors for VOC, PM2.5, CO and SOx. (P = engine power (kWh), S = percentage sulfur content in fuel (%)) [70,72].

Engine Phase Engine Type Fuel Type
VOC EF (g/kWh) PM2.5 EF (g/kWh) CO EF (g/kWh) SOx EF (g/kWh)

Entec
2000–2010

EU Emission
Directive

Entec
2000–2010

EPA
Standard

Lloyd’s
Register

EPA
Standard Lloyd’s Register

Main

cruise

gas turbine BFO 0.1

1.5 + 2
P0.5

0.1

0.1–0.8 1.6 5 4.36 × S

MDO/MGO 0.1 0

high-speed diesel BFO 0.2 0.8
MDO/MGO 0.2 0.3

medium-speed
diesel

BFO 0.5 0.8
MDO/MGO 0.5 0.3

slow-speed diesel BFO 0.6 1.7
MDO/MGO 0.6 0.3

steam turbine
BFO 0.1 0.8

MDO/MGO 0.1 0.3

manoeuvring/
hoteling

gas turbine BFO 0.5 1.5
MDO/MGO 0.5 0.5

high-speed diesel BFO 0.6 2.4
MDO/MGO 0.6 0.9

medium-speed
diesel

BFO 1.5 2.4
MDO/MGO 1.5 0.9

slow-speed diesel BFO 1.8 2.4
MDO/MGO 1.8 0.9

steam turbine
BFO 0.3 2.4

MDO/MGO 0.3 0.9

Auxiliary cruise/manoeuvring/hoteling
high-speed diesel BFO 0.4 0.8

MDO/MGO 0.4 0.3

medium-speed
diesel

BFO 0.4 0.8
MDO/MGO 0.4 0.3
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Table A4. Sulfur content in fuel.

Regulation In Force from Year: Sulfur Content in
Fuel Oil (%)

Marpol Annex VI
SECA

2010 1
2015 0.1

Global
2012 3.5
2020 0.5

EU Directive 2005/33 [94]
SECA 2007 1.5
Global None None

Based on Table A4 above, the sulfur content in vessels fuel oil determined as 3.5% for
the present time (2018) and 0.5% for future time (2025).

Table A5 shows the estimated uncertainties related to the emission factors (ENTEC
2007) [70]. Additional operation parameters, which were used as the basis for emission
calculations, are presented in Table A6.

Table A5. Uncertainties of emission factors.

Parameter
Uncertainties of Emission Factors

Cruising Manoeuvring Hotelling

NOx ±20% ±40% ±30%
SOx ±10% ±30% ±20%
VOC ±25% ±50% ±40%
PM2.5 ±25% ±50% ±40%

Fuel Consumption ±10% ±30% ±20%

Table A6. Calculation basis parameters for 2018.

Parameter Value Units

Vessel velocity 10 Knot
18.5 km/hr

Cruising distance 19.2 km
Cruising time 1 hr

Manoeuvring time 1 hr
Stand-by time 3 hr
Hoteling time 84 hr

Specific fuel Consumption 218 g/kWh

The relevant emission factors for each engine and vessel type were selected according
to the specific engine power and revolutions per minute and multiplied by the operating
engines number for each activity phase. The data were adjusted for average parameters of
the Mediterranean fleet, based on Lloyd’s database [110].

Emission factors and emission standard tiers were adjusted to the vessels age, regard-
ing three different years (2018, 2025 and 2030).

Appendix C. Ships Tracking of Typical Movements and Location around the Ports
during 2018

Tracking ships movements and location at each port was carried out based on sam-
pling individual days during the year 2018 as well as by extracting weekly and monthly
averaged aggregated statistics (available of being downloaded) from Marine Traffic Global
Ship Tracking Intelligence [67], which has daily tracking information available (based
on ships connected to GIS) and a live map that allows to view the current placement of
each ship and its speed and distance from each port. This task was mainly carried-out to
examine the overall ship movements at each port, and particularly the potential additional
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effect (air pollution contribution) of the number of ships waiting in-line at a typical instan-
taneous moment (other than the ships porting at the port). In addition, the latter source
of information was used to estimate the overall movements at each port as a measure of
the average number of ships entering the port during a 24 h period of time (and hence the
ship movement per hour). Table A7 is a summary of the main findings with regards to ship
movements and location at each port.

Table A7. Summary of ships tracking of typical movements and location around the ports for 2018.

Haifa Port Ashdod Port

Number of Ships
at Hoteling

Position

Number of Ships
at Waiting

in-Line Position

Total Number of
Ships

Positioning at
Distance of 0–4

km from the Port

Number of Ships
at Hoteling

Position

Number of Ships
at Waiting

in-Line Position

Total Number of
Ships

Positioning at
Distance of 0–4

km from the Port

Average value 45.18 22.74 67.91 36.21 13.26 49.47

Maximum
value 60 35 78 49 28 65

Minimum
value 32 14 55 29 7 45

Std
N = 34
(days)

5.5 5.2 6.6 4.7 5.3 6.3

Weekly average
number of ships

entering or leaving
the port in 24 h

Movement per
hour

Weekly average
number of ships

entering or
leaving the port

in 24 h

Movement per
hour

N = 6
(weeks) 82.725 3.45 41.36 1.72

Appendix D. Emissions Scenarios for 2018, 2025 and 2030

Vessel’s emissions are presented in the following tables with respect to:
Haifa and Ashdod ports, two target years (2025 and 2030), business as usual (BAU) sce-

nario and three emission mitigation scenarios (MPSA1, MPSA2 and MPS), as described below:
BAU 2025 assumes the following:

• Passive renovation of vessels;
• Current global regulation;
• Increased vessels congestion;
• Reduction of hoteling time;
• New “HaMifratz”/”HaDarom” port.

MPS A1 2025 assumes the following (on top of BAU 2025 assumptions):

• Electric shore power for 30% of the vessels;
• Reduction of stand-by time by 30%.

MPS A2 2025 assumes the following (on top of BAU 2025 assumptions):

• 50% of the old vessels are replaced with new ones, or SCR is installed in them;
• Reduction of stand-by time by 30%.

MPS 2025 assumes the following:

• MPS A1 2025 and MPS A2 2025 together.

BAU 2030 assumes the following:

• Passive renovation of vessels;
• Current global regulation;
• Increased vessels congestion;
• Reduction of hoteling time.
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MPS A1 2030 assumes the following (on top of BAU 2030 assumptions):

• Electric shore power for 50% of vessels;
• Reduction of stand-by time by 60%.

MPS A2 2030 assumes the following (on top of BAU 2030 assumptions):

• 70% of old vessels are replaced with new ones or with SCR is installed in them;
• Reduction of stand-by time by 60%.

MPS 2030 assumes the following:

• MPS A1 2030 and MPS A2 2030 together.

The calculated instantaneous emissions for typical vessels in 2018 are presented in
Table A8 with units of gram pollutant per second (g/s). The total yearly vessel emissions
calculated for the different scenarios (as described above) are shown in Tables A9–A26 and
in Figure A2 with units of ton pollutant per year (ton/year), and also detailed in [111].

Table A8. Instantaneous emissions from vessels (2018 situation).

Vessel Type

Instantaneous Emissions (g/s)

Cruising Maneuvering Hoteling

NOx PM2.5 VOC CO SOx NOx PM2.5 VOC CO SOx NOx PM2.5 VOC CO SOx

Large cruise 114.3 6.5 1.6 40.8 124.6 53.4 3.1 1.9 19.2 58.6 26.7 1.54 0.77 9.60 29.3
Passenger vessel 19.1 1.1 0.7 6.8 20.9 6.9 0.4 0.2 2.5 7.5 6.9 0.39 0.20 2.47 7.5

Panamax (containers) 111.7 6.4 1.6 39.9 121.8 38.1 2.4 1.5 14.9 45.5 4.7 0.28 0.14 1.75 5.3
Panamax (grains) 32.1 0.7 0.5 11.5 35.0 0.0 0.0 0.0 0.0 0.0 2.1 0.05 0.06 0.77 2.3
Oil tanker 180 m 25.3 0.4 0.4 9.7 29.7 0.0 0.0 0.0 0.0 0.0 1.8 0.03 0.05 0.67 2.0

Chemical tanker 100 m 13.3 0.3 0.2 4.8 14.5 0.0 0.0 0.0 0.0 0.0 2.0 0.04 0.06 0.73 2.2
Bunker 120 m 6.8 0.1 0.1 2.4 7.4 0.5 0.01 0.02 0.2 0.5 0.5 0.01 0.01 0.17 0.5

General cargo ship 120 m 6.8 0.1 0.1 2.4 7.4 0.0 0.0 0.0 0.0 0.0 0.5 0.01 0.01 0.17 0.5
I.N.S 18.5 1.1 0.7 6.8 20.9 6.7 0.4 0.2 2.5 7.5 6.7 0.39 0.20 2.47 7.5

Tugboat 0.0 0.0 0.0 0.0 0.0 4.2 0.1 0.2 1.8 5.4 1.8 0.03 0.05 0.67 2.0

Table A9. Total emissions from vessels (Haifa, 2018).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1946 17% 3228 29% 5993 54% 11,167
PM2.5 156 18% 304 34% 429 48% 889
VOC 39 9% 190 43% 214 48% 444
CO 312 18% 608 34% 857 48% 1778
SO2 460 5% 1891 21% 6526 74% 8877

Table A10. Total emissions from vessels (Haifa, BAU 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 2069 19% 3375 30% 5676 51% 11,119
PM2.5 120 19% 233 36% 286 45% 638
VOC 48 9% 232 46% 229 45% 509
CO 383 19% 745 36% 915 45% 2042
SO2 113 6% 463 24% 1392 71% 1968
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Table A11. Total emissions from vessels (Haifa, MPS A1 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 2069 24% 2569 30% 4011 46% 8648
PM2.5 120 24% 178 36% 202 40% 499
VOC 48 12% 177 46% 162 42% 387
CO 383 24% 568 36% 647 40% 1598
SO2 113 8% 356 25% 984 68% 1453

Table A12. Total emissions from vessels (Haifa, MPS A2 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1360 20% 1684 25% 3757 55% 6801
PM2.5 120 21% 178 30% 286 49% 583
VOC 48 11% 177 39% 229 50% 454
CO 383 21% 568 30% 915 49% 1865
SO2 113 6% 356 19% 1392 75% 1861

Table A13. Total emissions from vessels (Haifa, MPS 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1360 24% 1684 29% 2694 47% 5738
PM2.5 120 24% 178 36% 202 40% 499
VOC 48 12% 177 46% 162 42% 387
CO 383 24% 568 36% 647 40% 1598
SO2 113 8% 356 25% 984 68% 1453

Table A14. Total emissions from vessels (Haifa, BAU 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 2066 19% 3347 31% 5327 50% 10,740
PM2.5 126 19% 245 38% 280 43% 650
VOC 50 10% 244 47% 224 43% 518
CO 402 19% 783 38% 896 43% 2080
SO2 118 6% 487 25% 1363 69% 1969

Table A15. Total emissions from vessels (Haifa, MPS A1 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 2066 33% 1909 31% 2192 36% 6167
PM2.5 126 33% 140 37% 116 30% 382
VOC 50 18% 140 50% 92 33% 283
CO 402 33% 449 37% 370 30% 1221
SO2 118 12% 284 29% 562 58% 964
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Table A16. Total emissions from vessels (Haifa, MPS A2 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1088 22% 986 20% 2892 58% 4966
PM2.5 126 23% 140 26% 280 51% 546
VOC 50 12% 140 34% 224 54% 414
CO 402 23% 449 26% 896 51% 1746
SO2 118 7% 284 16% 1363 77% 1766

Table A17. Total emissions from vessels (Haifa, MPS 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1088 33% 986 30% 1190 36% 3263
PM2.5 126 33% 140 37% 116 30% 382
VOC 50 18% 140 50% 92 33% 283
CO 402 33% 449 37% 370 30% 1221
SO2 118 12% 284 29% 562 58% 964

Table A18. Total emissions from vessels (Ashdod, 2018).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 973 13% 1614 22% 4661 64% 7248
PM2.5 78 14% 152 27% 333 59% 564
VOC 20 7% 95 34% 167 59% 281
CO 156 14% 304 27% 667 59% 1127
SO2 230 4% 946 15% 5076 81% 6251

Table A19. Total emissions from vessels (Ashdod, BAU 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1034 14% 1687 23% 4493 62% 7215
PM2.5 60 15% 116 29% 226 56% 402
VOC 24 7% 116 36% 181 56% 321
CO 191 15% 372 29% 724 56% 1288
SO2 56 4% 232 17% 1102 79% 1390

Table A20. Total emissions from vessels (Ashdod, MPS A1 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1034 19% 1325 24% 3171 57% 5531
PM2.5 60 19% 92 29% 160 51% 311
VOC 24 10% 91 38% 128 53% 243
CO 191 19% 293 29% 512 51% 996
SO2 56 6% 183 18% 778 76% 1018
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Table A21. Total emissions from vessels (Ashdod, MPS A2 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 680 15% 869 19% 2974 66% 4523
PM2.5 60 16% 92 24% 226 60% 378
VOC 24 8% 91 31% 181 61% 296
CO 191 16% 293 24% 724 60% 1208
SO2 56 4% 183 14% 1102 82% 1342

Table A22. Total emissions from vessels (Ashdod, MPS 2025).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 680 19% 869 24% 2099 58% 3648
PM2.5 60 19% 92 29% 160 51% 311
VOC 24 10% 91 38% 128 53% 243
CO 191 19% 293 29% 512 51% 996
SO2 56 6% 183 18% 778 76% 1018

Table A23. Total emissions from vessels (Ashdod, BAU 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1043 15% 1690 24% 4194 61% 6927
PM2.5 63 16% 123 30% 220 54% 407
VOC 25 8% 123 38% 176 54% 325
CO 203 16% 395 30% 705 54% 1303
SO2 60 4% 246 18% 1073 78% 1379

Table A24. Total emissions from vessels (Ashdod, MPS A1 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 1043 28% 964 26% 1726 46% 3733
PM2.5 63 28% 71 31% 91 40% 225
VOC 25 15% 71 42% 73 43% 169
CO 203 28% 227 31% 291 40% 721
SO2 60 9% 143 22% 442 69% 646

Table A25. Total emissions from vessels (Ashdod, MPS A2 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 544 17% 502 15% 2209 68% 3255
PM2.5 63 18% 71 20% 220 62% 355
VOC 25 9% 71 26% 176 65% 272
CO 203 18% 227 20% 705 62% 1135
SO2 60 5% 143 11% 1073 84% 1276
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Table A26. Total emissions from vessels (Ashdod, MPS 2030).

Pollutant
Emissions (Ton/Year)

Cruising Maneuvering + Stand-By Hoteling Total

NOx 544 28% 502 26% 909 46% 1955
PM2.5 63 28% 71 31% 91 40% 225
VOC 25 15% 71 42% 73 43% 169
CO 203 28% 227 31% 291 40% 721
SO2 60 9% 143 22% 442 69% 646

Figure A2. Calculated present (2018) annual emissions of air pollutants from the ship sector in Haifa
and Ashdod ports. Y axis is ton pollutant per year. All values are based on marine port activities data
for the year 2018. See Tables A9 and A18.

Appendix E. Emissions from the Haifa and Ashdod Industrial Zones, Land
Transportation and from a 1000 MW Coal Power Plant

To illustrate the extent of the calculated emissions from marine vessels in the Haifa
and Ashdod ports for 2018, they were compared to the 2018 emissions from the Haifa Bay
industrial zone, the North Ashdod industrial zone, transportation in the Haifa metropolitan,
transportation in the Ashdod area, and a hypothetical 1000 MW coal power plant (see
Tables A27 and A28).

Table A27. Emissions from the 2250 MW Rotenberg coal power plant.

Pollutant
(Ton/Year)

Year Yearly
Average

Proportional Annual Emission for a
1000 MW Coal Plant2012 2013 2014 2015

NOx 25,489 22,873 19,473 20,610 22,111 9827
PM10 622 533 373 766 574 255
PM2.5 373.2 319.8 223.8 459.6 344 153

NMVOC 30 0 0 0 8 3
CO 628 611 1340 4684 1816 807
SO2 35,222 34,402 31,396 33,501 33,630 14,947
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Table A28. Emissions from the Haifa and Ashdod industrial zones and land transportation and a
1000 MW coal power plant.

Sources NOx VOCs SOx PM2.5 CO

Haifa
Port 11,167 444 8877 889 1778
Industrial
Zone 1800 700 650 60

Transport 2031 513 4 116 3919

1000 MW coal plant 9827 3 14,947 153 807

Ashdod
Port 7248 281 6251 564 1127
Ind. Zone 2550 500 700 42
Transport 923 233 2 53 1781

Haifa Bay industrial zone and North Ashdod industrial zone emissions for 2018 are
from [88]. Since there is no PM2.5 data for these sources, PM2.5 data were calculated from the
available PM10 emissions data for these sources, and from the average PM2.5/PM10 ratio,
which is 0.6 [112,113]. Haifa metropolitan land transportation 2018 data are from [114].
Since there are no such data for the Ashdod area, the Ashdod area 2018 land transportation
emissions were calculated based on the Haifa metropolitan data, and the ratio between the
populations in each area (550,000 in the Haifa metropolitan, and 250,000 in the Ashdod area).

Emissions from a 1000 MW coal power plant were calculated based on the average
emissions from the 2250 MW Rotenberg coal power plant between 2012–2015 [115–118].
and the ratio between 1000 MW and 2250 MW. Since there are no PM2.5 data for the
Rotenberg coal power plant, PM2.5 data were calculated from the available PM10 emissions
data for this source, and from the average PM2.5/PM10 ratio, which is 0.6 [112,113].

Appendix F. External Costs and Benefits from the Haifa and Ashdod Ports Air
Pollution and Mitigation Scenarios

External costs and benefits from the Haifa and Ashdod ports air pollution and mitiga-
tion scenarios were calculated (see Table A29) based on the ports’ air pollution calculations
for 2018, and air pollution externalities cost from the Israeli Ministry of Environmental
Protection ‘green book’ (2020 edition) [76].

Table A29. External costs of emissions from the ship sector at Haifa and Ashdod ports by emission
scenario.

Air Pollutant Present Costs
(ILS/Year)

BAU Costs 2030
(ILS/Year)

MPS Costs 2030
(ILS/Year)

BAU–Present Cost
Difference (ILS/Year)

BAU–MPS Cost
Difference (ILS/Year)

NOx 237,978,819 228,314,928 67,435,308 −9,663,891 −160,879,620
PM2.5 153,952,512 112,018,816 67,447,579 −41,933,696 −44,571,238
SOx 599,492,589 132,658,465 63,815,301 −466,834,124 −68,843,165
Total 991,423,921 472,992,209 198,698,187 −518,431,711 −274,294,022

Appendix G. Marine Air Pollution Mitigation Techniques

Appendix G.1. Holistic Mitigation Techniques

Holistic mitigation techniques reduce all air pollutant emissions: SOx, NOx, PM, VOCs,
CO2 and CO. These techniques are comprised of changing the power source (shore power,
natural gas), and changing vessel operation (onboard incineration, speed, hoteling time).

Appendix G.1.1. Electric Shore Power (ESP) for Marine Vessels

Technique’s Description

ESP (cold ironing) supplies ships at the port with electricity from the shore. This
electricity is used by the ship’s systems instead of using its own air polluting auxiliary
generator. This technique can significantly reduce air pollution in ports [29,31,38].
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The technology requires dedicated infrastructure onshore: transmission cables, additional
power generation capacity, high voltage berth connection point and high voltage sub-station.
On the ship, transmission cable and onboard transformer is required [33]. Because many ports
still do not have shore power, the vessels cannot concede their auxiliary generators.

Vessels that do not need a gantry crane to load and unload cargo (such as cruise, tanker,
vehicle carriers), can be connected to shore through a berth connection point adjacent or
parallel to the vessel. Cargo vessels that require a gantry crane to load and upload cargo
cannot be connected to a berth connection point adjacent or parallel to the vessel. That
is because it will obstruct the operation of the gantry crane. Therefore, they need to be
connected first to a barge that can be at either ends of the vessel, and the barge is connected
to an adjacent or parallel connection point on the berth [29]. This technique has been used
by the US Navy for decades. It is also implemented commercially in the world [7,33,39,119].
In the USA in 2017, there were already 16 ports with ESP, with up to 60 MW of capacity per
port. A US shore power calculator calculates the benefits of connecting a vessel for shore
power. It can be found here below [120].

General Potential of Emissions Reduction

Dramatic reduction in noise, vibration, and air pollution exposure for ships’ crews,
port workers, local residents and the environment. Overall improvement in working
conditions [5,33]. This technology can eliminate all port air pollution originated in vessels
hoteling (not including onshore transportation, dust from loading and unloading cargo
and power supply).

Inputs and Costs

Tables A30 and A31 present ESP costs of a European and an American case respectively.

Table A30. ESP costs and savings [33].

Costs Port of Göteborg, EUR09 *

Bunker price USD16/metric ton USD 640

Ship auxiliary engine

Bunker/fuel 277,316/year
Maintenance 0

CO2 0
Externalities 0

Sum 277,316

Shore power

Ship

Retrofit 400,000
Capital cost 54,347/year
Electricity 297,024/year

Maintenance 0/year

Port

number of quays 2
Investment for all quays 280,000

Capital cost 38,043/year
Maintenance 0/year

Sum shore power 389,414/year

Total cost/saving −112,099/year

* Bunker USD 640/ton (Oct 2009), 4 calls/week, 16,800 kWh/call, 1 ship, electricity = 0.17 EUR09/kWh, 10 years
pay-off time, 6% investment interest, calculated only for using electricity or fuel (not a life cycle analysis).
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Table A31. Estimated costs of ESP (based on Table 1 in [5]).

Vessel Type Container and Bulk
Cargo (USD)

Tankers and Vehicle
Carriers (USD) Cruise (USD)

Costs

Vessel retrofit (thousand
USD/vessel/year) −41 −38 −59

Berth retrofit (thousand
USD/berth/year) −732 −219 −327

Benefits (thousand
USD/vessel/year)

Fuel savings 13 21 140

Total environmental benefits
(NOx, SO2, PM2.5, CO2)

124 (EASIUR and
APEEP)

67 (EASIUR)61
(APEEP)

368 (EASIUR)138
(APEEP)

Net private benefit (vessel fuel savings minus retrofit
cost) (thousand USD/vessel/year) −28 −17 81

Assuming marine fuel costs USD 680/ton. EASIUR- Estimating Air Pollution Impacts Using Regression. APEEP-
Air Pollution Emission Experiments and Policy analysis.

In Israel, the electricity is cheaper (compared to Sweden) and is USD ~0.15/kWh. It
does not include the proper externalities’ costs, and thus does not reflect the electricity use
on environmental and health impacts. This low electricity price can reduce the shore power
annual electricity cost by ~25%. Compared to the Swedish case, it can reduce the annual
cost of shore power by EUR ~75,000, with a total cost of only EUR ~38,000/year (assuming
all other costs are the same).

Vessel retrofit cost varies between EUR 400,000 [33], USD 500,000 [5] and USD 300,000–
2,000,000 (cheaper for newly build and smaller vessels) [29,98]. Berth retrofit cost varies
between EUR 300,000 [33], USD 4,000,000 [98] and USD 5,000,000 [29]. Retrofitting the
electricity network outside the port cost from either almost zero investments [29] to USD
5,000,000 [98] depending on the electricity network. Operation and maintenance are
calculated as 12% of the shore side investments: USD 36,000–600,000 for 15 years [29,33,98].

Cost Effectiveness

ESP is generally considered more cost-effective for vessels that spend longer times at
port and/or use substantial amounts of energy for hoteling and/or frequently call the same
ports [120]. Early studies and reports from the first decade of the millennium concluded
that ESP is generally not cost-effective. For the 12 vessels studied, the average cost was
USD 69,000/ton of pollutant reduced, while the threshold for cost-effectiveness was USD
15,000/ton of pollutant reduced. This is due to past low marine fuel prices, lacking air
pollution externalities and carbon cost calculations, lighter regulation, ignored benefits at
other ports and outdated calculation of air pollution health risks [5,29,31,33]. For example,
all of the emissions were treated as equals, with the external cost of 1 ton of PM10 was equal
to that of 1 ton of PM2.5 [29]. Today we know that 1 ton of PM2.5 is much worse for health
compared to 1 ton of PM10, and therefore more costly.

However, even before, shore power was generally cost-effective with vessels that
spend a long time at ports (over 1.8 million kWh of annual power consumption at port),
and the added cost of the vessel’s power shore retrofitting is less than USD 15,000/ton of
air pollutant/year. Shore power was found to be cost-effective for 5 out of the 12 vessels
studied in the port of Long Beach. And this, even when each of these vessels received a
“private” landside power shore facility at a specific berth. If more than one vessel will use
each power shore facility, the technology will be even more cost-effective [29].

Since then, petroleum prices have increased (but it is volatile and can drop), marine
vessels are transforming to cleaner but more expensive fuels, the effect of air pollution on
health is better understood, air pollution regulation is tighter, carbon cost is taken more
and more into account, and experience in shore power is increasing worldwide [5].

A newer report calculated the cost of reducing air pollutant by shore power in the
ports of Los Angeles, Long Beach and Oakland, California. The cost of a ton of NOx and a



Atmosphere 2022, 13, 241 35 of 54

ton of PM, was USD 11,000–71,000 and USD 400,000–2,500,000, respectively [38]; the ranges
represent differences between the different ports and different marine vessels. A recent
report on shore power in Shenzhen, China, calculated the cost to be USD 56,000, 1,400,000,
290,000 and 2300 for reducing a ton of NOx, PM, SOx and CO2, respectively [98].

Today, if 25–67% of the vessels that call at mainland US ports would use shore power,
USD 70–150 million in air quality benefits (environmental and health benefits) could be
achieved, plus USD 30 million in fuel savings, annually. These benefits are balanced by
the cost of vessels and port retrofits, with no net cost to society. Per port, the environ-
mental and health benefits vary between USD 1–38 million annually, depending on the
proximity to inhabitants and their number, the size of the port and the types of vessels (see
Table A32 and [5]).

Table A32. Estimated benefits of ESP based on various case studies (based on [5,121]).

Port
TEU

(Million
Units/Year)

Volume (Million
Metric Tons/Year)

EASIUR (Millions USD/Year) APEEP (Millions USD/Year)

Maximize Net
Total Benefit

Maximize
Total Benefit

Maximize Net
Total Benefit

Maximize
Total Benefit

Oakland 2.3 17 10 11 9 11
Charleston 2 17.3 1 1 1 1

Ashdod 1.3 19.6
Haifa 1.2 24
Miami 0.9 - 7 10 6 7

Port
Everglades 0.9 19.1 8 17 4 8

Jacksonville 0.9 14 1 1 1 1

The range of environmental and health benefits in port similar in size to Haifa and Ashdod
ports, for applying shore power for 25–67% of all vessels, is between USD 1–17 million/year.
The average benefit is USD 5.8 million/year/port. In the Haifa port, due to the problematic
topography, wind patterns, population spread and other factors, we generally estimate that
the environmental and health benefits are in the upper range. At Ashdod, it might be at a
lower range, yet this requires further investigation. It should be noted that the more Israel
fuel mix for electricity production will rely on natural gas and renewables (as forecasted
and planned), the potential benefits of ESP will increase.

Feasibility

This technique requires investments done by vessels owners and ports authorities,
while the benefits are enjoyed mostly by near ports residents and workers, governmental
spending on health, and the environment. As much as 80% of the vessels are expected not
to compensate for their retrofitting by fuel savings. They can increase their freight cost, to
include these expenses (eventually the consumers will be charged). Alternatively, policy
makers could implement incentives and regulations to encourage a shore power use [5].

In 2009, there were more than 10 shipping companies with shore powered vessels. In
2015, 21 ports where already using shore power (12 in Europe, 9 in North America) and
more are built in China [5,33,35,98,122,123]. So, there might already be vessels that call at
Israeli ports with the proper infrastructure for shore power installed, and this transition
can be less expensive for some vessels.

Appendix G.1.2. Repowering Vessels with Natural Gas or Dual-Fuel Engines

Technique’s Description

In this technique, the vessel’s regular engine is replaced (or the vessel is built in
advance) with a natural gas or dual-fuel engine. Natural gas engines drastically reduce air
emissions for all voyages. This is a holistic solution from the vessel’s point of view, that
does not only solve air pollution in ports, such as ESP, but also during close to shore cruises
and away from shore [124].
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Dual-fuel engines can use either liquid fuel or natural gas. They can use cheap
polluting fuel away from shore, and switch to cleaner natural gas close to shore. This
way, the energy cost for this type of vessel is lower compared to natural gas only engine,
and it can fuel itself in ports without natural gas fueling infrastructure. This is a mature
technology [29,99].

General Potential of Emissions Reduction

Using natural gas can reduce SOx emissions by 99%, PM emissions by 94% and NOx
emissions by 90%. This represents Tier IV performances [29,32,99].

Inputs and Costs

The capital cost for replacing an engine and for natural gas fueling infrastructure was
estimated in 2002 to be USD 165–202/kW [32]. A 2004 report calculated the capital cost
for retrofitting a vessel with a new LNG/Dual fuel engine is USD 240,000–4,625,000, or
USD 184/kW on average [29].

The prices of petroleum and natural gas are fluctuating and affect the profitability of
this technique. However, between 2006–2015, the prices of LNG and HFO were relatively
similar, despite fluctuating fuel prices. Since 2006, the price difference was no more than
30% (USD 150), with an estimated average difference of only 10% (USD 50). In some years
LNG is cheaper [99,100]. Thus, the transition is expected to be even more cost-effective.
The expected increase of Israeli natural gas production might ensure relatively low marine
LNG prices in Israeli ports.

The capital cost (CAPEX) of a small LNG onshore facility (shore tank to ship TPS, LNG
production and bunkering station) that delivers 60 tons of LNG/day, can be USD 27,000,000
(7450/day). The OPEX of this facility is USD 4200/day. The total daily cost CAPEX + OPEX
= USD 11,650/day. The added cost per ton of LNG delivered is USD 194, or an added cost
of USD 3.7/mmBTU. This does not include connecting a pipeline to the port [101].

A larger LNG facility, with a 100,000 gallon (160 tons) per day production capacity,
can cost USD 50,000,000 (CAPEX). Assuming a USD 4/mmBTU natural gas price, it can
sell LNG for USD 10.5/mmBTU or 15.5/mmBTU, at the dock or at sea respectively There
is a 15% energy penalty for producing LNG. In other words, a ton of natural gas on land is
transformed to 0.85 ton of LNG on the ship [101].

The capital cost (CAPEX) of a small ship to ship (STS) system is USD 54,000,000, with
a total daily cost CAPEX + OPEX = USD 20,000/day. The added cost per ton of LNG
delivered is USD 333 [101]. If Israel decides to build a large LNG production facility for
export, it could be used also to fuel LNG ships.

Cost Effectiveness

According to [29], this technique was cost-effective in reducing hoteling emissions for
11 out of 12 vessels examined. This, as the average added cost of replacing the engine with
natural gas/dual-fuel engine was USD 9000/ton of reduced air pollutant/year.

A more recent study calculated the cost to be EUR (−2242)–(17,406)/tone of reduced
NOx [99]. The negative value represents a reduction in operations cost compared to a
conventional MGO powered engine (or in other words- gains) and is for building a new
vessel with an LNG powered engine. This is due to the low expected cost of LNG. The high
value represents retrofitting an existing MGO powered vessel with a new LNG engine.

Feasibility

Feasibility is medium to low. On one hand it is drastically improving air quality in
ports, reduce health costs, and can be incentivized by the government. On the other hand,
it requires large capital investments and loss of cruising time at sea while repowering is
taking place.

A significant disadvantage of all natural gas engine option is the relatively low avail-
ability of natural gas fueling options in the world port. Until a large number of ports is
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equipped with natural gas fueling options, this solution is problematic. This option also
requires costly storage of natural gas (pressurized or liquefied), in larger volumes compared
to liquid fuel (as natural gas is less energy dense).

The downside of the dual-fuel engine option is that this vessel can neither store very
large quantities of liquid fuel nor natural gas. It can take relatively short cruises with either
of these fuels, but for long cruises it might have to store both fuel types.

As a general rule, using natural gas raises issues of operating safety, as it is considered
less safe than diesel or heavy oil fuel [29]. However, the number of LNG marine vessels
was increasing at a fast annual rate of over 30% between 2014–2018. A fast growth rate is
expected at least until 2021. In 2018, there were 223 LNG/dual fuel marine vessels globally.
Most operate in Europe, but it is already a global phenomenon [123,125,126].

LNG bunkering can be done from a truck to a ship, from a ship to a ship and from
shore to ship. In 2017, there were about 60 locations (sea ports and LNG bunker vessels)
with LNG bunkering, again, mostly in Europe. This number is expected to double in the
next few years, with at least 139 LNG ports in Europe alone (at least one per sea shore
country) [124–129]. Moreover, there are hundreds of non-bunkering LNG facilities: LNG
facilities that are not designated for ship fueling. Many of these facilities could be easily and
cheaply be fitted for ship fueling. Here in Israel, we have the Hadera LNG terminal, where
LNG storage ships supply natural gas to the Israeli natural gas network. Also, because
natural gas pipelines are present at both Ashdod and Haifa, there is no need to invest much
in connecting these ports to the national natural gas network.

Appendix G.1.3. Ship Onboard Incineration (SOI)

Technique’s Description

Oceangoing vessels incinerate waste, instead of disposing it at sea or at port. A USA
survey found that the average amount of waste that is incinerated per oceangoing vessel is
111 tons per year. In total, 45% of oceangoing vessels have no incinerators at all. The main
types of incinerated waste are rags, paper, packing material, and plastics. In this mitigation
technique, ship onboard incineration is prohibited within 3 nautical miles of the coast [37].

General Potential of Emissions Reduction

There is a potential for emission reduction of dioxins, toxic metals and PM for residents
living next to the coast.

Inputs and Costs

For proper monitoring, the vessels must keep an updated waste record book, with
information on incinerations dates, vessel position (latitude and longitude), and estimated
amount of incinerated garbage. The vessels must either incinerate their waste away from the
shore or use other approved waste disposal solutions, such as disposal at the port, recycling,
disposal at sea (of feed waste, etc.). There can be no economic cost for this technique.

Cost Effectiveness

This technique is not sufficient as a stand-alone technique, yet on its own, is very
cost effective—with little or no cost, and with a small health gain. The health gain was
calculated to be a reduction of two cancer cases per 1 million residents.

Feasibility

High feasibility, due to the practically non-existent economical cost, yet, low sufficiency
as a stand-alone technique.
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Appendix G.1.4. Oceangoing Vessels Speed Reduction (VSR)

Technique’s Description

Reduction of oceangoing vessels speed from cruise speed to below 15 nautical knots
can reduce air pollutants and greenhouse gases emissions. When this technique is applied
within 20–40 nautical miles from shore (VSR zone), a distinct improvement in air quality
can be measured onshore [34].

General Potential of Emissions Reduction

Potentially this technique can reduce CO, NOx, PM2.5 and SOx emissions by 60%, 55%,
70% and 70%, respectively, in the VSR zone. However, in the case of Haifa and Ashdod
ports, the potential is estimated to me much lower as most vessels’ typical speeds within
20–40 nautical miles are already moderate (lower than 15 knots).

Inputs and Costs

This technique can reduce the energy costs for vessels as their fuel consumption per
nautical mile improves.

Speed reduction in the VSR zone might mean a time penalty for the vessels, and longer
cruise time. However, proper cruise planning can eliminate this time penalty.

Cost Effectiveness

This technique is not sufficient as a stand-alone technique, yet on its own, is very cost
effective, as it can reduce costs for vessels, even without taking into account the benefits
from an improved air quality. Moreover, it does not require any costly modifications or
improvements in marine vessels or ports.

Feasibility

This technique has high feasibility, because it requires only a change in habit, no capital
investment, no time consuming vessels’ or ports’ modifications. It is already implemented
around the world (for example, in California).

However, based on an assessment we have performed regarding typical speeds of
vessels from various distances of both Haifa and Ashdod ports, it is estimated that 80–90%
of all the marine vessels within 25–30 nautical miles (~50 km) of the Haifa and Ashdod
ports usually sail at less than 15 nautical knots. Therefore, this technique is not expected to
significantly reduce the actual marine vessels’ emissions, at least in the near future.

Appendix G.1.5. Reduce Hotelling Time (RHT)

Technique’s Description

Reduction of hoteling time can reduce emissions in ports, in particular if implemented
on relatively more polluting vessels. It can be achieved by limiting hoteling time per vessel,
especially more polluting vessels. For example, to fine vessels that stay more than X hours
at port. It can also be achieved by improving cargo handling and monitoring equipment
and procedures that will reduce the time a vessel must stay in port to load and/or unload
cargo. For example: faster liquid (crude oil, fuel, water) pumping, modern container cranes
and faster passengers boarding on cruise ships.

General Potential of Emissions Reduction

Highly dependent on many factors, including the congestion at the port and how
it is occupied at every moment. It is our estimation that shortening the time of hoteling
and stand-by time of more polluting vessels can potentially reduce emissions in range of
10–25%. One of the more cost-effective ways of achieving such reduction is by allowing
relatively more polluting vessels to stand-by at longer distances form the port (at least 5 km
away from the port).
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Inputs and Costs

Can start with no investment, with only applying incentives for a short hoteling period
per ship (fines, hoteling cost per hour, etc.). However, a significant reduction in the hoteling
period can only be achieved with installing more efficient infrastructure and might require
substantial port operations change. These will cost a significant amount of money and will
take years to be implemented in the ports.

Cost Effectiveness

Medium-high cost-effectiveness.

Feasibility

Highly feasible, but not necessarily in Israel. Reduction of hoteling time can reduce
emissions in ports, in particular if implemented on relatively more polluting vessels. Not
sufficient as a standalone technique. Might not be relevant to Israel, as usually the ports are
full at all times, and there is a long queue of ships waiting to enter the ports (even prior to
the COVID-19 pandemic). RHT will probably reduce the line outside of the port but will
not be enough to reduce the average number of ships at each port. However, once the two
new ports in Haifa and Ashdod will operate at full capacity (2022–2023), the line outside of
the ports might be eliminated, and RHT might be relevant.

Appendix G.1.6. Distancing Stand-By Location

Most marine vessels in stand-by phase, wait at about 2 km from port. Distancing the
stand-by location to over 5 km (or even 10 km) from the shore, can reduce the amount
of air pollution that reaches the shore. Lowers all types of emissions that can reach the
shore significantly. This technique is not sufficient as a standalone technique. Since there
are dozens of ships at all times in stand-by outside of the Haifa and Ashdod ports, this
technique can be very effective, and costs nothing. We did not find evidence that this
technique is used around the world. however, Israeli port authority personnel did not raise
any concerns or objections to this technique.

Feasibility: very high. Does not cost anything, can be implemented immediately and
can be applied by any ship and port.

Appendix G.2. SOx Mitigation Techniques

SOx mitigation techniques reduce substantial SOx and PM emissions. Sometimes they
affect other emissions, for better or worse. These techniques are comprised of fueling with
low sulfur fuels (MGO, MDO, GTL, on-road diesel) or exhaust gas scrubbing.

Appendix G.2.1. Low-Sulfur Marine Gas Oil (MGO) Diesel Fuel

Technique’s Description

Many vessels use the cheap and “dirty” heavy fuel oil (HFO) diesel fuel that has a
2.8% sulfur content. This high sulfur content is responsible for high SOx and PM emissions.
Replacing the use of HFO, with low-sulfur (0.1–0.2%) marine gas il (MGO) or marine
distillate oil (MDO) diesel fuels, significantly reduces the mentioned emissions [29,103].
It is possible to permanently switch to a cleaner fuel, or to use the two fuel types in the
same vessel: a dirty fuel away from shore and ECAs and a cleaner fuel close to shore and
within ECAs. A report estimated that already in 2009 that at least 80% of all vessels have
the capacity to use the two fuels without any major modifications to the vessel. Therefore,
only the fuel cost is a factor for most vessels [103].

General Potential of Emissions Reduction

This technique can reduce PM and SOx emissions by 85% and 90%, respectively.
However, it does not reduce any other emissions, such as as NOx, CO and VOCs [29].
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Inputs and Costs

It costs about USD 50,000 to clean a vessel’s fuel tanks and fuel system and replacing
fuel filters etc., before switching to MGO. This is a one-time cost. Besides that, MGO is
more expensive than HFO [29,130]. It is notable that marine fuel must have a flashpoint
of at least 60 ◦C to comply with ISO 8217 and 2719, whereas MGO can have a flash point
between 57 ◦C and 69 ◦C. Therefore, only MGO with a flashpoint above 60 ◦C should be
used [29].

Depending on the engine power and normal operational speed, a newer report calcu-
lated the costs for installing the system in a new vessel to be between USD 34,000–90,000,
or USD 1.5–8 per kW. Retrofitting a vessel costs between USD 45,000–100,000 per vessel
USD or 2–1$ per kW [103]. Between 2006–2015, MGO was more expensive than HFO, by an
average of USD 275 per TOE (range of USD 100–350), or an average of 60% more expensive
(range of 63–82%) [100]. This solution is therefore very expensive.

Cost Effectiveness

Switching from HFO to MGO fuel, was found to be cost-effective for all examined
vessels even with the relatively low standard externalities calculation on 2004 [29].

Feasibility

This is one of the easiest techniques to implement. It is relatively not expensive,
does not require a significant change is infrastructure and vessels, and can be carried
out independently in every vessel independently of other vessels or ports. In 2015, a
designated North American Emissions Control Area was fully implementing. Within it,
only low sulfur marine fuels are allowed. This policy reduced PM emissions from marine
vessels by 75% [122].

However, because it is so easy to implement, it is harder to find if a vessel that has
switched to use MGO instead of HFO. To find out, one either needs to test the fuel onboard, or
take emission measurements. In other techniques, it is much easier to recognize compliance.

Appendix G.2.2. On-Road Diesel

Technique’s Description

In this technique, HFO or MGO are replaced with cleaner on-road diesel for use in
the vessels’ auxiliary engines. This fuel has only 0.3% sulfur and lower aromatic organic
compounds [29].

General Potential of Emissions Reduction

Replacing HFO or MGO with on-road diesel would reduce NOx emissions by 6%, PM
by 87% and SOx by 90% [29].

Inputs and Costs

Switching to on-road diesel can cause major fuel leakage and might not comply with
injectors. On-road diesel, that has a flashpoint of 52 ◦C and 60 ◦C, is not compliant with
ISO standards 8217 and 2719, which require that marine fuel must have a flashpoint of at
least 60 ◦C. Therefore, on-road diesel should be modified before using for hoteling [29].

Cost Effectiveness

Not clear.

Feasibility

Not too difficult to implement from an infrastructure point of view. However, there is
a need to modify engines, to modify the fuel and/or ISO standards before using this fuel
on marine vessels [29].
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Appendix G.2.3. Gas to Liquid (GTL) Fuel

Technique’s Description

Gas to liquid is the process of producing a synthetic diesel fuel out of syngas, a
mixture of H2, CO and CO2- through the Fischer–Tropsch reaction. Syngas itself can be
produced from natural gas, coal or biomass or plastic. GTL diesel has no sulfur or aromatic
compounds [29].

General Potential of Emissions Reduction

Compared to HFO and MGO, PM emission reduction is 13% and 87%, respectively.
There are no SOx emissions. Compared to on-road diesel, GTL emits 39% less CO and 5%
less NOx and no SOx [29].

Inputs and Costs

GTL diesel will be probably more expensive compared to HFO and MGO, with
comparable price to that of on-road diesel. The capital cost of a GTL facility is very high,
somewhere between USD 5–20$ billion [131]. It is assumed that switching to GTL fuel will
cost USD 50,000 per vessel to replace seals, pumps, lines, filters and to modify the fuel
system. As with on-road diesel, there are issues with GTL diesel volatility, flammability,
engine injector tolerance etc. [29].

Cost Effectiveness

Questionable. Efforts of using GTL are not negligible and yet only sufficiently reduce
SOx, while NOx must also be addressed.

Feasibility

As part of the national fuel choices initiative, Israel is considering production of GTL
from natural gas. However, GTL production facilities are very rare (less than a handful
worldwide), extremely expensive, and with little experience. Also, reduction in emissions
onboard, is offset by huge environmental impacts of the GTL facility [132–134]. Therefore,
until a GTL plant is in operation, this solution is irrelevant.

Appendix G.2.4. Exhaust Gas Cleaning Systems (EGCS, “Scrubbers”)

Technique’s Description

This technique uses seawater or fresh water to scrub the exhaust gas from SOx. It
can also remove NOx and PM to some degree. In open-system EGCS, the used water is
sometimes filtered, sometimes diluted and sometimes neither, before it is discarded to the
sea. This solution is an attractive and viable alternative for replacing high sulfur HFO with
low sulfur MGO fuel. There are closed system EGCS that can filter the used water and
store the “scrubber sludge” for discharge at port [103,135].

General Potential of Emissions Reduction

About 90–99% reduction in SOx emissions, and some NOx and PM emissions reduc-
tion [29,135]. A different study found only slight reduction of PM in one case, and even a
slight increase in PM in another [109].

Inputs and Costs

Installing scrubbers might be cheaper than switching from HFO to MGO [136], but
others found the opposite [130]. The decision should be case based, as there are many
factors that dictate the overall cost: fuels cost, scrubbers’ technology maturation and
reduction in cost over the years, number of years until decommissioning, size of vessel,
vessel operation and percentage of trip spent in ECAs [137].
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The cost of scrubber installation is estimated at USD 4–7 million per vessel [136], or
USD 80/kW for retrofit and USD 55/kW for new build [130]. However, an earlier EPA
report calculated the cost to be USD 422,000–1,720,000 per vessel, depending on the engine
power and normal operational speed or USD 35–94/kW [103].

An open-system EGCS used scrubbing water discarded to sea is acidic (pH 3), has
high temperature, contains contaminates, such as heavy metal, sulfuric acid and nitrate.

Closed systems must have a dedicated tank to store the “scrubber sludge”- up to
7 cubic meters (m3) for a 2700 passengers cruise ship per week [135]. Fuel consump-
tion is expected to rise by 1–3% due to the extra effort in pumping the sea water to the
scrubber [29,103].

Cost Effectiveness

The technique is cheaper than switching from HFO to MGO, but open-system EGCS
reduces the environmental cost-effectiveness [135].

Feasibility

High feasibility, and already in wide use [124,135,138,139].

Appendix G.3. NOx Mitigation Techniques

NOx mitigation techniques can substantially reduce NOx emissions. Sometimes
they affect other emissions, for better or worse. The techniques are based on reducing
combustion temperature (EDF, DWI, Fumigation, EGR), or exhaust gas scrubbing (SCR), or
engine retrofitting or replacement to Tier II–IV standards.

Appendix G.3.1. Emulsified Diesel Fuel (EDF)

Technique’s Description

In this technique, HFO or MGO are replaced in the auxiliary generator by emulsified
diesel fuel. Water and stabilizing surfactants are added to diesel fuel, turning it into an
emulsion. One option is to emulsify the fuel in advance, and keep it agitated in the tank. A
probably more cost-effective option is to emulsify the fuel right before it enters the engine.

The water keeps the combustion temperature lower, and therefore less NOx is pro-
duced. It is theorized that reduction in PM emissions is due to fuel drops shattering when
they heat up and the water in them explodes into steam [29].

General Potential of Emissions Reduction

This technique can reduce 14% NOx, 63% PM and 25% VOC of emissions [29]. A
newer report stated that up to 50% of NOx reduction is possible. However, high reduction
percentage is possible only during low engine load [103].

Inputs and Costs

Usually, water comprises 15% of the emulsified fuel. This reduces the energy content
of the fuel. It is estimated that emulsified fuel will cost 35–50% more than regular fuel, due
to the lower energy content, the fuel production and fuel agitation.

It is assumed that switching to emulsified fuel will cost $50,000 per vessel to replace
seals, pumps, lines, filters and to modify the fuel system. If the emulsified fuel is produced
onshore, and kept agitated in the vessel’s tanks, a capital cost of $450,000 is added to
account for the service barge or for the on-shore fueling station. Therefore, the maximal
total capital cost is about USD 500,000 per vessel. Sharing a service barge or an onshore
fueling station between more than one vessel reduces the capital cost significantly. Even
better, if emulsifying the fuel is prepared onboard only prior to its injection into the engine,
the capital cost plummets even further.

Storage of emulsified fuel is difficult and expensive, due to natural separation of fuel
and water. There is also uncertainty regarding engine durability and lube oil changes
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due to the emulsified fuel [29]. Depending on the engine power and normal operational
speed, a newer report calculated the cost of installing an emulsifying system to be between
USD 86,000–210,000 per vessel, or USD 4–19 per kW [103].

Cost Effectiveness

Half of the 12 vessels tested for using emulsified fuel are cost-effective with regard to
externalities calculation in 2002. This number rises when more than one vessel are sharing
a service barge or an on-shore fueling station, or when an on-board emulsifying system is
installed [29].

Feasibility

This is one of the easiest techniques to implement. It is relatively not expensive, does
not require a significant change is infrastructure and vessels, and can be carried out in every
vessel independently of other vessels or ports. However, because it is so easy to implement,
it is difficult to establish whether a vessel has actually switched to use emulsified fuel. In
order to find out, one needs to either test the fuel onboard, or take emission measurements.
In other techniques, it is much easier to recognize compliance.

Appendix G.3.2. Direct Water Injection (DWI)

Technique’s Description

A combustion modification technology for reducing NOx emissions. In this technique,
fresh water is injected independently into the cylinder to cool down the combustion
temperature. This technique is most efficient over a 40% engine load [103].

General Potential of Emissions Reduction

A 0.4–0.7 water/fuel ratio can reduce NOx emissions by 50–60%.

Inputs and Costs

The technique requires 20–50% rise in freshwater production from sea water, and
appropriate storage facilities. It rises fuel consumption. Depending on the engine power
and normal operational speed, installing DWI costs between USD 185,000 and 1,115,000 per
vessel, or USD 23–41/kW [103].

Cost Effectiveness

Relatively cost-effective yet limited in its emission reduction potential.

Feasibility

This is a mature technology, with some experience in marine vessels. This technique is
relatively cheap, simple, does not require a lot of space to additional facilities, and can be
shut down without an impact on the running engine performances. It is easy to install, and
can even be installed when the ship is in operation [103].

Appendix G.3.3. Fumigation

Technique’s Description

A combustion modification technology for reducing NOx emissions. In this technique,
water is heated to create vapor/fumes that is added to the air injected to the engine. The
extra fumes lower the combustion temperature and reduce NOx formation. In contrast to
SCR, no warm-up time is necessary for proper operation. A variant of this technique can
be used with high sulfur fuels (up to 4.5%), in contrast to SCR that can operate only with
low sulfur fuels [103].
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General Potential of Emissions Reduction

A 50–80% reduction in NOx emissions can be achieved, depending on the technique
variant [103].

Inputs and Costs

Depending on the engine power and normal operational speed, installing fumigation
costs between USD 170,000 and 1,085,000 per vessel, or USD 22–42/kW.

Because the systems use engine heat to increase the water content in the air for
combustion, additional boiler capacity may be needed for other needs. The system uses a 2
to 3 water to fuel ratio. Depending on the technique, either fresh or sea water is used [103].

Cost Effectiveness

Could be more cost-effective in smaller marine vessels and other cases where 70–80%
of emission reduction can be achieved while investment costs are at the lower ends (USD
200,000–400,000 per vessel)

Feasibility

There is relatively plenty of experience with this technique in small marine vessels
(e.g., ferries).

Appendix G.3.4. Exhaust Gas Recirculation (EGR)

Technique’s Description

A mature combustion modification technology for reducing NOx emissions. In this
technique, a part of the exhaust gas is recirculated back into the engine cylinders. The
exhaust gas is poor in oxygen and richer with inert gases compared to regular air. This
lowers the oxygen concentration in the cylinders, the heat produced and the NOx emissions.
The penalty is in fuel consumption. The technology is confirmed by engine manufactures
to reach Tier III level [99,140]. It is less efficient compared to SCR, with less experience on
marine vessels [103]. Less prevalent than SCR.

General Potential of Emissions Reduction

This technique can reduce NOx emissions by 70%, reaching Tier III standards [99,103].

Inputs and Costs

Compared to SCR, EGR is usually cheaper per vessel and per kW. Indeed, a report
by the EPA has calculated the cost (USD 2006) of EGR to be between USD 86,000 and
251,000 per vessel with 4.5 MW to 48 MW engine power. The cost per kW, is between USD
5–19/kW, depending on the engine size and on the normal operational speed [103].

Cost Effectiveness

A new report calculated the cost of EGR per kg of NOx removed to be EUR 0.49–5.49/kg
NOx for a new vessel (similar to that of SCR), but with higher uncertainty, due to lack of
experience with the technique [104]. Another report calculated the cost of implementing
EGR and estimated figures between EUR 0.21–1.194/kg of reduced NOx [99]. Therefore, if
one desires only to comply with Tier III requirements, one should install EGR. However, if
one desires to reduce NOx emissions as much as possible, SCR is more compatible.

Feasibility

Medium to high. EGR installation requires an investment by ships. However, the
installation time and cost are shorter and cheaper, respectively, compared to SCR [140].
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Appendix G.3.5. Repowering with US EPA Tier II, III and IV Engines

Technique’s Description

Tier 0, I, II, III and IV standards permit a decreased limit of air pollution emissions per
kWh, from marine vessels’ engines. The higher the Tier, the lower the permitted emissions.
Replacing old and/or dirty engines with lower-emitting US EPA Tier II marine engines is
widely used in the USA. Even better is to repower vessels with newer and cleaner Tier III
and IV [29,123,141].

General Potential of Emissions Reduction

This technique reduces NOx emissions (and in some cases, also PM). Compared to
Tier I, Tier II can reduce NOx emissions by 15–20%, Tier III by 75–80%, and Tier IV by 90%
(see Figure A1) [29,109,141].

Inputs and Costs

Depending on the engine power and normal operational speed, retrofitting a Tier 0
engine to a Tier I standards, costs between USD 11,000 and 36,000, or USD 0.6–1.6/kW.

Minor retrofitting of a Tier I engine to a Tier II standards, costs between USD 8000
and 13,000 or USD 0.3–1.8/kW. Engines with a mechanical fuel injection must replace it
with common rail fuel injection to comply with Tier II standards. This modification costs
between USD 68,000–260,000, or USD 5–17/kW. Engines with an electronic fuel injection,
must replace it with common rail fuel injection to comply with Tier II standards. This
modification costs between USD 26,000–81,000, or USD 2–6/kW. Minor retrofitting of
a Tier II engine to a Tier III standards, costs between USD 52,000 and 130,000, or USD
3–12/kW [103]. Repowering with US EPA Tier 2 costs USD 7500–310,000 (average USD
75,000) per vessel to replace an engine [29].

Cost Effectiveness

Depending on the engine power and normal operational speed, retrofitting a Tier 0
engine to a Tier I standards has a cost-effectiveness of USD 11–24 SDR/MT NOx [103].

Feasibility

This technique is suitable for small marine vessels (tugboats, barges, ferryboats), but
not for long distance cargo and cruise vessels [29].

Appendix G.3.6. Selective Catalytic Reduction (SCR)

Technique’s Description

A relatively matured after treatment technique for reducing NOx emissions in marine
vessels. NO2 is reduced to N2 gas over a catalyst in the exhaust system, by an added
reducing agent (urea/ammonia) [99]. This technique requires a warm engine in order to
operate (210–500 ◦C), and therefore NOx reduction does not occur upon engine restart.
SCR is not suitable for use with sulfur-rich fuels (HFO), as it leads to corrosion and process
malfunction [103].

General Potential of Emissions Reduction

This technique can reduce NOx levels by 70–98% compared to Tier I engines, to
2–3.5 g/kWh [99,103] (see Figure A1).

Inputs and Costs

For an average vessel with 13.4 MW engine, that uses 5000 MWh per year, the in-
vestment costs are (EUR 2010): EUR 61/kW for a SCR in a new vessel, or EUR 89/kW
for retrofitting an existing vessel with SCR. The total average costs are 711,000 and EUR
1,030,000 per new and retrofit vessel respectively. The operation and maintenance costs are
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EUR 2.7/MWh [104]. The EPA has calculated similar costs (USD 2006), ranging between
USD 390,000 and 2,080,000 per vessel with 4.5 MW to 48 MW engine power. The cost
per kW, is between USD 39–87/kW, depending on the engine size and on the normal
operational speed [103].

Cost Effectiveness

The total cost per kg of removed NOx is between EUR 0.49–5.49 and 1.57–7.82/kg
NOx for a new and a retrofitted vessel, respectively. The low values are calculated for up to
25 years of operation and/or investment, while the high values are calculated for as low as
5 years of operation and/or investment. The longer the remainder expected life time of the
vessel, the lower the cost per kg of NOx reduced [104]. Another estimation for the cost of
implementing SCR is between EUR 0.151–2.025/kg of reduced NOx [99].

Applying this technique to comply with a North and Baltic Seas NECA, has a benefit-
cost ratio of 0.99–11.6. Applying this technique to comply with a North and Baltic Seas
NECA and a levy on NOx emissions, has a benefit–cost ratio of 0.97–5.2. Low values are for
vessels with a low number of years remaining in operation, and high values are for vessels
with a high number of years remaining in operation [104].

Feasibility

This technique is not easy to implement. Tier 0 vessels are too old to implement it. Tier
I and II vessels will have to pay more than a million € for a retrofit, not to mention at least
a few weeks of retrofitting instead of operating. Without specific limit standards, fleets
are not expected to adopt this technology. Nevertheless, this is the leading NOx reduction
technique in use today, with the most experience and range of vessels.

Appendix G.4. Mitigation Techniques Summary

Tables A33–A35 summarize holistic, SOx and NOx emissions mitigation techniques,
respectively.
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Table A33. Holistic mitigation techniques.

Technique
Name

Emission Mitigation Potential
Cost (USD) Sufficiency and Relative Cost Effectiveness

(NIS/Ton Reduced Pollutant) Remarks
SOx PM VOC NOx

ESP—Electric
Shore power 100% 100% 100% 100%

300,000–200,000 per vessel
400,000–5,000,000 per berth
0–5,000,000 per electric net.

0–600,000 for O and M [29,33,98]

Highly sufficient.
Medium to high cost-efficiency [38,98].

Eliminate all pollutants
during hoteling time (the
biggest operation-regime

contributor to air pollution
from the Haifa and Ashdod

ports).

Natural
gas/dual fuel 99% 94% 90% 90%

240,000–4,625,000$ per vessel
(184/kW) [29]. LNG price is

usually within 15% of HFO price
[99,100] 50,000,000 per LNG

facility [101].

Highly sufficient.
Medium to high cost-efficiency [99].

Emission mitigation applies
for all operational regimes

(natural gas), or when close
to shore (dual fuel).

LNG fuel is still not widely
available.

SOI—Ship
onboard

incineration
- Some - Highly cost-effective, but not sufficient as a standalone

technique
Does not affect the main

emission source (the engine).

VSR—Vessel
Speed

reduction
70% 70% 55% Highly cost effective, but not sufficient as a standalone

technique

Mitigation is only for sailing.
80–90% of vessels within 25
nautical miles of Israeli ports,

usually sail at low speed.

RHT—Reduced
Hoteling Time

Highly cost effective, but not sufficient as a standalone
technique

Mitigation is only for
hoteling phase.

Distancing
stand-by
location

~90% ~90% ~90% ~90% No cost Not sufficient as a stand-alone technique, but very high
cost-effectiveness.

Mitigation is only for the
stand-by and maneuvering

phase. Very relevant for
Israel, as dozens of ships

always wait in-line outside
the ports.
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Table A34. SOx mitigation techniques.

Technique Name
Emission Mitigation Potential

Cost (USD)
Sufficiency and

And Relative Cost- Effectiveness
(NIS/Ton Reduced Pollutant)

Remarks
SOx PM NOx

MGO 90% 85%

New build 34,000–90,000 (1.5–8/kW)
Retrofitting 45,000–100,000 (2–10/kW) [103]

MGO price is usually 60% more expensive than
HFO [100]

Highly sufficient.
Medium to high cost-efficiency [29]

On-road diesel 90% 87% 6% Vessel modifications 50,000 [29]
More expensive than MGO.

Highly sufficient.
Medium to high cost-efficiency

GTL 100% 87% 13%
Vessel modifications 50,000 [29]

GTL facility CAPEX is very high: 5–20 billion [131]
GTL is more expensive than MGO.

Highly sufficient.
low cost-efficiency

The substantial environmental impact of
a GTL plant should also be considered

[142]

EGCS 80–99% 400,000–7,000,000 or 35–94/kW (more expensive
for retrofitting) [103,136]

Highly sufficient.
Can be more cost-effective than

switching to MGO

Open systems can cause SOx and heavy
metals sea pollution [135]
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Table A35. NOx mitigation techniques.

Technique Name NOx Emissions Mitigation Cost (USD) Per Vessel (or Per kW) Cost-Effectiveness ($/Ton of
Reduced NOx)

Remarks

EDF 10–50% 86,000–210,000 (4–19/kW) [103] Low to medium sufficiency.
Low to medium cost-efficiency Compatible with Tier II.

DWI 50–60% 185,000–1115,000 (23–41/kW) [103] Medium sufficiency.
Low to medium cost-efficiency Compatible with Tier II.

Fumigation 50–70% 170,000–1085,000 (22–42/kW) [103] Medium sufficiency.
Low to medium cost-efficiency Compatible with Tier II–III.

EGR 70% 86,000–251,000 (5–19/kW) [103] Medium to high sufficiency.
High cost-efficiency [99,140]

Compatible with Tier III. Some
experience in marine vessels.

SCR 70–98% 500,000–1300,000 retrofit (112/kW) [104]
390,000–2080,000 new (39–87/kW) [103]

Highly sufficient.
Medium to high cost-efficiency [99]

Compatible with Tier III–IV.
Plenty of experience in marine

vessels.

Engine retrofitting from Tier I to II,
III.

Tier II 20%
Tier III 80%

Tier IV 90% [29,109,141]

Retrofitting to Tier II: 8000–260,000$
(0.3–17/kW) [103]

Replacing to Tier II: 7500–310,000 [29]
Retrofitting to Tier III: 52,000–130,000

(3–12/kW) (not including adding SCR
or EGR) [103]

Low to high sufficiency.
Medium to high cost-efficiency

Full replacement to Tier III engine is
more expensive. New Tier III

engines include SCR, EGR or LNG
technologies.
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