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Abstract

Maritime transport is responsible for about 2.5% of global greenhouse gas emissions representing around 1000 million tons of
CO, annually. The situation of shipping emissions that strongly depends on future economic grows is aggravated by the fact
that global green house gas (GHG) emissions are predicted to increase between 50 and 250% by 2050. This is not compatible
with the internationally agreed goal of keeping global temperature increase below to 2 °C compared to pre-industrial levels,
which requires worldwide emissions to be at least halved from 1990 levels by 2050. Furthermore, ship owners are facing
barriers implementing energy efficiency technologies to reduce CO, mainly due to reliability, and financial and economic
constraints as well as due to the complexity of change. Energy consumption and CO, emissions of ships could be reduced
by applying operational measures and implementing existing technologies. Further reductions could be achieved by imple-
menting new innovative technologies. The aim of this study is to compare and review low carbon and advanced technolo-
gies that may help to reach international GHG reduction goals. A comparison table describing the different technologies,
the estimated capital cost, technology readiness as well as the potential GHG reduction is drawn. The table also indicates
if the technology suits better to new projects or to retrofitting. The comparison may help the key players to select the most
convenient technology for their new projects. It will also be helpful for conversion of existing vessels.

Keywords GHG emissions - Low carbon technologies - New innovation technologies - GHG reduction goals - Shipping -
Maritime transport
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1 Introduction

In January 2017, the world ship merchant fleet dedicated
to international trade grew by 4%, the fastest growth in
five years, and reached 1.92 billion DWT that consisted of
94,171 sea-going vessels above 100 GT. The sea shipping
industry is responsible for more than 80% of the world
trade representing a total international cargo over 10.7
billion tons [1]. Consequently, it produces growth of fuel
consumption and green house gas (GHG) emissions at sea.
The GHG emissions of ship engines have raised the con-
cern of the International Maritime Organization (IMO) on
the consequences for the environment and human health.

The transport sector produced approximately 27% of
GHG emissions primarily coming from burning fossil fuel
for cars, trucks, ships, trains, and planes. Over 90% of fuel
used for transportation is based on products derived from
petroleum including gasoline and diesel [2].

Meanwhile, the maritime transport is responsible for
about 2.5% of global GHG emissions, including mainly
carbon dioxide (CO,) with around 1000 million tons annu-
ally, methane (CH,) and di-nitrogen oxide (N,0). The situ-
ation of shipping emissions that strongly depends on future
economic grows is aggravated by the fact that global GHG
emission is predicted to increase between 50% and 250%
by 2050. Therefore, it would represent at that time about
17% of the global GHG emissions [3].

This increase is not compatible with the internationally
agreed goal of “taking urgent action to combat climate
change and its impacts,” this includes keeping global
temperature increase below 2 °C, as agreed in the Copen-
hagen (2009) and Paris accords (2015), which requires
worldwide emissions to be at least halved from 1990 lev-
els by 2050 [4-6]. It is worst to be mentioned that future
scenarios demonstrate that significant reductions are
needed to mitigate emissions due to the predicted growth
in seaborne trade [7]. For these reasons, shipping has been
given increasing attention over the past few years and has
been recognized as a growing problem by both policy-
makers and scientists.

Merchant ships in international traffic are subject to
International Maritime Organization (IMO) regulations.
Emissions from ships in international trade are regulated
by ANNEX VI of MARPOL 73/78 (the International Con-
vention for the Prevention of Pollution from Ships). IMO
has declared the goal of a 30% NOy reduction from inter-
nationally operating vessels and introduced a NOy limit-
ing curve in Annex VI published in 1998, which depends
on engine speed. From 1st January 2000, all new marine
diesel engines for new vessels should comply with this
regulation (NOy optimized engines). Annex VI entered
into force in May 2005, and sets limits on sulphur oxide
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and nitrogen oxide emissions from ship exhausts and pro-
hibits deliberate emissions of ozone-depleting substances.
On the same day, a global cap of maximum 4.5% on the
sulphur content of fuel oil became mandatory for all ships.
In addition, the first sulphur emission control area (SECA,
with a maximum fuel sulphur content of only 1.5% sulphur
content) in the Baltic Sea entered into force in May 2006,
while the North Sea and English Channel SECAs entered
into force in August—-November 2007. In 2012, limits on
sulphur oxide have been set to 3.5%.

The decision to implement a global sulphur cap of 0.5%
in 2020, revising the current 3.5% cap (outside SECAs),
was announced by the IMO on 27th October 2016. This
bunker change applies globally and will affect as many as
70,000 ships.

Recently, new initial strategy on the reduction of GHG
emissions from ships has been defined during the 72nd.
session of the Marine Environment Protection Committee
(MEPC) of the IMO organized from 9 to 13 April 2018. The
official statement from IMO says the following: “The vision
confirms IMO’s commitment to reducing GHG emissions
from international shipping and, as a matter of urgency,
aims to phase them out as soon as possible in this century.
More specifically, under the identified levels of ambition, the
initial strategy envisages for the first time a reduction in total
GHG emissions from international shipping which should
peak as soon as possible and to reduce the total annual
GHG emissions by at least 50% by 2050 compared to 2008,
while, at the same time, pursuing efforts towards phasing
them out entirely.”

2 The use of low carbon technologies

International and national regulations call for even more
stringent limits than those presented in the introduction of
this document. As a result, compliance with emission regu-
lations through technological improvements will impact ship
operators and the technology in use, and will thus impact on
the emissions. Future scenarios that consider possible emis-
sion reductions and improvements of fuel efficiency should
also be considered.

The potential for emission reductions through techno-
logical improvements, alternative fuels, and ship modifica-
tions is significant [7]. Several technologies and alternative
fuels may reduce ship emissions for both new and existing
engines. Emission control strategies for the shipping fleet
have not been widely adopted in the absence of policy meas-
ures, making their ultimate performance across the fleet less
certain. Policy-makers are debating the trade-off between
regulations that are based on technology and performance

One currently observes that the maritime transport actors
are facing obstacles to reduce emissions such as reliability
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of technologies, financial and economic constraints, and
complexity of change to implement energy efficiency
technologies.

Energy consumption and emissions of ships could be
reduced by applying operational measures, implementing
existing technologies or innovative solutions. The Intergov-
ernmental Panel on Climate Change (IPCC) recommends
that the impact of the projected growth in world trade on
freight transport emissions may be partly offset in the near
term by more efficient vehicles, operational changes, slow
steaming (SS) of ships, and eco-driving and fuel switching
[8]. Several studies refer to maritime transport and propose
different ways to prevent or reduce pollution seeking to com-
ply with IMO regulation and the recommendations of the
IPCC.

Optimization of various ship systems other than the
engines such as propeller, rudder, and hull are promising
options to reduce fuel consumption rates and, with them,
CO, emissions, see Fig. 1.

The energy-reduction potential, and therefore the emis-
sion reduction potential, of an optimized hull shape and a
better propeller for a new ship are estimated to be up to 30%
[10-15]. It is worth to be mentioned that some disruptive
technologies are becoming available commercially such as
bubble lubrication of the ship hull developed by Mitsubi-
shi Motors. This system reduces the hull friction and fuel
consumption.

Proper ship maintenance can ensure that the vessel oper-
ates efficiently [16]. As observed in Fig.1, the most effective
way to reduce fuel consumption and CO, emissions from
ships is reducing and optimizing the vessel speed and adjust
ship routes to avoid heavy wind [17-19].

There are important studies [20-23] that deal with the
use of speed reduction practice in liner shipping focusing
economic aspects. Some studies [19, 20, 24-26] refer on one
positive effect of speed reduction also called slow steaming

Fig. 1 Potential fuel and CO,
reductions from various tech-
nology approaches for shipping
vessels [9]

Operational

Weather routing 1-4%
Autopilot upgrade 1-3%
Speed reduction 10-30%

(SS) is the reduction of GHG emissions, that are propor-
tional to the amount of fuel burned. This kind of operational
measure can give positive effects on the fleet’s fuel con-
sumption in a short time and consequently fewer emissions.
Moreover, it has low investment cost and can be applied to
all ships [27].

There are a number of alternative fuels that can be used in
marine service. Primary fuel sources are fossil fuels, petro-
leum, goal, and gas. Fuels derived from petroleum are com-
monly considered alternate marine fuels to heavy residual
oil (marine bunkers). These include low sulphur residual
fuels, marine distillates and blends, bio-oils, and bio-diesels.
However, the improvement of fuel quality or the use of inno-
vative cleaner fuels (bio-gas, fuel cell and battery, hydrogen
fuel and liquefied natural gas) may take considerable more
time to be implemented [28—33]. Nonetheless, this trend will
definitively conduce to the green shipping concept.

The use of low-sulphur but high-cost fuel will be a con-
siderable improvement in the maritime industry. In the next
years, this will probably change as ship fuels are progres-
sively becoming de-sulphurized [34]. The higher oil prices
and stricter regulations on emissions open a new market of
alternatives fuels [35-37].

The aim of the study is to compare and review low car-
bon and advanced technologies that may help to reach inter-
national GHG reduction goals. In particular, this paper is
focusing on the fuel switching from heavy fuel oil (HFO) to
liquefied natural gas (LNG).

3 Methodology

In this section, the LNG is selected as a potential marine
low emission fuel and compared with other traditional
fuels. Then three case studies are reviewed and analysed to
show the applicability of LNG as main propulsion fuel for

Aerodynamics

Air lubrication 5-15%
Wind engine 3-12%
Kite 2-10%

Auxiliary power

Efficient pumps, fans 0-1%
High efficiency lighting 0-1%
Solar panel 0-3%

Thrust efficiency
Propeller polishing 3-8%
Propeller upgrade 1-3%
Prop/rudder retrofit 2-6%

Hydrodynamics

Hull cleaning 1-10%

Hull coating 1-5%

Water flow optimization 1-4%

Engine efficiency

Waste heat recovery 6-8%
Engine controls 0-1%

Engine common rail 0-1%
Engine speed de-rating 10-30%
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different types of ships. Finally, the infrastructure facilities
of the ports for LNG bunkering are reviewed.

3.1 LNG as maritime fuel

One of the driving factors behind the push towards alter-
native fuels like LNG from heavy fuel oil (HFO) can be
owed to decisive environmental regulations set out by the
International Maritime Organization (IMO). Starting Janu-
ary 2020, a global sulphur cap of 0.5% will be imposed on
ships trading outside of emission control areas. Currently,
this limit is capped at 3.5%.

When switching usage from HFO to LNG, there is a
significant reduction of emissions. The sulphur oxides are
completely removed, nitrous oxide is significantly reduced
and the so-called local emissions particles are basically
eliminated. That is clearly one of the major benefits which
is enabling shipping to become more green.

LNG is a fossil fuel that contains methane as the primary
component. The world production of natural gas is increas-
ing by an average of 2.1% per year, while world consumption
by 1.7% per year. This increment indicates that natural gas
could be an alternative more sustainable than other tradi-
tional liquid fuels such as heavy fuel oil (HFO) [38].

Figure 2 illustrates the CO, footprint of various fuels.
GHG are measured as CO,-equivalent emissions. As seen
in Fig. 2, LNG as marine fuel could reduce greenhouse gas
up to 21%.

However, the release of un-burned methane (so-called
methane slip) could reduce the benefit of LNG over HFO
and MGO because methane (CH,) has 25 to 30 times the
green house gas effect compared to CO,. Nevertheless,
engine manufacturers claim that the Tank-to-Propeller (TTP)

Fig.2 CO, emissions of fuel
alternatives in shipping [39]

Biogas (97% methane — liquefied)
Biodiesel

Methanol (from black liquor)
Methanol (from CH4)

LNG (from Qatar used in Qatar)
LNG (from Qatar used in Europe)
Oil fuel MGO)

Oil fuel (HFO)

B TTP — Tank to propeller
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Hydrogen (liquid — from water)
Hydrogen (liquid — from CH4)

CO ,-equivalent emissions of Otto-cycle dual-fuel (DF) and
pure gas engines are 10 to 20 percent below the emissions of
oil-fuelled engines. Diesel-cycle gas DF engines have very
low methane slip, and their TTP emissions are very close to
those in the illustration [39].

According to the fuel prices (March 2013), the price of
natural gas in $/MMBtu is almost equal to half the price of
crude oil. Natural gas gives the same crude oil energy. This
means that the use of natural gas as a fuel source, for the
transportation sector, including marine applications could
be less expensive than using traditional crude oil fuel [28].

However, it is not all smooth sailing for LNG becoming
the future shipping fuel. Many in the industry believe that
competitive oil prices, as they are currently, may yet affect
the interest in LNG as a fuel source. However, it is not all
smooth sailing for LNG becoming the future shipping fuel.
Many in the industry believe that competitive oil prices, as
they are currently, may yet affect the interest in LNG as a
fuel source.

The greatest resistance, though, to LNG being adopted
globally is the lack of infrastructure and bunkering facilities.
But there is a way around the problem. Leader companies
are providing dual-fuel engines that can run on both LNG
and conventional LFO, HFO, or liquid biofuels. LNG as
fuel is now a proven and available solution. The commer-
cial opportunities of LNG are interesting for various new
build and conversion projects. In the last 13 years, the LNG-
fueled ship fleet is growing, see Fig. 3 [40]. Figure 3 shows
the development of LNG-fueled fleet that started in 2000. It
can be observed that in 2015 around 76 ships were operat-
ing with LNG meanwhile 88 were operating in 2018. The
forecast for 2026 is to reach a number of 357 LNG-fueled
ships [40, 41].

LPG
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It is expected that the price of the 0.5% sulphur cap fuel
is going to be somewhere in between HFO and marine gas
oil (MGO). This will offer an additional incentive to ship
owners thinking about switching to LNG, in order to achieve
compliance with the upcoming sulphur cap [32]. In ECAs,
restrictions on the use of more efficient and less polluting
fuels are already a requirement. In these areas, the use of
MGQO is also beneficial. The use of LNG-fueled ships as a
less contaminant vehicle is also a strong argument for fuel
switching, especially in coastal and sensitive ecosystems;
it offers multiple advantages to both human health and the
environment.

Several studies analysed the cost of LNG implementa-
tion in the ships and the effect on emissions with this fuel
switching. Some case studies on the implementation of LNG
as fueled ship are going to be presented in the next section.

3.2 Case studies

This study is reviewing how the implementation of LNG as
fuel improves the reduction of emissions in maritime trans-
port and their economic advantages.

3.2.1 LNG as marine fuel for fishing vessels

The potential use of LNG in Norwegian waters by fishing
vessels is an important alternative because this type of ship
is contributing to approximately 10.2% of the fuel consumed
by ships in 2013 [29].

The regulations and agreements in Norwegian waters are
incentivizing to reduce the emissions from fishing vessels
and to develop greener fisheries. The main parameters of the
case study are listed in Table 1 [29].

Year of delivery

Table 1 Main parameters of the scenario of the case study on fishing
vessels [29]

Description Value
Length overall [m] 33.18
Breadth [m] 7.2
Depth [m] 5.96
Gross tonnage 279
Main engine power [kW] 760
Days at sea in 2012 (6 days per round trip) 280
MGO consumption in 2012 [L] 407,030
Catch in 2012 [kg] 164,454

The main parameters present in Table 1 refer on a coastal
shrimp trawler operating in Norway, it operates within 250
nautical miles of shore and its engine power is greater than
750 kW, it is liable to NOy, SOy, and CO, taxes.

Therefore, fuel switching by LNG can reduce these costs.
The emissions and fuel annual costs are resumes in Table 2.

The calculation of NOy emissions and total fuel cost
show that the use of LNG fuel is more convenient than
MGQO, see Table 2. In this analysis, the additional cost by
LNG implementation is covered by the Norwegian NOy tax
and fund system promotes switching to LNG propulsion.

The annual fuel saving from the use of LNG instead of
MGO was approximately 49%. Therefore, the saving in
emissions annual tax is about 64,800 USD, see Table 2.

Finally, the case study shows a net present value (NPV)
and life cycle cost (LCC) calculations. It concludes that an
investment of LNG is economically more beneficial than a
conventional investment, and the payback time is around 4
years.
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Table 2 Calculation of emission costs and the total fuel cost [29]

Parameters MGO LNG
Engine cost [MUSD] 0.21 0.43

LNG tank cost [MUSD] 0.32

Hull modification cost [MUSD] 0.37
Annual fuel consumption [ton] (1) 350.05 326.55
Fuel price (on August 2018 [USD/M3]) 2) 705 329.66
Annual fuel cost [USD] (3)=(1)*(2) 286,267.46 139,944.77
Annual NOy emissions [ton] 18.90 1.89

NOy tax rate of [USD/kg] 2.45 0.46

Annual NOy tax [USD] 46,311.06 869.4
Annual SOy tax [USD] 13,180 0
Annual CO, tax [USD] 6260 0

Table 3 Main parameters of the scenario for the case study 2 RORO
ship [33]

1,60
1,40 -
1.20 EDFDE DE  ZIMO Rates

1,00 -

0,60 -
0,46

0,40 - 0288 031 0,34

Z
0,20 - 7
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Type of Emissions

Emissionsin [kg/min]

Fig.4 Comparison of SOy and NOy emissions with IMO rates

Table 4 Comparison between the total annual emissions of DE and
DF

Description Value

Description Value

IMO number 9266487

Year of built 2005

Length (LOA) [m] 139.5

Length (BPP) [m] 123

Breadth [m] 23.6

Depth (to upper deck) [m] 16.5

Port of registration Alexandria

Gross tonnage [GT] 13569

Service speed [kt] 17

Main engine type MAN B&W

Power (MCR) 2 x 4320 kW at 750 RPM
Diesel generators 2 x 250 kW at 1200 RPM
Number of trips per year 200

Trip time [h] 14

3.2.2 LNG as marine fuel for RORO cargo vessel

The potential use of LNG in medium-speed RORO cargo
vessel operating in the Red Sea is a solution from environ-
mental and economic improvements [33].

The use of LNG option, for reducing exhaust gas emis-
sions from ships to comply with IMO new regulations are
evaluated. The main parameters of the case study are listed
in Table 3 [33].

The main parameters present in Table 3 refer on a
medium-speed RORO cargo vessel operating in the coats
of Red Sea between Hurghada port in Egypt and Duba port
in Saudi Arabia.

The economic and environmental benefits using LNG
conversion system and Dual-fuel engine (DFDE) are dis-
cussed in this study and compared with standard diesel
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Engine type Total annual emissions SOy~ NOx [ton]
[ton]

DFDE 3.84 52.48

DE 76.83 255.53

engines (DE). The proposed DFDE will operate with a mix-
ture of 95% of natural gas and 5% of pilot diesel fuel oil in
manoeuvring and cruise modes.

The SOy and NOy emissions are calculated for the two
engines types, then they are compared with IMO SOy rates
required for 2020, and IMO NOy (TIER III) rates required
for 2016, see Fig. 4.

Figure 4 shows the environmental benefits of the DFDE
compared with DE. The annual emissions of SOy and NOy
show the advantage of DFDE in the particular case of this
RORO ship. The converted engine used in the study has a
lowered rate of emissions and comply with the IMO regula-
tion, see Table 4.

In this case study, NOx, SOy, CO,, and PM emission rates
are calculated for DFDE and the percentage of emissions
compared with the DE are also shown in Fig. 5.

Finally, LNG conversion proved to be economically via-
ble and considerably reduces the NOy and SOy emissions,
see Table 4 and Fig. 5.

3.2.3 LNG as marine fuel for CO, carrier

The potential shipping routes of CO, carriers are in ECAs
where HFO is not accepted as a marine fuel. This assessment
is based on a comparison study with CO, carriers utilizing
MGO and LNG as fuel. The main parameters of the case
study are listed in Table 5 [32, 42].
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Table 5 Main parameters of the scenario for the case study on CO,
carriers [32]

PM emissions
- -DFDE [ratest/trip ]

SOx emissions CO2 emissions

mmDE [%]

The main parameters present in Table 6 of the CO, ship-
ping scenario are referring on a previous report by Skagestad

Description Value et al. [42] showing previous researches about CO, shipping
in Europe. The ship price, total CO, emissions, and the study
Description Value of the annual cost index are resumed in Table 6.
CO, transport in a year [ton] 850,000 The calculation of emissions and total cost index is show-
Voyage distance (nm) 600 ing that the use of LNG fuel is more convenient than MGO,
Voyage distance (km) 1111 see Table 6. In this analysis, the annual cost index does not
Ship speed (kt) 16 include other OPEX factors.
Round-trip voyage time (days) 6 The cost of the LNG system can vary between + 10 and
No. of voyages per a year [time] 58 + 25% of the reference cost, see Table 7.
Daily fuel oil consumption (ton/day) 2729 Table 7 shows that in this particular case the fuel switch-
Daily fuel gas consumption (ton/day) 2232 ing from MGO to LNG is not convenient economically. Nev-
ertheless, the total annual cost index per ton of CO, avoided
of LNG-fueled ship is lower than that of reference scenario,
see Fig. 6.
Tab]e 6 Calculation of Fuel type MGO LNG
emissions and the total cost
index [32] Oil fuel consumption per an hour (1) [kg/h] 1137 930
Voyage time (2) [h (6 days)] 144 144
No. of voyages per a year (3) [time] 58 58
Annual oil fuel consumption [ton/year] (4) = (1) X (2) X (3) 9496.22 7767.36
Fuel price (on August 2018) (5) [USD/m?] 705 329.66
Annual fuel cost (6) = (4)x(5) [MUSD] 8.70 2.97
Total ship price [MUSD] (7) 40.4 44.44
Annual capital investment [MUSD] (8) = (7) * (a) 4.44 4.89
Total annual cost index [MUSD] (9) = (8) + (6) 13.15 7.86
Fuel consumption (10) [kg/h] 1137 930
Fuel consumption per a year (11) = (2)X(3)x(10) [ton/year] 9496.22 7767.36
CO, conversion factor (12) 3.206 2.931
CO, emission in a year(13) = (11) X (12) [ton/year] 30,444.89 22,766.13
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Table 7 Four scenarios for the Scenario 1 5 3 4 Ref
total cost of LNG fuel system .
and its effect on total annual Marine fuel type LNG LNG LNG LNG MGO
cost index [32] Cost increase percent (%) 0.1 0.15 0.2 0.25 N/A
Total cost for LNG fuel system [MSUD] 4.04 6.06 8.08 10.1 N/A
Total ship price [MUSD] 44.44 46.46 48.48 50.5 40.4
Annual capital cost [MUSD] 4.89 5.11 533 5.55 4.44
Total annual cost index [MUSD] 7.86 8.08 8.30 8.53 13.15
Total annual cost index of CO, avoided [USD] 9.50 9.77 10.04 10.31 16.04
Fig.6 Comparison of the
calculated annual costs for the 4 16
scenarios of LNG fuel and the
reference case using MGO 1
a
©n
g 12
5
10 +
8 4
67 .
............... D A T TIRLIE CTPW
P AR W e
o
4 : . .
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Reference Scenario

-+#+ Annual Capital Cost [MUSD]

—a-Total Annual Cost Index [MUSD]

—e—Total Annual Cost Index of CO2 avoided [USD]

The potential of emission reductions and total annual cost
index in the first 3 scenarios propose an attractive economi-
cal alternative for the ship owners, see Fig. 6.

In the three ships cases studies reviewed above, the com-
parison tables described the different technologies, the cost,
and the potential GHG reduction.

3.3 Portinfrastructure facilities for bunkering
of LNG in ports

Some forecasts are revealing that in 2025 shipping could
account for an LNG consumption of between 7.5 and 20 mil-
lion tons. It represents about 1.7 to 4.4% of global demand
of 450 million tons [43]. Therefore, it is required that the
facilities grow proportionally.

Ports are taking action to ensure that the supply of LNG
fuel is going to meet the demand.

In addition, the countries that have LNG can promote the
LNG bunkering to ships. For example, there are two LNG
stations (Damietta and Alexandria) which can be used for
natural gas bunkering through transferring LNG from one of
these stations to Hurghada or Safaga ports [33].

@ Springer

Other studies propose the implementation of new LNG
bunkering ports an analysis of the growth of local ships
demands. Results for all these major ports should provide a
good indication of LNG demand across the European ECAs
[43].

The study by Lloyds Register about the LNG infrastruc-
ture shows the existence of 22 ports on the provision of LNG
bunkering facilities in North America (4), Europe (15), and
Asia (3). 77% of the ports are in ECAs and the remaining
23% are in non-ECA areas [44].

4 Discussion and conclusions

The result of the first case study related to a fishing vessel
shows that LNG as a ship’s fuel technology is an attractive
alternative that may reduce the cost to replace the MGO. The
annual fuel saving from the use of LNG was approximately
49% in this case.

Although the LNG is not used in 100% due to the require-
ment of a pilot liquid fuel, the second case study proves that
a considerable reduction of emissions may be achieved. The
use of the DFDE alternative reduced the CO, (— 14.5%),
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NOx (= 77.6%), SOx (— 92.5%), and PM (— 90.7%) emis-
sions in the case of a RORO cargo vessel.

The third case study has proven that the LNG used as
marine fuel might be economically attractive for potential
European projects involving the CO, transport by ships.

The selected case studies were effective in comparing
and reviewing the use of LNG as a low carbon technology
that may help to reach international GHG reduction goals.
The natural gas can be successfully used as an alternative to
replacing the currently used diesel fuels in marine transport.
For short-term development, natural gas provides an ideal
solution for marine applications. The comparison presented
in this paper may help the key players to select the most
convenient technology for their new projects. It will also be
helpful for conversions of existing vessels.

However, to attend the LNG demand in several parts of
the world there is a need to develop a new logistic approach
and evaluate the offer of this fuel in each region. Several
ports in Europe have been adapted to operate with this new
reality. Another point that need to be considered is the fact
that ships have a limitation to use only LNG as the main
fuel source. It is due to the storage capacity of LNG tanks.
Nowadays, ships that need to realize large voyages can be
affected with LNG storage capacity and will need to use
more than one type of fuel during operation.
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