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Abstract

Energy, environment, and economy are three pieces of a chain which are cohesively bound together and
always in a correlation with each other. Therefore, offering a suitable substitution for current fuels that
satisfies energy requirements and reduces fuel costs with less pollutant gases needs a detailed assessment of
available alternative fuels as well as a complete analysis of Strength, Weaknesses, Opportunities, and Threat
(SWOT). A comprehensive overview of the environmental and economic aspects of liquefied natural gas
(LNG), as an alternative to marine fuel, is presented with a focus on the codes, standards, regulations,
restrictions, and guidelines which are vital for maintaining a balance between market and industry. The
various characteristics of LNG has been compared with other fuels and depicted that LNG has lower
emission and offers major environmental benefits at regional and global levels.
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1. Introduction

NG has been consumed as a low-carbon fuel for
many years [1]. It is the fastest growing energy
source in the world as well as the most flexible of all
fossil fuels [2]; furthermore, since it has been
nominated as the future fuel [3], its liquid form
(LNG) plays a substantial role as an alternative for
traditional marine fuels, i.e., Heavy Fuel Oil (HFO)
and Marine Diesel Oil (MDO). Nevertheless, using
LNG as a fuel has certainly some disadvantages,
including the low density which enforces the use of
3- or 4-time larger fuel tanks than HFO or MDO fuel
tanks. However, its benefits are much more than its
disadvantages. Recently, Natural Gas (NG) [4 and 5]
has emerged as a potential connection between
renewable energy sources and the existing
distribution infrastructures. Furthermore, British
Petroleum has declared that [6] the Global identified
gas reservoir rose slightly by 0.4 trillion cubic meters
(TCM) or 0.2% of 193.5 TCM. With this current
production rate, gas fuel will last 50 years more than
oil (52.5 years)'. This large amount of resources has
directly affected fuel consumption markets and, thus,
re necessitates a thorough survey about their aspects
(regulation, price, and environmental effects)
compared with other prevalent fuels to facilitate their
SWOT analysis. On the other hand, since the human
life is negatively affected by the Earth’s permanent
climate pollutants, reducing the thresholds of both
Green House Gas (GHG) and local pollutants
[Nitrogen Oxides (NOx) Sulfur Oxides (SOy),
particle matter and ...] seems an appropriate solution.
Hereupon, ship-owners have three realistic
alternative choices. One possible way is to use MDO
by installing scrubbers on the ship boards or using
Low Sulfur Heavy Fuel Oil (LSHFO). Other solution
is to use nuclear energy; the last possible way is
using LNG. LNG is a perfect choice because of its

cleanliness and lower emission levels [7 and 8].
The following illustrates why LNG, as ship fuel,

is going to become popular all around the world:
1. The Sulphur Oxide (SOx) emission will
reduce from 90% to 95%.” In fact, the sulfur

1. By region, the Middle East holds the largest proved reserves
(79.1 TCM, 40.9% of the total global) [6].

2. This reduction level will also be mandated within the so-
called Emission Control Areas (ECAs) by 2015. A similar

content value of LNG is approximately zero.

2. LNG possesses a higher hydrogen-to-carbon-
ratio in comparison with traditional ship fuel;
therefore, it emits less carbon dioxide (CO,)
per unit energy produced and reduces CO,
emission from 25% to 20%.’

3. LNG is expected to be more economical and
has cost benefits compared with Marine Gas
0Oil (MGO) and HFO [9 and 10].

4. LNG has lower nitrogen content than oil;
therefore, the NOx emissions that contribute
to depletion of ground-level Ozone from
burning LNG are negligible.

Moreover, one of the brilliant advantages of
employing LNG as the marine fuel is the
considerable saving attained from less maintenance
of the engines, since gas combustion is significantly
cleaner than its HFO or MDO corresponding fuels.
Generally, LNG is becoming a strong corrival with
oil products for heavy-duty trucks [11 and 12],
railroad [13 and 14] and marine transportation [15
and 16].

LNG consumption, as a marine fuel, is increasing
extensively in recent years [17]*. According to the
statistics in September 2014: from about 119 ships
ordered for manufacturing in 2014, 50 finished and
69 under construction, LNG was considered an
alternative marine fuel, especifically in ECAs.

LNG and the related issues have caught scientists
and researchers’ attention lately [18 and 19]. An
alternative fuel for switching from HFO to IMO
Arctic area was studied by Roy et al [20]. The
commercial stimulants required to promote using
LNG, as an alternative marine fuel, were assessed by
Schinas and Butler [21]. Life-cycle emission of
natural gas compared with conventional petroleum-
based fuels in the marine sector has been addressed
by Thomson [22].

Energy and cost effect for three different
locations-- capture site, liquefying plant, and
shipping terminal for ship transportation-- has been
investigated by Zahid et al [23]. Ships usually utilize
HFO because it is less expensive than MGO.

reduction is expected to be enforced for worldwide shipping by
2020.

3. Any slip of methane during bunkering or usage needs to be
avoided to maintain this advantage.

4. Emission control area regulation is one of major drivers in
adopting LNG as a marine fuel.



However, since up to 70% of ship emissions occur
within 400 km of coastal areas [24] that tags coastal
land as a polluted area. In addition, by the
development of LNG fuel systems technology as well
as bunkering infrastructure, LNG could be a very
suitable nominate fuel for coastal pollutant reduction
and marine transportation. The result of Yoo’s
research has showed that LNG fueled CO, carriers
are much better in term of price than CO, carriers,
which consume MGO [25]. Nardon studied
transportation of CO, by those ships that consume
HFO in North Sea [26]. Skagestad et al. has
presented an overview of the current status of CO,
ship transport [27]. The impact of considering
various regulations, including MARPOL Annex VI,
on bunker prices was discussed by Schinas et al. [28].
On the other hand, protecting environment and
preventing the release of pollutants and particles
emissions as well as studying emissions from ship
fuels have been challenging issues for researchers in
the past few years. Fridell et al. researched on the
primary particles in ship emissions [29]. Winnes and
Fridell could measure particles emitted from a 4500
kW four stroke main engine on-board of a product
tanker [30]. Environmental evaluation of LNG,
Liquefied Bio Gas (LBG), methanol and bio-
methanol, has been accomplished by Brynolf et al.
[31]. The Criteria for future marine fuels [32] and
life-cycle assessment of LNG and three other fossil
fuels as marine fuels were studied by Bengtsson et al
[33]. Recent regulations defined by China for certain
areas, enforces the use of the fuels containing less
than 0.5% Sulphur by January 1%, 2019. These areas
are different from those included in SECA [34].
Utilizing LNG, as an alternative marine fuel, has also
been studied by Semolinos [35].

In this paper various aspects of using LNG, as an
alternative marine fuel, compared with traditional
fuels are addressed. In the first step, regulations,
standards, and resolutions (IMO A.963 (23), IMO
MPEC/Circ.471, MPEC 65/INF.10, MSC.285 (86),
MARPOL73/78, ISO/TC 67, ISO/DTS 18683, ISO
8217, 2012/33/EU) were studied. In the next step, the
environmental issues of LNG (SOx, NOx, CO, and
P.M emissions) for medium ships using Lean-burn
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gas engines' — spark ignited engines were taken into
account. Thereafter, the spillage problem of fuel oils
that makes one of the major environmental problems
vs benefits of LNG was thoroughly investigated.
Subsequently, for perusing LNG economic appraisal,
the historical price development of crude oil, LNG
price compared with crude oil, LNG price
fluctuations at different import terminals, and LNG
price comparison with other prevalent marine fuels in
a specified time interval have been taken into
consideration. Afterwards, Fuel price prediction
scenario and payback time for small and large vessels
were reported in detail.

2. Methodology
The information used in this study was obtained from
a number of articles, researches, restrictions,

regulations, and also ship manufacturer companies
such as DNV and Rolls-Royce. Then, the different
aspects of LNG (Restrictions and regulation,
environmental and economic) are discussed. Finally,
the SWOT analysis sum ups pros and cons of the
purposed solution.

2.1. Assessment of Regulations, Standards,
and Resolutions

One of the serious concerns of the 21 century is
climate change [36 and 37], and one of the most
major challenges is eradicating GHG emissions from
transportation and industrial processes [38]. In 1997,
IMO issued a resolution about CO, emissions from
ships® [39 and 40]. IMO estimates that international
shipping contributes approximately 3 percent of total

1. Totally combustion engine concepts that utilize LNG as a
transport fuel to provide propulsion power can be divided into 2
following group:1. DF engines; 2. Lean-burn gas engines —
spark ignited engines.

Beside these group, gas-diesel engines exist, but these can only
utilize natural gas and not LNG.

2. Resolution 8 of the 1997 International Conference of Parties to
MARPOL 73/78 [39]. The MARPOL Convention addressed five
types of pollutants through its five original Annexes: Oil,
Noxious Liquid Substances, Packaged Harmful Substances,
Sewage, and Garbage. MARPOL Annex VI began an effort to
reduce both Sulphur and nitrogen emissions by rate of 80%. On
10 October 2008 the MEPC of the IMO unanimously adopted the
revised MARPOL 73/78 (International Convention for the
Prevention of Pollution from Ships) Annex VI on air pollution
from ships [40].
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GHG emissions worldwide [41]. In this field, IMO
has many guidelines [42] such as Resolution A.963
(23)" [43], which is focused on GHG and evaluates
that ships contribute about 1.8 percent of the world’s
total CO, emissions. Furthermore, MPEC/Circ.471%
[44] declared that CO, was the main GHG emitted by
ships, and MPEC 65/INF.10 discussed about their air
pollution and energy efficiency [45]. In addition,
IMO published guidelines that contained safety
concepts for using gas as ship fuel, including

resolution MSC.285 (86) [42]. Besides, there were
many concerns about Sulphur content of fuels for
shipping around the world." IMO adopted a
resolution to update Annex VI of MARPOL, i.c., a
convention on air emission control for ships in 2008,
and it was revised on July 1, 2010; there Sulfur
content in marine fuels was reduced from 4.5% to
3.5% at the worst condition. 2020-2025 perspective
is to decrease it as low as 0.5% worldwide as shown
in Fig. 2° [46].

MARPOL Annex VI
SOx reduction requirements

e Low sulphur fuel ofl Scrubber + ' | LNG
Vpmons MDO / MGO high sulphur fuel
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handiing needed + HFO and bunkering facilities NOx Tier Il requirements
available
Higher fuel costs + Fuel price More shipboard storage
Scrubbers needed to meel capacity required
Pros & Tier Il NOx Capital investment and off Capital investment in LNG
cons - Low sulphur fuel availability hire time for conversion equipment
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required to produce / supply

required / available in 20207
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availability outside limited

Fig. 1: MARPOL Annex VI — SOy reduction alternatives [47]

NOy emissions, as other environmental pollutant,
shall be 80%, reduced by 2020 in new-built ships
[35].

Furthermore, European Commission® published
an amendment which enforced ships to lower the
contribution of CO, emissions in maritime transport
up to 40% in 2050 compared to 2005 and also 50%
of road freight would be shifted to rail and sea
transportation [48]. All these regulations are major
key factors leading to the use of LNG as marine fuel
and catchy enough to be used [49].

1. IMO Policies and Practices Related to the Reduction of
Greenhouse Gas Emission from Ships.

2. Interim Guidelines for Voluntary Ship CO2 Emission
Indexing for Use in Trials.

3. Roadmap to a Single European Transport Area

| IMO Restrictions

‘ SOx Emission
5,0%

a,5%

A% —l World

o 35%

5 3,0%

£

0 2,5%

g

x

§29% | gca
157 —
1,0%
0,5%
0,0%

2011 2013 2015 2017 2019 2021 2023 2025 2027 2029 2031

World: revision in 2018

Fig. 2: IMO restrictions for SOx emissions [35]

4. From 1 January 2015, new regulations on the Sulphur content
of fuel for shipping in the Baltic Sea, the North Sea and the
English Channel will come in force. Accordingly, the Sulphur
content has to be decreased from 1.0 % to 0.1 %, setting the
competitiveness of short sea shipping under pressure compared
with land-based transport and especially trucks [46].

5. It also introduces the possibility for countries to enact more
restrictive rules in the so-called Sulfur Emission Controlled
Areas (SECA).



To overcome the aforementioned concerns, IMO

has issued restrictions on GHG emissions that were
compulsory in 2015 in the ECA and will become
mandatory worldwide since 2020. For conformity
with rules and restrictions, one of the best possible
procedures is to consume LNG because of its
substantial share of the world bunker markets,
environmental benefits, and economic privileges in
many aspects.
Beside IMO Restrictions, EU' [50] has updated
former directive, called directive 2012/33/EU, which
was in fact the development of the first implemented
in the Sulphur Directive (1999/32/EC) [48 and 51].
This directive was related to the sulfur content of
marine fuels in Europe which aligned with IMO
Annex VIE. ISO/TC 67/WG 10 PT1 (ISO/TS
18683:2015) also offered complimentary guidelines
for systems and installations that supplied LNG for
ships [52 and 53]. In the United States, Maritime
Environmental and Technical Assistance Program
(META) is actively working to force consideration of
the environmental issues (Focusing on emerging
environmental issues that impact air and water
quality) in the maritime industry. Developed in 2010,
META was a research and demonstration program
housed within the Maritime Administration’s Office
of Environment (MAOE) [41].

2.2. Environmental Assessment
2.2.1. Assessment of Emissions of Various Fuels

Ship emissions are currently a hot environmental
issue which includes the emission of various gases
and particles with significant contribution on GHG
emissions. 2.7% of the global CO, emission in 2007
was produced by international shipping that
unfortunately made the most severe damage to the
environment and human health [9].

The marine fuel oils generated in a refining
process are residual fuel oil, commonly referred to

1. The Commission’s 2011 Transport White Paper includes a
high-level target to reduce EU CO2 emissions from maritime
bunker fuels by 40% by 2050 (50% if feasible) [50].

2. The European commission published a draft new directive
recently that aimed replacing old fuels with the alternative clean
fuel and strengthening its infrastructure. In this draft directive,
LNG introduced as a preferred fuel for marine and heavy-duty
transport [35].
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HFO and distillates, which are further divided into
MDO and MGO. One of the main differences
between the marine fuel oils is viscosity [54]. Table 1
shows the characteristics of marine fuel oils
according to ISO 8217:2017 [55] standard and
depicts that HFO, MDO, and MGO are very close to
each other regarding density and flashpoint, and none
are comparable with LNG in case of energy and
sulfur content s shown in.

Table 1: The characteristics of marine fuel oils [55]

Oty | o HFO MDO | MGO
(max/min)

- -3 0

Viscosity” at 40 Max 10.00-700.0* | 11.00 | 6.000
C (mm/s)

Viscosity at 40° .

M - 2.000 | 3.000

C (mm?/s) n

Density at 15°

ensity at 157C Max | 920.0-1010.0 | 900.0 | 890.0
(kg/m’)

Flash point (°C) Min 60.0 60.0 | 60.0
Ash® (%m/m) Max 0.040-0.150 | 0.010 | 0.010
Vanadium Max 50-450 nd. | nd.
(mg/kg)

Sodium (mg/kg) Max 50-100 n.d. n.d.

Alymmum plus Max 25-60 n.d. n.d.

silicon (mg/kg)

Table 2: Energy and sulfur content of marine fuel oils

[56 and 57]
Fuel Type Energy MJ/kg Sulfur content
IFO 380° 40.6 3.5%
LSHFO 380’ 40.6 1% or 1.5%
MDO 42.7 02 %
MGO 42.7 0.1% - 0.05%
LNG 49.2-49.5 0%

3. The viscosity is one property used as an indicator of fuel
quality. Fuels with low viscosity are more fluent compared with
fuels with high viscosity. Generally, HFOs with higher density
have a higher viscosity than marine distillates.

4. Includes the residual fuels: RMA10, RMB30, RMDS&0,
RME180, RMG180, RMG380, RMG500, RMG700, RMK380,
RMKS500 and RMK700. The number after each set of letters
represents the maximal viscosity of the fuel oil. In general,
RMAI10 represents the lowest value and RMK700 the highest.
Values for the other residual fuel oil types are located in
between.

5. Ash content different material such as sand, silicon, sodium,
and other particles that reduced performance of engine and
polluted areas.

6. It is a mix of 88% of residual oil and 12% of distillate oil.

7. Residual fuel with low sulfur content.
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Fig. 3: Density of LNG and other fuels [58]

Normalized ship emissions

Figure 3 shows that not only does LNG have a
lower energy density compared with conventional
fuel oils, but also it, in a normalized condition,
possesses about half the energy density of HFO.
Fig. 3 also depicts the differences between the
energy density of normalized fuel and LNG.

For neutralizing LNG density problem, building
larger tanks with larger volumes than those required
for HFO, MDO, and MGO is an obligation. The key
point to the use of LNG as a fuel for combustion in
ships is satisfying safety requirements [9].

P (O O O

e ] a] O
,]P\ 0\ dl" d‘“

“ a7

Fig. 4: Required NO,, SO,, PM, and CO, emission reductions to meet new shipping vessel engine and fuel
requirements in 2015-25 time frame [59]

Another important issue about ship’s fuel is CO,
emission. The Energy Efficiency Design Index
(EEDI) standards for ships confines ship CO,
emissions. The standards require that new ships
reduce their CO, per dry-weight tonnage capacity
by 10, 20, and 30 percent until 2015, 2020, and
2025 respectively [59] (Fig. 4). It can be concluded
that those ships that only use cleaner fuel, e.g.,
LNG, and, thus, produce lower emissions will be
able to travel, especially in ECA.

Gas emission of any fuel depends on many
factors. In the sea or ocean, it is directly related to
the type of ships and engines used as a propulsion

system and the chosen path. For medium ships that
use Lean-burn gas engines and spark ignited
engines, the average of various emissions of
different fuels are shown from Fig. 5 to Fig. 8.

It can be deduced from the above figures that the

percentage of emission reductions of LNG
compared with HFO are as follows:

SO, =100%

NOy =90-93%

CO, =15-20%

PM =100%

Although LNG has many environmental

benefits, it contains methane which has negative



effects on the reduction of GHG when some
incomplete combustion happens. The considering of
the effects of potential methane slips leads to the
reduction of net greenhouse gases up to about 15 %
when LNG is used as ship fuel. Another important
thing which relates to the emissions of LNG is to
consider the total amount of emissions which
includes extraction, processing, transport, storage,
and final usage as an engine fuel.

2.2.2. Assessment of Spillage

One of the major environmental problems of fuel oils
is spillage. Multiple factors such as the type of oil,
the rate & amount of spillage, biological, the physical
and also economic characteristics of the spill
location, have great impacts on the environment,
especially that around the marine field. Due to their
specific gravity, they could easily spread over sea
waters by waves and make the sea polluted. Another
challenge is laid in modeling spillage phenomena
since the movement prediction of spilled fuel oils are
so hard. Fuel oils are generally less toxic than crude
oils, but they have severe influences on marine life
and the environment. Based on the cost per tons
calculation, it was shown that heavy fuel oil spills are
the most expensive pollution phenomenon to clean
up [60]. On the contrary, LNG vapor is lighter than
air, and if the resultant flammable mixture of vapor
and air, after spillage of LNG on the ground or water,
does not meet an ignition source, it will evaporate
and, consequently, dissipate into the atmosphere, and
there will be no significant harms to the environment.
Even if large volumes of LNG are released on water,
it may vaporize very quickly causing a rapid phase
transition [60].

SOx Content (Kg/KWh)

0.002
S D
D

LNG MGO EMDO EHFO
Fig. 5: SOx Emissions of LNG, MGO, MDO and HFO
of medium ships [59]
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Fig. 6: NOx Emissions of LNG, MGO, MDO and HFO

of medium ships [59]
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Fig. 7: CO2 Emissions of LNG, MGO, MDO and
HFO of medium ships [59]
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Fig. 8: PM Emissions of LNG, MGO, MDO and HFO
of medium ships [59]
2.3. Cost and Economic Assessment
2.3.1. International Historical Price Development

In the marine industry, fuel choice has a long
historical background. In 1940s and by shifting
from coil to oil at large scale in this industry, marine
engines were developed to operate with a cheap
residual fraction from refined crude oil or heavy
fuel oil [62]. But this advantage has gradually been
altered. Since the demand for energy is directly
related to its price, it seems necessary to analyze
fuel price changes in recent years. According to BP
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statistical review of the world energy, the crude oil
price in recent years' is as high as the very
beginning of oil industry as shown in Fig 9.

2.3.2. LNG and Fuel Price

By supplying a significant amount of gas by the
United States in mid-2010, gas price dropped. It
also became more competitive and started to
decelerate from oil prices.” Since the price of crude
oil and natural gas are interdependent, the reduction
of crude oil price leads to the fall of natural gas
price; for example, in March 2016, the average
delivered price into Japan was below $7.00 per
MMBtu.> This drop-in price also happened in
Europe. By June 2016, the natural gas price for the

UK’s NBP was $4.12 per MMBtu, and the
continental price was very similar. The price of
natural gas at Henry Hub was $2.15 per MMBtu.
The lower price for customers ranges from $4.72 to
$5.47 for natural gas processed at Sabine Pass, and
$5.97 for gas processed at Corpus Christi [63].
demonstrates the price of LNG from 1986 to 2016
and compares it with the price of crude oil in those
years; Fig. 11 shows LNG price fluctuations in
various import terminals [6]. In addition, Fig. 11
presents the price of gas and LNG at different
terminals. It can be inferred that the current price of
LNG is a little higher than its initial price during the
last two decades’ [64].

y LNG ny Natural gas | Crude oil

Japan Japan Korea Average German UK Netherlands TTF us Canada | OECD

US dollars per million Btu CiF M_ar?fe\ (.J_KMIE Impaort F‘r!ce: {Heren '\cBF‘ I_n_dex?‘ (DA He_uen Indgxl“ Henry Hub® {Alberta)®* ' a_cqn:r_ies 1515
1987 3.35 - 25b - - - = 3.09
1988 334 - 222 - = = -1 2.56
1989 3.28 - 200 N = 1.70 -1 3.01
1990 364 B 2.78 - - 1.64 1.05 | 382
1991 3899 - 323 - - 1.49 0.89 333
1992 3.62 = 2.70 - - 1.7 0.8 | 3.19
1993 352 - 251 - - 212 1.69 282
1994 3.18 = 235 - - 1.92 145 | 270
1985 346 = 243 - - 1.69 0.89 2.96
1996 3.66 - 250 1.87 - 2.76 112 354
1997 amn = 2.66 1.96 - 253 1.36 3.29
1988 3.05 - 233 1.86 = 2.08 142 216
1999 314 - 1.86 1.68 - 227 2.00 298
2000 4.72 = 2m 27 - 423 375 483
2001 4.64 = 3.67 317 = 4.07 3.61 4.08
2002 4.27 - 321 237 E 3.33 257 417
2003 477 = 4.06 333 = 5.63 483 489
2004 5.18 - 4.30 4.46 o 5.85 5.03 6.27
2005 6.05 - 583 138 6.07 8.79 725 8.74
2006 7.14 - 7.87 7.87 7.48 6.76 583 10.66
2007 1.73 = 799 6.01 .83 6.95 6.17 11.95
2008 1255 - 11.60 10.79 10.66 8.85 7.99 16.76
2009 9.06 5.28 853 4.85 496 3.89 3.38 10.41
2010 10.91 772 8.03 6.56 6.77 4.39 3.68 13.47
20m 14.73 14.02 10489 9.04 9.26 4.0 347 18585
2012 16.75 15.12 10.93 9.4 9.45 2.76 227 18.82
2013 16.17 16.56 10.73 10.64 9.75 37 293 18.25
2014 16.33 13.86 an 825 8.14 436 3.87 16.80
2015 10.31 7.45 6.72 6.53 6.44 2.60 2.01 8.77
2016 6.94 5.72 493 469 454 2.46 1.55 7.04
2017 8.10 7.13 5.62 5.80 572 2.96 1.60 897

"Source: EDMC Energy Trend.
*Source: S&P Global Platts ©@2018, S&P Glabal Inc
*Source: 1987-1990 Germa

= gy Lid.
sSource: Energy Intelligence Group, Matural Gas Week.

n Federal Statistical Office, 1991-2017 German Federal Office of Economics and Export Control (BAFA)

tSource: @OECDYIEA 2018, Oil, Gas, Coal and Electricity Quarterly Statistics www.iea.org/statistics.

Table 3: Prices of LNG during 1986 until 2017 and in compare with crude oil [6]

1. The price of oil in 2011.

2. Although all long-term contracts for natural gas transported as
LNG in Asia have their price contractually tied to crude oil.

3. As the same way and by estimating of the Japanese Customs

Cleared linked price for natural gas, given a Japanese Customs
Cleared price of $37, will also be under $7.00 per MMBtu [63].

4. One of the most important goals of using LNG is the
willingness for some countries to reduce their dependence on oil
imports
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1. The decline in oil prices and growing weakness in Pacific demand led all global LNG price markers to fall in 2015, from an
average $15.60/MMBtu in 2014 to $9.77/MMBtu in 2015 [65].
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Fig. 11: Gas and LNG price by different import
terminal ($/MMBtu) [66]

Table 4 describes the projections of regional
imbalances of natural gas according to BP’s 2016
outlook to 2035' [67]. It is noteworthy that Russia is
included within the Europe & Eurasia region, and
Australia® is included within the Asia Pacific region
as defined by BP.

In 2015, global LNG imports increased by 2.5%
(6 MT), reaching its highest level ever [68]. The
LNG producing countries and the target terminals
with an import volume ratio of LNG are depicted in
Fig. 12.

Ruglonal imbalance [produrtion misis conssmption] - mtpa
1950

North America s |
& C America (3]
Fumpe & furasia 9.4

Middle Fast 53
Arica ik
Asla Pacific 143
Total Natural Gas Imbukance 20.5% A LI s 2 844 181

Table 4: Projected Regional Natural Gas Imbalances [6]

The above figures show that Qatar and Indonesia
are the largest LNG exporters in the world while
Japan is the greatest consumer among other
countries.

LNG prices in USA and Europe (based on energy
content) are comparable with HFO and MGO. The
prices of these fuels at six years interval are drawn in
Fig. 13.

2.3.3. Fuel Price Determining Scenario

Obviously, the fuel price entirely depends on oil and
gas price; however, it is expected that LSHO and
MGO prices increase faster than LNG and HFO,
while demands for LNG are increasing strongly.
The starting price for fuels at 2010 were assumed as
below:

1. The International Energy Agency has estimated that worldwide
investments in LNG liquefaction, shipping, and regasification may
total $252 billion between 2001 and 2030 [67].

2. Australia will become the largest exporter of natural gas in
the form of LNG by 2018.

HFO= 650 USD/T (15.3 USD/mmBTU), MGO=
900 USD/T (21.2 USD/mmBTU), LNG= 13
USD/mmBTU  which  includes  small-scale
distribution costs of 4 $/mmBTU.

EXPORT IMPORT

Algeria Belgiim

Oman

Papua
New Guinea

Trinidad )
£ Tobago X Turkey

UAE ) United Kingdom

MAJOR LNG FLOWS

between 2 and 3 MT between 3 and 5 MT between 5 and 10MT > 10 MT

Fig. 12: Major LNG Flows between export and import
terminals [68]
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Fig. 13: Prices of LNG, HFO and MGO as ship fuel in
period time of six years [69]
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Fig. 14: Price of different fuels (between 2010 to 2030)
[10]
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Fig. 15: The future gas price scenario in different
regions [43]

In Fig. 14 the price of various types of fuels are
predicted'. Generally, by reducing the amount of
Sulphur contents, the fuel price increases. MGO is
also far more expensive than HFO. Moreover, it
appears that LNG can be the most cost-effective
option among the aforementioned fuels in the future
[40]. In 2014, it was predicted that in 2015 the bulk
and container segments’ favorite fuel would be
LNG [70 and 71]. In Fig. 15 the scenario of future
gas price in different regions is illustrated.

Fig. 16. shows the variation of Marine fuel prices
during the past few years and predicts their price in
near future. Furthermore, it depicts the economic
advantages of LNG fuel. It could also be inferred
that applying more rigid environmental restrictions
extends LNG’s popularity and ultimately decreases
the LNG price.

2.3.4. Payback Time

Payback time for smaller vessels (2,500 TEU and
4,600 TEU) is shorter than that for 8,500 TEU
vessels or higher [10], and the reason is relatively
smaller investment requirement for the LNG system
of large vessels. Considering the global prices in

1. It is assumed that these distribution costs do not increase over
time
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2015, Fig. 17 shows the payback time for LNG
system of smaller vessel is about two years.

LNG tank cost is another decision concern [10].
Considering a type C tank for 2,500 TEU and a type
B prismatic tank for larger vessels, specific costs for
LNG tank system are presented in Fig. 18. The
payback time even for larger ships is reasonable.

i 2,500 TEU = 4,600 TEU = 8,500 TEU = 14,000 TEU = 18,000 TEU
eyl
S 60t
=] i P
g aa} _ Larger ECA shares unlikely for larger vessels
§ 36+ C
& 2dr
(=3
12+

10% 20% 30% 40% 50% 60%
Share of operation inside ECA

Fig. 17: Payback for LNG system (starting in 2015)

[10]

84r = 2,500 TEU ECA operation share varies for ship size

72k 4,600 TEU
E = 8,500 TEU
< 60 = 14,000 TEU
=} -
£ a8} 18,000 TEU
g 36; =
o
= 24}
(o3

12

0 ; . | . ; )

1 | | 1
1,000 2,000 3,000 4,000 5,000

Specific cost for LNG tank system (in $/m2)
Fig. 18: Payback for LNG system (starting in 2015)
[10]

3. SWOT Analysis

After all, based on the results of this study, SWOT
analysis can justify all overt and covert hints of
exploiting LNG, as an alternative marine fuel
concluded during this study. Table 5 lists the SWOT
analysis of LNG fuel.

Table 5: SWOT analysis result

- Most flexible of all fossil fuels;

- Fastest growing energy source in the world;

- SOy emission reduction from 90% to 95%;

- Zero sulfur content;

- Reduction of CO, emission from 20% to 25%;

- Lower NOy emission of LNG than oil;

- Approximately zero PM emission of LNG
compared with HFO;

- Expansion of existing current and future
ECAs;

- Lower maintenance and operating costs.

Strengths

Opportunities | - 52.5 years more life span than oil resources;
- Environmentally friendly and correspondence
with the restrictions and emissions treaties and

regulations that came into force;
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- Most cost-effective fuel among the current
fuels in the future;
- Much less maintenance cost of engines;
- Formidable rival with oil products for both
marine and heavy- duty transportation.

Weaknesses | - Lower energy density compared with
conventional fuel oil;
- Much lower density than MDO;
- Inability for optimizing space on board due to
cylindrical fuel tank shape;
- 15-20% extra investments compared to
standard ship for LNG tank, control room,
piping, fuel system, engine, ...);
- Larger LNG fuel tank (between 3 and 4 times
larger than old fuel tanks used for MDO or HFO);
- Negative effect on reduction of GHG if an
incomplete combustion of methane in LNG
happens;
- Restricted cargo capacity

Threats - Operational and regulatory risks;

- Lack of LNG infrastructure;
- Skilled and trained crew;
- Despite all predictions the price of LNG
increase

4. Conclusion

This paper provides a complete survey which

alternative marine fuel.

The assessment of three most influencing factors
(economic, restriction, and regulation and
environmental aspects) reveal that LNG is an
appropriate competitive marine fuel. Among these
factors, the overall economic aspect is the most
challenging issue in selecting marine fuel. Hence,
not only the competitive price of LNG is impressive
for ship owners but also payback time issue is an
encouraging factor for owners to convert ships to
operate with LNG. In addition, economic analysis
deduced that LNG is a top ranked fuel among
marine fuels.

To reduce the environmental burdens of the
ships’ exhaust gases, air emission restriction, and
uninterrupted narrowing down regulations that
dictate ships to diminish SOy, NOyx, CO, and PM
emission, LNG is found to be the most suitable
choice as a marine fuel which offers significant
pollutant emission advantages. LNG noticeably
satisfies all current and proposed emission
restrictions and regulations. (Table 6)

includes codes, standards, regulations, the
environmental and economic aspects of LNG as an
Environmental features compared to the Factors influencing viability compared to the traditional HFO
traditional HFO alternative alternative
Alternative SOx NOx PM CO, Cargo capacity Capital Investment Operating costs
LNG ++ ++ ++ + Restricted Very high Low
MGO + - - - Not restricted Low Very high
MDO + - - - Not restricted Low -
HFO/ Scrubber + -- + - Slightly restricted High Medium

++ Very good, + Good, - Bad, -- Very bad.
Table 6: Comparing LNG and other marine fuels

Abbreviations and Acronyms
CO, = Carbon Dioxide

DF = Dual Fuel

ECA = Emission Control Area

EEDI = Energy Efficiency Design Index
EU = European Union

GHG = Green House Gas

GWP = Global warming potential

IFO = Intermediate Fuel Oil

IGF = International Gas Union

IMO = International Maritime Organization
ISO = International Organization for Standardization
HFO = Heavy Fuel Oil

LBG = Liquefied Bio Gas

LNG = Liquefied Natural Gas

LSHFO = Low Sulfur Heavy Fuel Oil

MAOE = Maritime Administration’s Office of Environment
MARPOL = International Convention for the Prevention
of Pollution from Ships

MDO = Marine Diesel Oil

MEPC = Marine Environment Protection Committee
META = Maritime Environmental and Technical
Assistance Program

MGO = Marine Gas Oil

MMBTU = 1 million Btu

MTPA = Million Tons per Annum

NG = Natural Gas

NOy = Nitrogen Oxides

NPB = National Balancing Point

OECD = Organization for Economic Co-operation and
Development

PM = Particulate Matter



SCR = Selective Catalyst Reduction
SECA = Sulfur Emission Control Area
SOx = Sulfur Oxides

SWOT = Strength, Weaknesses, Opportunities and
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Threat

TCM = Trillion Cubic Meters

TEU = Twenty-foot equivalent unit

ZEP = Zero Emission Fossil Fuel Power Plants

MGO

HFO

~~ LNG

@ ECA Tier lll NOx
@ ECA 0.1% SOx

@ Global 0.5% SOx

@ EEDI Phase 1 ® EEDI Phase 2
‘ ' [LSHFO W LSHFO JisirO MING  JING  NING  NING  JING  NWING |
Improve Dual fuel
Simulates annual sys. eff. engine
retrofit and fuel
: Improve
decisions for all
existing ships until T
2020 2012 | 2013 2014 | 2015 16 2017 2018 2019 2020
\. =y i = i - 1 i -3 e - A— - ‘a'i o -
Adds newbuildings Simulates annual
to the fleet each retrofit and fuel Removes
year decisions for all scrapped ships
"y & newbuildings until from the -
= 2020 simulated fleet P gy
each year

Figure 16: Quick view of marine fuel price vs environmental restriction [43]

References

[1] Van Den Broek, M., Berghout, N. and Rubin, E.S., "The
Potential of Renewables Versus Natural Gas with CO2
Capture and Storage for Power Generation under CO2
Constraints", Renewable and Sustainable Energy Reviews,
Vol. 49, pp. 1296-322, 2015.

[2] Chandra, of Natural Gas: An
International Perspective", Tulsa, Oklahoma: PennWell,
2006.

[3] Vyas, N., "4 Techno-economic Study of Liquefied Natural
Gas Transportation: A Prospective to Develop Indias First
Import Terminal", World Maritime University Dissertations.
Malmo, Sweden, 2000.

[4] Imran, M., Yasmeen, T., [jaz, M., Farooq, M. and Wakeel,

M., "Research Progress in the Development of Natural Gas

as Fuel for Road Vehicles: A Bibliographic Review (1991—

2016)", Renewable and Sustainable Energy Reviews, Vol. 66,

pp. 702741, 2016.

Sharafian, O., Talebian, H., Blomerus, P., Herrer, O. and

Mérida, W., "4 Review of Liquefied Natural Gas Refueling

Station Designs", Renewable and Sustainable

Reviews, Vol. 69, pp. 503-513,2017.

[6] BP statistical review of world Energy. 67" edition.

V., "Fundamentals

—
W
—_

Energy

(https://www.bp.com/en/global/corporate/energy-
economics/statistical-review-of-world-energy/oil/oil-
prices.html ), 2018.
[7] American Petroleum Institute (API) Version 1.0, "Liquefied
Natural Gas (LNG) Operations, Consistent Methodology for
Estimating Greenhouse Gas Emissions", The LEVON Group,
LLC, Washington DC, pp. 9-13, 2015.
International Gas Union, "LNG as Fuel", In: Proceedings of
the 26th World Gas Conference, Paris, France, pp. 1-120,
2015.
Baumgart, M. and Halvard, B.O., "LNG-fueled Vessels in the
Norwegian Short-sea Market, A Cost-effective Response to
Environmental Regulation", Thesis of Master of Science of
energy, natural resources and the environment. NORGES
HANDELSHOYSKOLE,
(https://brage.bibsys.no/xmlui/handle/11250/168425), 2010.
[10] Germanischer Lloyd (GL), "Costs and Benefits of LNG
as Ship Fuel for Container Vessels- Key Results from a GL
and MAN Joint Study", Report on GL and MAN joint study,
(https://marine.mandieselturbo.com/docs/librariesprovider6/techn
ical-papers/costs-and-benefits-of-lng.pdf?sfvrsn=18), 2013.
[11] Delgado, O. and Muncrief, R., "Assessment of Heavy-

(8

—_

[9

—



57 Liquefied Natural Gas (LNG): Alternative Marine Fuel ...

duty Natural Gas Vehicle Emissions: Implications and Policy
Recommendations", White Paper, 2015.

[12] Vermeulen, R., Verbeek, R., Goethem, S.V. and
Smokers, R., "Emissions testing of two Euro VI LNG heavy-
duty vehicles in the Netherlands: Tank-to-wheel Emissions",
TNO report, Dutch Ministry of Infrastructure and Water
Management, 2017.

[13] Iden, M.E., "Liquefied Natural Gas (LNG) as a Freight
Railroad Fuel: Perspective from a Western U.S Railroad",
ASME 2012 Rail Transportation Division Fall Technical
Conference, Omaha, Nebraska: USA, pp. 17-25, October 16—
18, 2012.

[14] Dunn, M.E. and LeBlanc, V.N., "Two Engine System
with a  Gaseous  Fuel  Stored in  Liquefied
Form", US Pat. 8, pp.763, 565, 2014.

[15] Fevre, CN.L., "4 Review of Demand Prospects for
LNG as a Marine Transport Fuel'. THE OXFORD
INSTITUE FOR ENERGY STUDIES, 2018.

[16] Wang, S. and Notteboom. T., "The Adoption of
Liquefied Natural Gas as a Ship Fuel: A Systematic Review
of Perspectives and Challenges", Transport Reviews, Vol. 34,
pp- 749-774,2014.

[17] DNV-GL. "LNG as Ship Fuel: The Future -Today",
(https://www.dnvgl.com/maritime/Ing/ships.html), 2018.

[18] Jafarzadeh, S., Paltrinieri, N., Utne, I.B. and Ellingsen,
H., "LNG-fuelled Fishing Vessels: A Systems Engineering
Approach", Transportation Research Part D: Transport and
Environment, Vol. 50, pp. 202-222, 2017.

[19] Yoon, B., Shin, J. and Lee, S., "Technology Assessment
Model for Sustainable Development of LNG Terminals",
Journal of cleaner Production, Vol. 172, pp. 927-37, 2018.

[20] Roy, B. and Comer, B., "Alternatives to Heavy Fuel Oil
Use in the Arctic: Economic and Environmental Tradeoffs",
THE INTERNATIONAL COUNCIL ON CLEAN
TRANSPORTATION accm,
(https://www.theicct.org/sites/default/files/publications/Arctic
-HFO-alternatives ICCT Working-
Paper_19042017_vF_corrected.pdf), 2017.

[21] Schinas, O. and Butler, M., "Feasibility and
Commercial Considerations of LNG-fueled Ships", Ocean
Engineering, Vol. 122, pp. 84-96, 2016.

[22] Thomson, H., Corbett, J.J. and Winebrake, J.J.,
"Natural Gas as a Marine Fuel", Energy Policy, Vol. 87, pp.
153-167, 2015.

[23] Zahid, U., An, J., Lee, U. and Han, C., "Techno-

of CO, Liquefaction for Ship
Transportation",  Greenhouse  Gases:  Science and
Technology, Vol. 4, pp. 734-49, 2014.

[24] Eyring, V., Isaksen, I.S.A., Berntsen, T., Collins, W.J.,
Corbett, J.J., Endresen, O., Grainger, R.G., Moldanova, J.,
Schlager, H. and Stevenson, D.S., "Transport Impacts on
Atmosphere  and  Climate:  Shipping",  Atmospheric
Environment, Vol. 44, pp. 4735-71, 2010.

[25] Yoo, B.Y., "Economic Assessment of Liquid Natural
Gas (LNG) as a Marine Fuel for CO, Carriers Compared to
Marine Gas Oil (MGO)", Energy, Vol. 121, pp. 772-80,
2017.

[26] Nardon, L., Techno-economic assessment of CO2

Economic Assessment

transport by ship. A case study for the Netherlands; 2010.

[27] Skagestad, R., Eldrup, N., Hansen, H.R., Stefan, B.,
Mathisen, A., Lach, A, and et al. "Ship Transport of CO2.
Status and Technology Gaps. Tel-Tek Report No. 2214090",
In:  Report prepared for by Tel-Tek.
(https://www.gassnova.no/no/Documents/Ship_transport Tel
TEK _2014.pdf), pp. 1-52, 2014.

[28] Schinas, O. and Stefanakos, C., "The cost of SOx limits
to marine operators; results from exploring marine fuel
prices", TransNav: International Journal on Marine
Navigation and Safety of Sea Transportation, Vol. 7(2), pp.
275-81,2013.

[29] Fridell, E., Steen, E. and Peterson, K., "Primary
Particles in Ship Emissions", Atmospheric Environment, Vol.
42(6), pp. 1160-8, 2008.

[30] Winnes, H. and Fridell, E., "Particle Emissions from
Ships: Dependence on Fuel Type", Journal of the Air &
Waste Management Association. Vol. 59 (12), pp.1391-8,
2009.

[31] Brynolf, S., Fridell, E. and Andersson, K.,
"Environmental Assessment of Marine Fuels: Liquefied
Natural Gas, Liquefied Biogas, Methanol and Bio-methanol"
Journal of cleaner production, Vol. 74, pp. 86-95, 2014.

[32] Bengtsson, S., Andersson, K., Ellis, J., Haraldsson, L.,
Ramne, B. and Stefenson, P., "Criteria for Future Marine
Fuels", The IAME 2012 conference, 6e8 September, Taipei:
Taiwan, 2012.

[33] Bengtsson., S, Andersson, K. and Fridell, E., "4
Comparative Life Cycle Assessment of Marine Fuels:
Liquefied Natural Gas and Three Other Fossil Fuels"
Proceedings of the Institution of Mechanical Engineers, Part
M: Journal of Engineering for the Maritime Environment,
Vol. 225(2), pp. 97-110, 2011.

[34] DNV-GL.
Requirements for

Gassnove

China
Marine

"News: Introduces  Sulphur
Fuels" (REV),
(https://www.dnvgl.com/news/china-introducessulphur-
requirements-for-marine-fuels-reve58014), 2016.

[35] Semolinos, P., Olsen, G. and Giacosa, A., "LNG as
Marine Fuel: Challenges to be In17th
International Conference & Exhibition on Liquified Natural
Gas, Apr 16, 2013.

[36] Hsiang, S., Kopp, R., Jina, A., Rising, J., Delgado, M.,
Mohan, S., Rasmussen, D.J., Muir-Wood, R., Wilson, P.,
Oppenheimer, M. and Larsen, K., "Estimating Economic
Damage from Climate Change in the United States", Science,
Vol. 356(6345), pp. 1362-9, 201.

[37] Pittock, A.B., "Climate change: turning up the heat",
Routledge, 2017.

[38] Global greenhouse gas emissions data. US Environ.
Prot. Agency.

Overcome",

(https://www.epa.gov/ghgemissions/global-greenhouse-gas-
emissions-data), 2016.

[39] MARPOL. International Convention for the Prevention
of pollution from Ships.

(http://www.mar.ist.utl.pt/mventura/Projecto-Navios-I/IMO
Conventions%20%28copies%29/MARPOL.pdf),
9.4,2005.

[40] Kalli, J., Karvonen, T. and Makkonen, T., "Sulphur

Version



Content in Ships Bunker Fuel in 2015, A Study on the Impacts
of the New IMO Regulations on Transportation Costs",
Ministry of transport and communication Finland.
(https://www.lvm.fi/documents/20181/817543/Julkaisuja+31-
2009/ctb920d0-d1c5-4c4f-94e2-7a92e58adc9d?version=1.0);
2009.

[41] Winerbrake, J.J., Corbett, J.J. and Yuska, D., "Methane
Emissions from Natural Gas Use in the Marine Sector", The
magazine of environmental managers, A&AWMA, 2016.

[42] International Maritime Organization (IMO), "Gas and
Low-flashpoint Fuels Code Adopted by imo", maritime safety
committee (msc), 95th session; pp.3-12, 2015.

[43] International ~ Maritime  Organization  (IMO),
"Resolution A.963 (23), IMO Policies and Practices Related
to the Reduction of Greenhouse Gas Emission from Ships",
2004.

[44] International ~ Maritime  Organization  (IMO),
MPEC/Circ.471, "Interim Guidelines for Voluntary Ship CO,
Emission Indexing for Use in Trials", 2008.

[45] International Maritime Organization (IMO), MEPC
65/INF.10, "Adir Pollution and Energy Efficiency",
Supplementary Information to the Final Report of the
Correspondence Group on Assessment of Technological
Developments to Implement the Tier III NOx Emission
Standards under MARPOL Annex VI, Submitted by the
United States, International Maritime Organization, Marine
Environment Protection Committee, London, 2013.

[46] Danish Maritime Authority, "North European LNG
Infrastructure Project Full Report, a Feasibility Study for an
LNG Filling Station Infrastructure and Test of
Recommendations", Copenhagen,

(http://www.Ingbunkering.org/sites/default/files/2012%20DMA
%?20North%20European%20LNG%?20Infrastructure%20Proj
ect_0.pdf), 2012.

[47] Adamchak, F., Amokeye, A., "LNG as Marine Fuel",
LNG 17 International Conference & Exhibition on Liquified
Natural Gas. HOUSTON,

(http://www.gastechnology.org/training/documents/Ing17-
proceedings/7-1-frederick_adamchak.pdf), 2013.

[48] European Commission. "Roadmap to a Single
European Transport Area- Towards a Competitive and
Resource Efficient Transport System", Brussels, WHITE
PAPER, 2011.

[49] Burel, F., Taccani, R. and Zuliani, N., "Improving
Sustainability of Maritime Transport Through Utilization of
Liquefied Natural Gas (LNG) for Propulsion", Energy,
Vol.57, pp. 412-20, 2013.

[50] Raptis, S., "Natural Gas in Ship, Costs/benefits of LNG
Versus  Conventional  Fossil Fuels", Transport &
Environment,

(https://www.transportenvironment.org/sites/te/files/publications/
2015 02 TE briefing natural gas shipping FINAL.pdf),
2016,

[51] Antturi, J., Hanninen, O., Jalkanen, J.P., Johansson, L.,
Prank, M., Sofiev, M. and Ollikainen, M., "Costs and

Energy: Engineering & Management 58

Benefits of Low-sulphur Fuel Standard for Baltic Sea
Shipping", Journal of Environmental Management, Vol. 184,
pp. 431-40, 2016.

[52] Chiba, MM., "LNG Transfer Systems for Bunker
Ships", Gastech exhibition & conference, Tokyo: Japan,
2017.

[53] ISO/TC 67, ISO/DTS 18683, "Guidelines for Systems
and Installations for Supply of LNG as Fuel to Ships", ISO
international standard; 2013.

[54] Zetterdahl, M.,
Measurements on Exhausts from Different Marine Fuels",
Department of shipping and marine technology, Chalmers
University of technology. Gothenburg: Sweden.

(http://publications.lib.chalmers.se/records/fulltext/235407/23540
7.pdf), 2016.

[55] ISO 8217, "Fuel Standard for marine distillate fuels",
2017.

[56] Algell, J., Bakosch, A. and Forsman, B., "Feasibility
study on LNG fueled short sea and coastal shipping in the
wider Caribbean region", SSPA SWEDEN AB, pp. 54, 2012.

[57] Vermeire, M.B., "Everything you need to know about
marine fuels", Chevron Global Marine Products. Ghent:
Belgium,
(https://www.chevronmarineproducts.com/content/dam/chevr

"Particle Emissions from Ships,

on-
marine/Brochures/Chevron_EverythingY ouNeedToKnowAb
outFuels v3 la DESKTOP.pdf), pp. 8-9,2012.

[58] DNV, Norwegian Maritime Directorate and
Environmental Information Portal for Maritime Industries.
(http://projects.dnv.com/portenv/portal), 2016.

[59] Lowell, D., Bradley, M.J., Wang, H. and Lutsey, N.,
"Assessment of the Fuel Cycle Impact of Liquefied Natural
Gas as Used in International Shipping", The International
Council on Clean Transportation (ICCT).
(https://www.theicct.org/sites/default/files/publications/ICCT
whitepaper MarineLNG_130513.pdf), 2013.

[60] Ansell, D.V., Dicks, B., Guenette, C.C., Moller, T.H.,
Santner, R.S. and White, I.C., "4 Review of the Problems
Posed by Spills of Heavy Fuel Oils", 2001 International Oil
Spill conference, Tampa, Florid: USA, 2001.

[61] Herdzik, J., "LNG as a Marine fuel- Possibilities and
Problems", Journal of KONES Powertrain and Transport.
Vol. 18(2), pp. 169-76, 2011.

[62] Corbett, J.J., "Marine Transportation and Energy Use",
In: Cutler, J.C. (Ed.), Encyclopedia of Energy, Elsevier, New
York, pp. 745-758, 2004.

[63] Ripple, R.D., "U.S. Natural Gas (LNG) Export:
Opportunities and challenges", International Association for
Energy Economics (IAEE) Energy Forum, pp.23-7, 2016.

[64] https://www.quandl.com/data/ WGEC/WLD_NGAS_--
gas-Europe-mmbtu-current-World.

[65] IGU, "2016 World Energy Report", International Gas
Union, 2016.

[66] Maznic, S., "Fuel prices and impact on LNG prices",
SUND energy.



59 Liquefied Natural Gas (LNG): Alternative Marine Fuel ...

(http://www.Inginbalticseaports.com/assets/files/do_pobrania/Bal
tic Ports LNG_Forum/Sund_Energy.pdf) pp. 5, 2015.

[67] "Liquefied Natural Gas: Understanding the Basic
Facts", U.S. Department of energy, Office of fossil energy.
pp. 5,2005.

[68] The International Group of Liquefied Natural Gas
Importers (GIIGNL). The LNG industry: GIIGNL annual
report 2016 edition.

(https://giignl.org/sites/default/files’ PUBLIC_AREA/Publications
/giignl 2017 report 0.pdf), 2016.

[69] Sames, P.C., Clausen, N.B. and Anderson, M.L.,
"Costs and Benefits of LNG as Ship Fuel for Container

Vessels", GL and Man Diesel & Turbo.

(https://marine.mandieselturbo.com/docs/librariesprovider6/techn
ical-papers/costs-and-benefits-of-lng.pdf?sfvrsn=18), 2011.

[70] Dag, AS., "LNG- A Cost Effective Fuel Option?
Drivers, Status Viability", DNV.GL.
(http://www.sjofart.ax/sites/www.sjofart.ax/files/attachments/
page/oceaneballand2014.pdf), pp. 30, 2014.

[71] Snud, K. and Whitefield, A., "Gas prices today and
going forward, Wholesale prices and the impact on retail

and Economic

prices for LNG as bunkering fuel ($/Tonne version)",
MarTech LNG value chain development seminars, pp. 34,
2014.



