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Abstract
Enlarging the fleet of gas carriers would make it possible to respond to the growing demand for hydrocarbon gases, but it will
increase carbon dioxide emissions. The International Maritime Organization (IMO) has developed the energy efficiency design
index (EEDI) with the objective of carbon emission reduction for new ships. In this paper, thirty gas carriers transporting
liquefied natural gas (LNG) and liquefied petroleum gas (LPG) and equipped with various types of main engines are considered.
As shown by the calculation of the attained EEDI, 2 of the 13 LPG carriers and 6 of the 17 LNG carriers under study do not
comply with the EEDI requirements. To meet the stringent EEDI requirements, applying thermochemical regenerators (TCRs)
fed by main engine exhaust gases is suggested. Mathematical modeling is applied to analyze the characteristics of the combined
gas-turbine-electric and diesel-electric power plant with thermochemical recuperation of the exhaust gas heat. Utilizing TCR on
gas carriers with engines fueled by syngas produced from boil-off gas (BOG) reduces the carbon content by 35% and provides the
energy efficiency required by IMO without the use of other technologies.

Keywords Liquefied natural gas . Liquefied petroleum gas . Gas carriers . EEDI . Thermochemical heat recovery . Gas-turbine
engine . Boil-off gas

1 Introduction

Human demand for energy will continue to grow to satisfy
various needs. According to the International Energy Outlook
data (US Energy Information Administration 2017), global
energy consumption will grow by 28% between 2015 and
2040. In addition, energy demand is predicted to increase by
about one third in the next 25 years (BP 2018).

The main source of energy nowadays is hydrocarbon or-
ganic fuel, the extraction of which is getting more complicated
at higher energy expenditure. However, the most exploitable
oil and gas fields were almost depleted in the late twentieth
century. Thus, oil and gas extraction is steadily shifting to-
ward offshore reserves.

Developed countries have placed significant emphasis on
alternative energy based on renewable energy sources.
However, despite the vigorous introduction of the
technologies using these energy sources, the share of natural
gas as a hydrocarbon organic fuel will continue to grow. Gas
consumption in the world energy balance will increase from
23% in 2016 to 26% in 2040 (Outlook for Energy 2018).

The following technologies can be implemented to trans-
port natural gas (Karabetsou and Tzannatos 2003):

1) Pipeline transportation
2) Liquefied natural gas (LNG) transportation
3) Compressed natural gas (CNG) transportation
4) Gas-to-liquids transportation

Considering the current situation in the world gas market
(production and transportation flows), the geography of
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exporters and importers, and the level of gas transportation
technologies development, it can be argued that pipeline and
LNG transportation are preferred technologies. This is sup-
ported by the opinions of the energy market experts. For in-
stance, Westwood Global Energy Group expects global LNG
capital expenditure (Capex) to total $236 billion over the
2018–2022 period based on its latest analysis of sanctioned
and upcoming projects.

According to UNCTAD, more than 90% of the world’s
cargo is transported by sea, as it results in lower energy ex-
penditure compared with that associated with other means of
transport.

By 2035, almost half of the extracted natural gas is expect-
ed to be transported by sea as LNG. The geography of these
voyages is quite broad. According to the IGU (2018), the
distance covered by the shortest LNG voyage in 2017 was
240 nm (from Algeria to Spain), and the longest one was 15
605 nm (from the US to China). The average LNG voyage
route is 8415 nm long.

Expanding the fleet of gas carriers would make it possible to
respond to the world’s growing demand for hydrocarbon gases,
but it will result in an increase of environmental pressures on
the atmosphere, in particular, additional emission of greenhouse
gases. A distinguishing feature of these types of ships is the
potential emission of boil-off gas (BOG) along with carbon
dioxide pollution, leading to an increase in methane slip.
Although the International Maritime Organization (IMO) has
not yet imposed restrictions onmethane emission, its level from
international shipping is subject to monitoring (IMO 2015).

In this paper, the features of gas carriers and their
transported cargoes are discussed. The main component of
LNG is methane (89%–98%), complemented by ethane
(1.4%–9.5%), propane (0.4%–2.5%), butane (0.1%–0.5%),
and nitrogen (0.1%–0.5%). LNG is carried at atmospheric
pressure and temperatures lower than the boiling temperature
of methane (− 161.5°С). This allows decreasing cargo volume
by approximately 600 times.

There are two types of LNG carriers on their containment
systems (MAN Diesel and Turbo 2013):

1) Those with self-supporting tanks, which are rigid struc-
tures with external heat insulation, such as spherical
(Moss) or prismatic (SPB) tanks

2) Those with membrane tanks, whereby the membranes are
heat-insulated and are fully integrated into the hull and
rely on hull’s strength

The latter are the most prevalent today, comprising 74% of
the world’s fleet of gas carriers (IGU 2018). The largest ships
are 31 Q-flex gas carriers (210000–217 000 m3 of cargo ca-
pacity) and 14 Q-max carriers (261700–266 000 m3), built
over 2007 to 2010. The average cubic capacity for gas carriers
ordered in 2017 was 173 300 m3.

During transportation, a part of the cargo evaporates because
of heat exchange between the surfaces of the cargo transportation
system and the environment. The boil-off rate (BOR) is accepted
as an indicator to estimate the BOG volume. The BOR is defined
as the percentage ratio of the daily BOGgeneration (VBOG) to the
total amount of liquefied cargo (VLNG).

According to Głomski and Michalski (2011), the BOR for
the modern gas carriers ranges between 0.1% and 0.15% in
laden conditions and 0.06% and 0.1% in ballast, depending on
ship design and generation.

In the second half of the twentieth century, the first specialized
gas carrier Methane Princess was equipped with a steam turbine
propulsion system of 10.2 MW capacity. Steam turbine propul-
sion systems were widely used on gas carriers. By 2014, 274 gas
carriers had been equipped with main steam turbine machines,
but they were almost completely replaced by diesel power plants
in subsequent orders. In mid-2007, gas carriers with steam tur-
bine propulsion systems were about 40% of the total number of
orders, but as of July 1, 2014, they comprised only 8%.

There is now a great diversity of conventional and ad-
vanced types of propulsion for gas carriers (Fernández et al.
2017).

Depending on the number of fuels in use, propulsion sys-
tems can be single-fueled (SF), dual-fueled (DF), or tri-fueled
(TF).

Different types of turbine plants could be used for propul-
sion, such as the conventional steam turbine (ST), ultrahigh-
pressure steam turbine (UST), and gas-turbine (GT) propul-
sion systems. Two-stroke low-speed (D2S) and four-stroke
medium-speed (D4S) diesel engines can also be used as the
main engines for gas carriers.

Engine to propeller power transmission can be both me-
chanical and electrical.

In addition, there could be a combination of different types
of main engines, such as the combined gas turbine and steam
system, as well as combined transmissions. For example, the
ST and gas engines, developed by Mitsubishi Heavy
Industries, Ltd. is a combined propulsion system that includes
an UST on the port side and an electric propulsion plant
powered by dual-fuel diesel engines on the starboard side
(Hiramatsu et al. 2016).

There are two main types of ship power plants for gas
carriers:

1) Those with a re-liquefaction system
2) Those with compressors, which are used for supplying

pressured gas derived from the BOG to the installed
engines

In the former case, a re-liquefaction unit is an integral part
of ship equipment. In the latter case, a gas-from-BOG system
is necessary. This system can contain high-pressure or low-
pressure compressors, depending on the main engine design.
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Hence, a DF D4S E LP plant is an electric propulsion
system powered by dual-fuel medium-speed diesel engines
with a low-pressure gas compression system.

An analysis of propulsion plants for the current fleet of
LNG carriers at the end of 2016 demonstrated that there were
52% of conventional ST plants, 26% of TF D4S E LP plants,
10% of SFD2SMR plants, 5% of DFD4S E LP plants, 4% of
DF D2S M HP plants, and 3% of DF UST M LP plants.

The features of gas carriers described above are considered
when calculating the energy efficiency design index (EEDI)
for new ships.

In general, the gas carriers under consideration have the
following features with regard to their impact on the
atmosphere:

1) Cargo partly evaporates during shipping, and BOG relief
into the atmosphere pollutes the atmosphere with volatile
hydrocarbons.

2) BOG re-liquefaction requires substantial additional ener-
gy consumption reaching 3–6 MW (Gomez et al. 2014),
which has a negative impact on the EEDI.

3) Cargo can be used as fuel for the installed main and/or
auxiliary engines, and the levels of carbon dioxide emis-
sion from natural gas and petroleum gas combustions are
lower than that from fuel oil.

4) BOG could be used in thermochemical regenerators
(TCRs) for the generation of syngas, which can be fed
to engines, thus affecting the final EEDI value.

5) Syngas can be generated without additional energy con-
sumption through waste heat recovery of exhaust gases.

The novelty of this article is the idea to apply TCR fed by
main engine exhaust gases to improve the energy efficiency of
gas carriers, whose propulsion engines are fueled by the BOG
cargo, which in addition to natural gas consisting largely of
methane, also contains heavier alkanes such as ethane, pro-
pane, and butane.

The paper is organized as follows: In Section 2, the impact
of gas carriers on CO2 emission is analyzed. In Section 3, the
procedure of EEDI estimation for gas carriers is analyzed.
Section 4 presents the results of energy efficiency calculations
for modern gas carriers with various power plants, and
Section 5 describes the impact of TCR included in ship power
plants on the final EEDI value.

2 Analysis of Gas Carriers’ Influence
on the Carbon Dioxide Emission Level

The data published in SIGTTO (2014) indicate that liquefac-
tion plants and receiving terminals have been built on every
continent but Antarctica (Table 1).

The share of LNG carriers continues to grow and is cur-
rently 3% of the world fleet, both by the number of ships and
by deadweight. The positive forecast (Adeosun 2017) for a
quantitative and a qualitative growth of LNG carriers is sup-
ported by the construction of large receiving terminals in
European ports, development of innovative gas production
technologies, exploration of new gas fields, and, especially,
the growing potential of LNG export terminals in Australia
and the USA (Figure 1).

According to Lloyd’s List Intelligence, 472 gas carriers
were in service as of January 2018, with total deadweight
exceeding 39.2 million tons. Westwood Global Energy
Group also expects 265 more ships of this type to be delivered
over 2018–2022 (Westwood Global Energy Group 2018).

There is also a growing demand for other hydrocarbon
gases, such as petroleum gases, ethylene, and ethane, but at
a less rapid rate than natural gas demand. The LPG demand in
Asia has grown considerably (Khurana 2017), and petroleum
gas export from the USA increased by 39% over the 5-year
period of 2012–2017 (Figure 2).

Therefore, there is an increased demand for gas carriers
transporting petroleum gases (Khurana 2017); however, this
demand is not met by the number of LPG carriers in service
(Figure 3).

With regard to the level of CO2 emission controlled by
IMO (IMO 2015), gas carriers rank sixth among all the types
of ships (Figure. 4).

Table 1 LNG industry growth over the past 20 years

Parameters 1993 2003 2013

Liquefaction plants 11 15 26

Receiving terminals 31 46 104

LNG carriers 76 152 393

Number of importing countries 9 13 29

LNG imports (million tons) 61.0 125.2 236.9

Figure 1 Global LNG carrier fleet growth for the 2011–2021 period
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Most of the emissionweight in 2012 (29%) could be attributed
to gas carriers with cargo capacity from 50 000 to 200 000 m3.
According to IMO (2015), this share will have increased by up to
66% by 2050. To estimate the emission level, the IMO report
considers the following types of liquefied gas tankers distin-
guished by StatCode 5: LNG tankers, LPG tankers, CO2 tankers,
and LPG/Chemical tankers.

Between 2013 and 2015, the key factor responsible for the
growth of carbon dioxide emission from gas carriers was an
increase of the main engine power (Figure 5), whereas for
other types of vessels, it was the transport supply expansion
(Olmer et al. 2017).

The level of ship energy efficiency is determined by the
EEDI and regulated by MARPOL 73/78 Annex VI, as well as
other IMO regulations (IMO 2015). Wang et al. (2014)
showed that carbon dioxide emission from LNG carriers is
expected to grow by 280% from 2007 to 2040 without the
EEDI introduction. Implementation of appropriate restrictions
will reduce this growth to 200% during the reporting period.
The most effective scenario is that the energy efficiency of all
LNG carriers will be the same as that of the top 5% of ships in
the industry as of 2011. In that case, carbon dioxide emission
will have increased only by 130% by 2040.

3 Analysis of the Features of EEDI Calculation
for Gas Carriers

The EEDI for new ships has been adopted in Annex VI of
MARPOL 73/78. The attained EEDI for new ships is a mea-
sure of their energy efficiency (g/t∙nm) (IMO 2014). As the
IMO is also a specialized agency of the United Nations re-
sponsible for regulating shipping, methods proposed in the
IMO current regulations, as well as the estimation of ship
energy efficiency, are accurate (IMO 2014, 2016a).

Regarding different types of gas carriers, the EEDI is ap-
plicable to LNG, CNG, LPG, and CO2 tankers. The formula
for this index may not be applicable to LPG tankers that can
additionally carry chemical products (IMO 2013).

Several groups of parameters have an impact on the
attained EEDI: the ship’s power plant parameters (main and
auxiliary engine power, fuel type, and consumption) and sea-
going qualities (deadweight or capacity, reference speed), as
well as non-dimensional factors that consider the ship design
features, region of navigation, and availability of innovative
energy efficiency technologies (IMO 2014).

Figure 4 CO2 emissions from international shipping by ship type (2012)

Figure 2 LPG export and import growth for the 2012–2017 period

Figure 3 LPG vessel supply and demand growth Figure 5 Drivers of emissions for liquefied gas tankers, 2013–2015
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The attained EEDI is calculated by the following formula
(IMO 2014):

EEDI ¼
∏
M

j¼1
f j

 !
∑
nME

i¼1
PME ið Þ⋅CFME ið Þ⋅SFCME ið Þ

� �
f i⋅ f c⋅ f l⋅Capacity⋅V ref ⋅ f w

þ PAE⋅CFAE⋅SFCAE*ð Þ
f i⋅ f c⋅ f l⋅Capacity⋅V ref ⋅ f w

þ
∏
M

j¼1
f j⋅ ∑

nPTI

i¼1
PPTI ið Þ− ∑

neff

i¼1
f eff ið Þ⋅PAEeff ið Þ

 !
CFAE⋅SFCAE

 !

f i⋅ f c⋅ f l⋅Capacity⋅V ref ⋅ f w

−
∑
neff

i¼1
f eff ið Þ⋅Peff ið Þ⋅CFME⋅SFCME

� �
f i⋅ f c⋅ f l⋅Capacity⋅V ref ⋅ f w

ð1Þ

*If a part of the normal maximum sea load is provided by
shaft generators, SFCME and CFME replace SFCAE and CFAE

for that part of the power.
Here, SFС is the specific fuel consumption for main en-

gines (ME) and auxiliary engines (AE), measured in g/kWh.
For gas carriers, deadweight should be used as Capacity.
Other elements of the formula include the following:
СF is a non-dimensional conversion factor between fuel

consumption and CO2 emissionmeasured in g, which is based
on carbon content in the fuel; Vref is the ship speed measured
in knots; PME(i) is the power of the ME measured in kW;
PPTI(i) is 75% of the rated power consumption of each shaft
motor divided by the weighted average efficiency of the gen-
erator(s), kW; Peff(i) is the output of the innovative mechanical
energy-efficient technology for propulsion at 75% main en-
gine power; PAEeff(i) is the auxiliary power reduction due to
innovative electrical energy-efficient technology; PAE is the
auxiliary engine power required to supply the normal maxi-
mum sea load; fj is a correction factor to account for a ship’s
specific design elements; fw is a non-dimensional coefficient
indicating the decrease of speed in representative sea condi-
tions; feff(i) is the availability factor of each innovative energy
efficiency technology; fi is the capacity factor for any
technical/regulatory limitation on capacity; fc is the cubic ca-
pacity correction factor; and fl is the factor for general cargo
ships equipped with cranes and other cargo-related gear to
compensate for deadweight losses (IMO 2014).

When calculating the EEDI, two types of gas carriers can
be distinguished: LNG carriers and other gas carriers. The
EEDI reference lines for these two types are calculated by
different formulas. For LNG carriers, the formula is as fol-
lows:

Reference EEDI ¼ 2253:7� DWT−0:474 ð2Þ
while for other gas carriers, the formula is as follows:

Reference EEDI ¼ 1120� DWT−0:456 ð3Þ
where DWT denotes the difference between the displacement
of a ship in water of 1.025 kg/m3 relative density at the sum-
mer load draught and the ship’s lightweight. The EEDI reduc-
tion factors are intended to be introduced in phases over 2013
to 2025, becoming increasingly restrictive at each phase
(Table 2) (IMO 2016b).

Here, we will briefly cover some features of the attained
EEDI calculation for gas carriers. The formula may not be
applicable to ships with diesel-electric or turbine propulsion
system, except for LNG carriers. Accordingly, the estimations
of the rated installed power of ME for various types of pro-
pulsion systems are different. Thus, PME(i) is 75% of the rated
installed power for each main engine for diesel-mechanical
propulsion systems and 83% for ST propulsion systems. For
LNG carriers with a diesel-electric propulsion system, PME(i)

should be calculated using the following formula:

PME ið Þ ¼ 0:83� MPPMotor ið Þ
η ið Þ

ð4Þ

where MPPMotor(i) is the rated motor output given in the cer-
tified document, and η(i) is the product of the electrical effi-
ciencies of the generator, transformer, converter, and motor.

It is worth noting that STs have restricted use as propulsion
systems onmodern LNG carriers because of several disadvan-
tages. The most crucial of them include lower efficiency and
higher mass and dimensional characteristics compared with
those of diesel engines (Norberg 2012; Lin et al. 2014).

Another feature of the attained EEDI calculation is the
estimation of PAE for LNG carriers with a re-liquefaction sys-
tem or compressors for supplying BOG-derived high-pressure
or low-pressure gas to the installed engines. For ships having a
ST propulsion system, where electric power is primarily

Table 2 EEDI reduction factors, cut off limits, and implementation
phases

Ship
Type

Size Phase 0:
Jan 1,
2013–
Dec 31,
2014

Phase 1:
Jan 1,
2015–
Dec 31,
2019

Phase 2:
Jan 1,
2020–
Dec 31,
2024

Phase 3:
Jan 1,
2025, and
onward

LNG
carriers

10 000 DWT
and above

– 10%* 20% 30%

Gas
carriers

10 000 DWT
and above

0% 10% 20% 30%

2000–10 000
DWT

– 0–10% 0–20% 0–30%

*Phase 1 commences for those ships on September 1, 2015
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supplied by a turbine generator closely integrated into the
steam and feed water systems, PAE is taken equal to 0.

For LNG carriers with direct or electrical transmission, PAE
is calculated as follows:

PAE ¼ 0:025� ∑
nME

i¼1
MCRME ið Þ þ

∑
nPTI

i¼1
PPTI ið Þ

0:75

0
BB@

1
CCA

0
BB@

1
CCAþ 250

Moreover, one of the three equations below can be added:

CargoTankCapacityLNG � BOR� COPreliquefy � Rreliquefy;

COPcomp � ∑
nME

i¼1
SFCME ið Þ;gasmode �

PME ið Þ
1000

;

0:02� ∑
nME

i¼1
PME ið Þ

ð5Þ
where CargoTankCapacityLNG is the LNG cargo tank capac-
ity in m3; BOR is the design BOG rate of the entire ship per
day; COPreliquefy is the coefficient of design power perfor-
mance for re-liquefying BOG per unit volume; Rreliquefy is
the ratio of the BOG volume to be re-liquefied to the entire
volume of BOG, COPcomp is the design power performance of
compressor, and 0.33 (kWh/kg) should be used.

There are certain peculiarities of fuel consumption calcula-
tion for steam propulsion systems and dual-fuel engines oper-
ating on fuel oils and natural gas (Wang et al. 2014):

SFCSteamTurbine ¼ FuelConsumption

∑
nME

i¼1
PME ið Þ

ð6Þ

The capacity correction factor, fi, is taken equal to 1, except
for ice-class ships. For ice-class ships, particular formulas are
employed to calculate fi for various ship types, including LNG
carriers. The same applies to the power correction factor fj.

The cubic correction factor, fc, is taken equal to 1 as well.
However, for LNG carriers with a direct diesel-driven propul-
sion system, the following cubic capacity correction factor
fcLNG should be applied:

f cLNG ¼ R−0:56 ð7Þ

where R is the capacity ratio of the deadweight of the ship
(tons) divided by the total cubic capacity of the cargo tanks of
the ship (m3).

Therefore, EEDI calculation has distinctive features for ice-
class LNG carriers, LNG carriers with various propulsion sys-
tems (direct diesel-driven, diesel-electrical, ST), those with
dual-fuel engines operating on fuel oils and natural gas, and
those with a re-liquefaction system or compressors for supply-
ing pressured gas.

4 Study of EEDI Calculation for Modern Gas
Carriers

The attained EEDI calculation for various ship types has been
considered in many studies. For instance, in one study, the
EEDI was calculated for 381 gas carriers built over 2009–
2016 (CE Delft 2017). Despite the significant sample size, a
drawback of this study is the lack of differentiation by type of
propulsion system and cargo. These key factors may have a
major impact on the attained EEDI.

Here, we calculate the EEDI for eligible modern gas car-
riers. Ship designs have been selected from the Significant
Ships issues published by the Royal Institution of Naval
Architects in 2011–2017 (RINA 2012, 2013, 2014, 2015,
2016, 2017, 2018). This annual publication contains informa-
tion about the designs delivered by shipyards over the year
worldwide, which are the most interesting per experts’ opin-
ions. The designs comprise a reasonably representative sam-
ple, which allows determining major trends in the use of var-
ious shipbuilding technologies.

The sample includes 30 ships eligible for EEDI calcu-
lation, 13 of which are LPG carriers, and the remaining 17
are LNG carriers. All the selected LPG carriers are
equipped with main low-speed diesel engines. While four
out of 17 LNG carriers are equipped with steam turbine
propulsion systems (ST and UST), the rest are equipped
with diesel propulsion systems. All diesel engines are DF.
Only one LNG carrier has a direct diesel-driven propul-
sion system with a low-speed engine, while other ships
with diesel propulsion systems have main medium-speed
engines, two of which are DF D4S M LP and 10 (RINA
2012, 2013, 2014, 2015, 2016, 2017, 2018).

Calculations have been conducted according to the method
presented in IMO (2014), and the recommendations and clar-
ifications given in Class NK (2014), Class NK (2016), and
IACS (2016) were followed.

The results of the EEDI calculations for LPG carriers op-
erating on fuel oils are illustrated in Figure 6. The attained
EEDI is compared with reference lines for all implementation
phases. As can be seen, the majority of the selected modern
LPG carriers comply with the EEDI requirements, except for
two low-displacement ships, and another two ships even ex-
ceed the requirements of the most stringent Phase 3.

Similar graphs for LNG carriers operating on fuel oils are
shown in Figure 7. The majority of ships under study have a
deadweight of 70 000–95 000 tons; for illustrative purposes,
this group of ships is shown separately in Figure 7b. As seen
in Figure 7, six LNG carriers do not comply with the EEDI
requirements, and four of them have ST propulsion systems.
However, there are studies that show an opportunity to in-
crease the efficiency and overall energy performance of
LNG carriers by improving the STs, including the use of su-
perheated steam (Oka et al. 2004; Sato and Chung 2013).
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Installation of STs as ship ME can also significantly lower the
NOx emission in comparison with diesel engines (Oka et al.
2004; Bengt and Knut, 2011).

A comparison of the EEDI data for LNG carriers operating
on fuel oils and natural gas is shown in Figure 8. The attained
EEDI for ships operating on natural gas complies with the

EEDI requirements. However, even operation on natural gas
cannot ensure the compliance of some gas carriers with the
EEDI requirements of the most stringent Phase 3.

Data analysis has shown that the majority of the investigat-
ed gas carriers built in 2011–2017 meet the EEDI require-
ments of at least Phase 1, considering the period of their con-
struction. However, many cargo ships are built in series.
Accordingly, gas carriers with the same parameters but built
after 2020 and 2025 will not be able to meet the requirements
of the stringent Phase 2 and Phase 3 by operating on natural
gas only. A promising solution for reducing carbon dioxide
emission is the application of TCRs fed by main engine ex-
haust gases. The operation ofME on syngas generated in such
a way will improve the energy efficiency of gas carriers. This
is particularly relevant for LPG carriers, where direct engine
feeding with BOG is not always possible. The operation of
marine engines on heavy hydrocarbons (e.g., propane, bu-
tane), in contrast to methane, is still quite limited (Class NK,
2018; Bureau Veritas 2016).

(a) All ships under study  

(b) Ships with the deadweight of 70000–95000 t. EEDIcalc (FO) is the 

attained EEDI for operation on fuel oils; EEDIcalc (LNG) is the attained 

EEDI for operation on LNG

Figure 8 Comparison of the attained EEDI and the EEDI reference lines
for LNG carriers operating on various fuels. (a) All ships under study. (b)
Ships with the deadweight of 70 000–95 000 t. EEDIcalc (FO) is the
attained EEDI for operation on fuel oils; EEDIcalc (LNG) is the attained
EEDI for operation on LNG

(а) All ships under study 

(b) Ships with the deadweight of 70000–95000 t  

Figure 7 Comparison of the attained EEDI and the EEDI reference lines
for LNG carriers. (а) All ships under study (b) Ships with the deadweight
of 70 000–95 000 t

Figure 6 Comparison of the attained EEDI and the EEDI reference lines
for LPG carriers
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Besides lower CO2 emission, operation on natural gas
leads to higher emission of another greenhouse gas, methane
(so-called methane slip) (Ghadikolaei et al. 2016). The use of
TCRs on board gas carriers can solve this issue. Although
methane as an emission component is not controlled at the
legislative level yet, an increase in the number of ships oper-
ating on natural and other hydrocarbon gases may foreground
the issue. Some researchers are working on this issue and
propose including methane slip in the EEDI formula by intro-
ducing new coefficients for LNG carriers (Roy 2016).

5 Study of the Impact of Thermochemical
Technologies of Waste Heat Recovery on EEDI
Reduction

To ensure the efficiency of thermochemical technologies of
waste heat recovery, it is required that the temperature and
power potentials are sufficient for the production of the rele-
vant quantity and quality of syngas from basic fuel.

Previous studies (Cherednichenko 2015; Cherednichenko
and Serbin 2018) have identified promising types of power
plants for gas carriers that suggest the application of thermo-
chemical technologies of waste heat recovery.

The method of mathematical modeling has been ap-
plied to analyze the characteristics of the combined gas-
turbine-electric and diesel-electric power plants with
thermochemical recuperation of the exhaust gas heat
via steam conversion of natural/petroleum gas or cargo
evaporation products COGED (DF D4S GT E LP) with
TCRs.

One of the promising ways for the thermochemical conver-
sion of organic raw materials into syngas is the plasma-
chemical method (Gatsenko and Serbin 1995; Serbin 1998;
Matveev et al. 2007a, b, 2008). It can be implemented in
power plants of various types (Serbin 2006; Matveev and
Serbin 2006). Plasma-assisted thermochemical transforma-
tions can be used directly for hydrocarbon fuel treatment; in
addition, plasma assistance is applicable for intensifying the

combustion processes of syngas produced with thermochem-
ical technology (Serbin et al. 2014; Matveev et al. 2007a, b;
Matveev and Serbin 2012).

As indicated by numerous studies, the application of TCRs
(including the plasma-chemical method) ensures not only a
decrease in specific fuel consumption in the propulsion system
but also a significant reduction in carbon dioxide generated at
fuel combustion (its amount is defined by the carbon content
in the fuel).

The impacts of changes in climatic conditions on the effi-
ciency of waste heat recovery processes have been compre-
hensively studied by Radchenko et al. (2018, 2019).

Carbon content can be calculated using the followingmeth-
odology (API 2013):

CCMixture ¼
∑

#of Components

i¼1
n� AWCarbon � Xmið Þ

∑
#of Components

i¼1
MWi � Xmið Þ

ð8Þ

where CCMixture is the carbon content weight fraction of the
mixture; n is the number of carbon atoms in the component;
AWCarbon is the atomic weight of carbon; MWi is the molec-
ular weight of component i; and Xmi is the mole fraction.

The main components of syngas formed during steam con-
version of hydrocarbon fuel are H2, H2O, CH4, CO2, and CO.

Table 3 provides the results of carbon content calculation
for the syngas formed during steam conversion via the ther-
mochemical recuperation of exhaust gas heat in the GT engine
Siemens SGT 400 (Figure 9). The exhaust gas temperature is
555°С. According to Alves and Nebra (2003), the steam-to-
methane mole ratio is ≈7. The calculation was carried out
using dry components. The molar masses were taken accord-
ing to Dean (1999).

The analysis of the results indicates that methane conver-
sion in such conditions leads to 35% reduction of the carbon
content, and the waste heat of the main engine is recovered.

Table 4 and Table 5 provide the calculation results of molar
fraction, carbon content, and lower calorific value for the

Table 3 Carbon content
calculation for syngas Parameters CO CO2 CH4 H2

Mole fraction Xm 0.0063 0.1262 0.3439 0.5236

Molar mass MW 28.0101 44.0095 16.0425 16.0425

No. of carbon atoms in the component n 1 1 1 0

Atomic weight of carbon AWCarbon 12.0107 12.0107 12.0107 12.0107

n ×AWCarbon × Xm 0.0757 1.5158 4.1305 0.0000

Xm ×MW 0.1765 5.5540 5.5170 0.5277

Sum of (n ×AWCarbon × Xm) 5.7219

Sum of (Xm ×MW) 11.7752

Carbon content CC 0.4859
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syngas formed during steam conversion of natural gas, ethane,
propane, and butane via thermochemical recuperation of ex-
haust gas heat in the GT engine Siemens SGT 400.

Here, mathematical modeling is employed to analyze the
efficiency of power plant modernization for one of the most
advanced and innovative projects, the Arctic LNG carrier
Christophe de Margerie (size class of 170 000 m).

The basic power plant with a total output of 64.35 MW has
the DF D4S E LP design. It consists of six Wartsila diesel en-
gines, including four 12V50DF engines (11.7 MW each) and
two 9L50DF engines (8.775 MW each) (RINA 2017).
Calculations show that the attained EEDI is 12.89 g/(t·nm) when
the engines operate on fuel oils and 10.4 g/(t·m) when they
operate on BOG.

The alternative power plant COGED (DF D4S GT E LP)
with TCR and total output of 65.55 MW consists of one gas-
turbine engine, Siemens SGT 400, with an output of
12.9 MW, and five Wartsila diesel engines (three 12V50DF
and two 9L50DF). The main advantages of gas turbines used
in ice-class ships are the following: a high capability for quick
start-up and load pickup (from 2 to 5 min), which is essential
in the Arctic; low mass and dimensional characteristics at a
sufficiently high power per one GT engine; the capability of

long-term steady engine operation on nominal mode; the pos-
sibility of engine tuning for operation at subzero air tempera-
tures; and the possibility of unit replacement during repair.

Calculations demonstrate that despite the application of a
GT engine with a considerably lower efficiency than a diesel
engine, the total efficiency of the power plant is almost the
same and makes up 49% on engine flanges.

This is because TCR utilization can reduce specific fuel
consumption in the power plant engine by 7%. Thus, the SFC
is 0.137 kg/(kW·h) for diesel engines and 0.189 kg/(kW·h) for
GT engines. Because of relatively low temperatures in the
Arctic, a higher engine efficiency is expected for all the options
of GT applications.

Although the hourly fuel consumptions for the basic and
alternative plants are almost the same (9.5 tons per hour),
TCR utilization can significantly decrease the EEDI by
reducing the carbon content in the fuel. According to the
calculations, the attained EEDI for the alternative plant is
6.18 g/(t·nm). The EEDI data for various options are com-
pared in Figure 10 below.

As can be seen in Figure 10, even operation on BOG
(methane) cannot ensure the energy efficiency of LNG

Figure 9 Gas turbine with thermochemical recuperation. 1. Compressor;
2. Combustor; 3. Turbine of Compressor; 4. Power Turbine; 5.
thermochemical reactor; 6. Methane Compressor; 7. Heat Recovery
Steam Generator; 8. Water Pump

Table 4 Mole fraction calculation for the syngas formed during steam
conversion

Component Fuel

LNG (Benito 2009) Ethane Propane Butane

CO 0.00655 0.0014 0.0111 0.0119

CO2 0.13345 0.1474 0.1864 0.2037

CH4 0.3693 0.6637 0.54 0.5316

H2 0.4884 0.1875 0.2625 0.2528

Nitrogen 0.00224 – – –

Table 5 Carbon content and lower calorific value calculation for the
syngas formed during steam conversion

Fuel

LNG (Heavy) (Benito 2009) Ethane Propane Butane

Carbon content

0.4880 0.5621 0.5079 0.4964

Carbon content reduction (%)

34.9 29.6 37.8 39.9

Lower calorific value (MJ/kg)

53.7 58.2 59.2 59.0

Lower calorific value increase (%)

10 23 28 29

Figure 10 Comparison of the attained EEDI and the EEDI reference lines
for various power plants on the LNG carrier Christophe de Margerie.
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carriers built in 2017, and the carriers are thus subject to the
Phase 1 requirements. However, EEDI declines by 20% in this
case compared with the EEDI associated with operation on
fuel oils. Meanwhile, the application of the COGED with
TCR ensures the energy efficiency of LNG carriers at the level
of the most stringent requirements for carbon emission, which
almost halves.

6 Conclusion

As shown by the calculation of the attained EEDI for 13 con-
sidered modern LPG carriers, 11 ships comply with the EEDI
requirements, but only two of them meet the requirements of
the most stringent Phase 3.

Moreover, 6 of the 17 considered LNG carriers do not
comply with the EEDI requirements when operating on fuel
oils, including all those with ST propulsion systems.When the
ships operate on natural gas (BOG), all of them comply with
the requirements of Phase 0 the least, and eight of them meet
the requirements of Phase 3. Meanwhile, only two LNG car-
riers do so when operating on fuel oils.

At the same time, the utilization of natural gas as fuel for
gas carriers cannot always ensure a high energy efficiency. A
promising solution of carbon emission reduction is the appli-
cation of TCRs fed by main engine exhaust gases.

As indicated by the results of mathematical modeling of
the conversion of the main LNG and LPG components, the
carbon content in syngas can be decreased on average by
30%–40%, while the lower calorific value can be increased
by 30%.

The utilization of TCR on gas carriers with engines fueled
by syngas produced fromBOGwill provide the IMO-required
energy efficiency without the use of other energy-efficient
technologies. This makes TCR application quite promising
for the group of ships under study.
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