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Abstract. The share of LNG carriers is growing every year, so the use of liquefied natural gas as a fuel for engines is
steadily increasing. The article analyzes the current trends in the development of marine energy. Consideration was
given to the specific features of the transportation of liquefied natural gas by gas tankers, which allow reducing the
loss of natural gas during transportation and reducing the negative impact on the environment. One of the basic ways
to reduce polluting emissions of ship power plants is application of innovative devices for on-board energy generation
by means of secondary energy resources. The aim of the article is to determine the prospects for the use of secondary
energy resources of marine dual-fuel engines running on liquid petroleum fuel and natural gas. The metal hydride units
of a continuous action and the combined gas turbine and diesel engine plant with thermo-chemical recuperation of the
heat of secondary energy resources has been considered. The potentials of waste heat from secondary energy sources
of a gas turbine engine and a medium-speed four-stroke diesel engine are compared. It is proposed to study the analysis
of changes in the specific consumption of liquefied natural gas in the installations of a combined gas turbine-electric
and diesel-electric power plant with thermochemical utilization of exhaust gas heat by steam conversion of natural gas
or cargo evaporation products when it operates on synthesis gas of different composition using mathematical modeling
methods. The results of mathematical modeling of processes in a power plant with thermochemical utilization of
exhaust gas heat by converting hydrocarbon fuel allow us to draw conclusions about the prospects and efficiency of
using these plants to increase the energy efficiency index on gas carriers.

Key words: thermo-chemical recuperation; gas turbine engine; liquefied natural gas; LNG carrier; mathematical
modeling.

Anortanis. C KO)XHIM POKOM YacTKa CY[ICH ra3oBO3iB 3pOCTa€, TOMy HEBIIMHHO 30UIBIIYETHCS BUKOPHCTAHHS 3pi-
JUKEHOTO TIPHPOIHOTO Ta3y B SKOCTI MaliBa UL JBUTYHIB. B CTarTi mpoaHali3oBaHO CydacHi TEHACHINI pPO3BUTKY
CYAHOBOI €HEpPreTHKH. PO3IISIHYTO OCOOIMBOCTI TPAHCIIOPTYBAHHS 3PiPKEHOIO NPHPOJHOTO ra3y TaHKepaMH-Ta30-
BO3aMH, SIKi JO3BOJISIOTH 3MEHIIIUTH BTPATH PUPOIHOTO Ta3y [IPU TPAHCIIOPTYBAHHI T 3MEHIIUTH HETaTHBHHUI BIUTHB
Ha HaBKOJHMIUHE cepenoBuiie. OXHMM 3 OCHOBHUX LIUIAXIB 3HIDKECHHS IIKIJIMBUX BHKUAIB CYJHOBUX SHEPreTHYHHX
YCTaHOBOK € 3aCTOCYBaHHS iHHOBAaIlIfHUX MPHUCTPOIB U1 BUPOOHUIITBA €Heprii Ha OOpTy CymHa 3a paxXyHOK BTOPHH-
HHX €HepropecypciB. MeToro cTarTi € BU3Ha4EHHS IIePCIEKTUBH BUKOPHCTAHHS BTOPUHHUX CHEPTeTUYHUX PECypcCiB
CYIHOBHUX JIBOTIAJIMBHUX JBHUTYHIB, SIKi IPAIIOIOTH HA PiIKOMy Ha(TOBOMY MalMBi Ta IPHPOTHOMY Ta3i. Po3rstHyTo
METaJIOTiAPUIHI YCTAaHOBKHU Oe3repepBHOl Aii Ta KOMOiHOBaHY ra30TypOiHHO-IU3ENFHY YCTaHOBKY 3 TEPMOXIMITHOIO
YTHJII3aIi€I0 TEIUIOTH BTOPUHHIX eHepropecypciB. [IopiBHAHO MOTEHIIAMH CKHIHOTO TeTljIa BTOPHHHUX €HEepPropecyp-
CiB ra3oTypOiHHOTO IBHUTYHA Ta CEPeIHHLOOOOPTOBOTO YOTHPHUTAKTHOTO JAM3EIBHOTO NBUTYHA. JlOCTiKEeHHS aHAizy
3MiHH TUTOMOI BUTPATH 3PIHKEHOTO MPHUPOMHOTO Ta3y B yCTAaHOBKAaX KOMOIHOBAHOI ra30TypOiHHO-EIEKTPHYHOI Ta
JIN3eITb-eTICKTPUYHOI €JIeKTPOCTAHIIN 3 TEPMOXIMITHOO YTHIII3ai€l0 TEIUIOTH BiANPAbOBAaHUX T'a3iB IIISIXOM ITapo-
BOT KOHBEPCIii MPUPOAHOTO ra3y ado MPOAYKTIB BUIAPOBYBAaHHS BAHTAXY IIPH X poOOTI HAa CHHTE3-Ta31 Pi3HOTO CKIIAIy
3aIIPOIIOHOBAHO MIPOBOAUTH 32 JIOTIOMOTOFO METO/IiB MaTEMaTH4IHOTo MoJiesIFoBaHH:. HaBeneHi pe3ynsraTi MaTeMaTny-
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HOTO MOJIEJIOBAHHS MPOLIECIB B €HEPreTUUHIM yCTaHOBLI 3 TEPMOXIMIYHOIO yTHIIIZAII€I0 TEIUIOTH BiANPAIlbOBAHUX
rasiB IUISIXOM IIEPETBOPEHHS BYIIEBOIHEBOTO MAJIMBA, JO3BOJISIIOTH 3pOOUTH BUCHOBKH HIOJO HEPCIEKTUBHOCTI Ta
€(pEeKTUBHOCTI BUKOPUCTAHHS JAHUX YCTAaHOBOK JJIsI IiJIBUIIEHHS 1HAEKCY SHEPreTHYHOI eEeKTHBHOCTI Ha CynHax

ra3zoBo3ax

KorouoBi ciioBa: TepMoxiMidHa peKyrepallis; ra3oTypOiHHUN JBUI'YH; CKpaIICHHH MPUPOIHUIN Ia3; Ta30B03; MaTe-

MaTHU4YHC MOJCIIFTOBAHHA

OBJECTIVE

World primary energy production grows at 1.5 % per
annum from 2012 to 2035. The annual analytical reports
ofthe U.S. Energy Information Administration (EIA) pro-
vide comparative long-term forecasts for 2013 and 2019
(Fig. 1)[1, 2]. The EIA conducts its research using the
World Energy Outlook System (WEPS+), an integrated
economic model that captures the long-term relationships
between energy supply, demand, and prices in regions
under various assumptions. It should be noted that energy
market forecasts are uncertain, as events shaping future
changes in technology, demographic changes, economic
trends, and resource availability are dynamic and multi-
directional. Forecasts do not include the impact of certain
possible future changes, such as changes in national bor-
ders and international agreements, disruptive geopolitical
or economic events, the emergence of disruptive technol-
ogies, changes in existing policies, etc. A good illustra-
tion of this is the catastrophic collapse of oil prices in the
first quarter of 2020 due to the impact of the coronavirus
epidemic on the global economy and the “gas crisis” in
Europe following Russia’s full-scale military invasion of
Ukraine.
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Fig. 1. Forecast of total global energy consumption

The share of total gas consumption grows from 31%
in 2012 to 34% in 2035.

An assessment of the current situation on the natu-
ral gas market (volumes and traffic flows), taking into
account the current geography of exporters and import-
ers, and analyzing the technological level of transporta-
tion methods, reveals that the priority is given to pipeline
and liquefied natural gas transportation technologies.
This conclusion is confirmed by the forecasts of reputable
energy market experts.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

Over the past 11 years (2012 — 2022), Australia and
the United States have led the growth of global LNG
capacity, adding 75% of the total increase in global
capacity over this period [3].

Russia’s energy projects in the Arctic face a bleak
future after sanctions were imposed on the country fol-
lowing its invasion of Ukraine.[4] For example, Russia’s
LNG export project, Arctic LNG 2, which began in 2017,
has been postponed and is now targeting 2023-2026 to
launch three LNG lines [3].

At the same time, the production capacity of LNG
plants on the Arctic coast of Canada is increasing. Thus,
Shell’s giant LNG Canada project is almost 85 percent
complete and is scheduled to ship its first cargoes by
mid-decade. The first phase of the LNG Canada project
has been completed, which included the construction of
two liquefaction units with a capacity of 14 million tons
per year. In addition to Shell, other partners of Canada’s
first LNG export terminal include Malaysia’s Petronas,
PetroChina, Japan’s Mitsubishi Corporation and South
Korea’s Kogas, and the main contractor for the project is
JGC Fluor [5].

According to forecasts, by 2035, almost half of the
volume of natural gas (Figure 2) will be transported in
the form of liquefied natural gas (LNG) by ships — LNG
carriers, sometimes called “floating pipelines”.[6] LNG
plants and LNG cargo terminals are located on all conti-
nents except Antarctica.
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Fig. 2. Distribution of the methods of natural gas transportation

BASIC MATERIAL

The ice class LNG carriers will have independent ice-
breaking capabilities that enable them to sail in ice seas.

The ice class LNG carriers will be capable of trans-
porting LNG from float LNG plants at gas fields to main
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Fig. 3. Shipping routes in Arctic Ocean
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Fig. 4. Siemens Energy’s Ocean Green LNG carrier

LNG markets in the world. During summer period, the
carriers will also be able to independently sail on North-
ern Sea Route and Northwest Passage to transport LNG.

Now more 705 LNG carriers were in service and
order book includes 216 ships [7].

The size an LNG carrier is based on its obtainable
volumetric capacity of liquid natural gas in m’. The
standard size for an LNG carrier has traditionally been
155,000 m3, but the 31 Q-flex and 14 Q-max ships that
were built over the 2007-2010 period, have capacity at
216,000 m? and 266,000 m?, respectively.

Traditionally, first LNG carriers have been propelled
by steam turbine. As of mid-2014 year 274 steam-pow-
ered LNG carriers were in service, however of the ships
on order as of mid-2007 only 40% have steam turbine
propulsion, in order on 1 July 2014 there were 8 % of
such ships (Fig. 5).

Today there are very various proposals of the propul-
sion systems for LNG. The most widely used are DFDE
propulsion systems (more 80%).
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Fig. 5. Propulsion systems for LNG carriers

The gas evaporating during the LNG transportation is
commonly referred to as Boil-off Gas (BOG). According
to the data presented by Gtomski [8], about 0.1-0.2% of
the volume of the transported cargo evaporates daily. The
BOG can be used as a fuel for the power plant [9, 10, 11,
12, 13] (Fig. 6, 7).
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Fig. 6. Propulsion systems for LNG
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Fig. 7. Configurations of the propulsion plants for LNG carriers
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The publication of Dzida [14] considers the GOGES
power plants with the power of 40-50 MW for a LNG
carrier with the cargo capacity of 266,000 m*. The GOG-
ES plant based on 4 GTEs Cyclone SGT 400 and a steam
turbine waste-heat loop with two-pressure boilers has the
efficiency of 50.7%.

The generated power of the steam turbine waste-heat
loop is 49% of the total plant power, which raises some
doubts about feasibility of such a configuration in the
ship’s conditions.

Steam

— Hedt Heating $7eam

Total Reconty f:.{c“‘;l?'m Sbarigh. 37th

Instaied Power S | Steam Loads
43,530 kW

Hotel Load

gmw

JI * Ory Low Emssions

'
OF I i e
ere

GE Marine, Dalian Shipbuilding Industry Company
(DSIC) and Lloyd’s Register have collaborated on the
project of the COGES (combined gas turbine and steam
with Electric propulsion) plant for 174,000 m® of the
LNG carrier.

The plant includes one 30 MW gas turbine engine,
one heat utilization turbine generator, and two dual-fuel
diesel generators for operation on the low power con-
sumption modes, and as a power reserve (Fig. 8). The
main advantage of the plant is reduction of polluting
emissions, improvement of the mass-dimensional param-
eters, and reliability. Fuel consumption for the DFDE and
COGES plants is approximately the same [15, 16].
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Fig. 8. The thermo-chemical recuperation (TCR)
is the promising way of waste heat recovery of heat engine

Siemens Energy has developed the Ocean Green con-
cept, a new low-emission power and propulsion system
for deepwater shipping, particularly for LNG tankers.

MALLUVNHOBYAYBAHHA [ EEEEIELEE]

Ocean Green is a new and innovative hybrid combined
cycle power plant that uses a gas turbine as the main
engine in combination with a steam turbine and energy
storage for electric propulsion and distribution system.
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Fig. 9. Heat engine with thermo-chemical recuperation [17]

A substantial part of fuel energy introduced to heat
engine is recovered with the engine exhaust gases. The
energy of the exhaust gases can be used to provide endo-
thermic reactions of hydrocarbon fuel transformation.
The exhaust gases are directed into the chemical reform-
er and then into the vaporizer. The reformed fuel gas is
used in the heat engine. Comparing the synthesis gas
to the base hydrocarbon fuel, the fuel calorific value is
increased.

Hydrocarbon fuel can be converted into hydrogen-
containing gas through steam reforming. If using meth-
ane, after absorbing heat in the reformer, the methane
reacts with the steam according to the following reactions:

CH,+H,0 - CO+3H,
(Ah=206.2k)/ mol CH,);
CO + H,0 — CO, + H, (Ah=-41.17 kJ/ mol CO).

The main factors that affect the efficiency of a power
plant with TCR are as follows:

— temperature potential of the flows of the waste heat
energy sources in engines;

— dependence of change in the rate of increase of the
base fuel calorific value on the reaction temperature;

— heat input of the exhaust gas necessary for fuel con-
version.

Of special interest is the analysis of the temperature
potentials of waste heat in such basic energy-converting
machinery as a medium speed four-stroke diesel engine
(4SDE) and a gas turbine engine (GT).
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Fig. 10. Comparison of waste heat potentials of secondary
energy sources of the GT and 4SDF



For the available temperature range of exhaust gases
of the modern series-production gas turbine engine (up to
450°C) conversion is efficient.

Analysis of the results of calculation of the GT and
4SDE waste heat potentials shows the prospects of using
a combined gas turbine-electric and diesel-electric power
plant with thermo-chemical recuperation of the exhaust
gases heat by means of steam conversion of natural gas or
the cargo evaporation products (COGED+TCR).

The COGED+TCR 45 MW propulsion plant for a ice
class LNG carrier was considered to comprise the gas tur-
bine engine Siemens SGT 400 and three medium speed
engines Wirtsild 5L64.

The aim of the study is the high-level analysis of
interrelations between thermodynamic parameters of the
gas turbine plant with thermo chemical heat recuperation
and characteristics of the Diesel engine that runs on the
products of the gas conversion. A gas turbine engine with
thermo-chemical recuperation (CRGT) is based on steam
conversion of a hydrocarbon fuel by means of recupera-
tion of the exhaust gases heat. The developed ASPEN
Plus turbine blade-cooling model was incorporated into
the simulation model (Fig.12).

The thermo-chemical reactor is modeled as an equi-
librium reactor defined by the condition of minimiza-
tion of the Gibbs free energy and taking into account the
chemical and phase equilibrium.
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Table 1. Parameters of the gas turbine Siemens SGT 400
used in the COGED+TCR propulsion plant

Parameters Value
Number of compressors 1
Number of turbines 2
Turbine inlet temperature, 7, 1251°C
Compressor pressure ratio, T, 16.8
Exhaust gas flow, G, 39.4 kg/s
Exhaust temperature, 7, 555°C
Power generation, N, 12.9 MW
Efficiency 34.8%

The presented internal combustion engine model in
the ASPEN Plus includes: substance flows of fuel, air and
gas, flow mixers, turbochargers, intermediate charge air
coolers, expansion unit, compression unit and reactor.
A turbine (or expansion block) is used to simulate expan-
sion processes in cylinders; a compressor is used for com-
pression processes modeling, and combustion processes
are modeled in the reactor.

The LNG composition varies substantially, which
affects the conversion efficiency.

The method of mathematical modeling was
applied to analyze the change in the specific con-
sumption of LNG in the COGED+TCR during its
operation on the convertible synthesis gas of various
compositions.
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Fig. 11. Combined diesel-gas turbine power plant with the thermo-chemical heat recovery

1. LNG tank; 2. LNG pumps; 3. LNG vaporizer; 4. LP compressor; 5. preheater; 6. HP compressor; 7. heat recovery preheater;
8. thermo-chemical reactor; 9. synthesis gas cooler; 10. neutralization tank; 11. gas turbine; 12. diesel engine; 13. turbocharger;

14. heat recovery steam generator; 15. water pump; 16. water tank
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Fig. 14. ASPEN Plus internal combustion engine model
Table 2. LNG classification based on density The following two variants were considered:

LNG Variant 1. The GT operates on natural gas, while the

Parameter Light Medium Heavy 4SDE runs on the convertible synthesis gas.

Density, kg/m? 4277 4457 464.8 Variant 2. Simultaneous operation of the GT and
Composition;% 98.0 2.0 $7.0 4SDE on thg convertible synthesis gas. More eﬂicinnt
Methane (CH,) ) ) ) plant operation on the Heavy LNG is caused by high
Ethane (C,Hy) 1.4 6.0 9.5 content of ethane in gas of this type. In this conversion
Propane (C;Hy) 0.4 1.0 2.5 temperature range (500-550°C), the increase in calorific
Butane (C,H,,) 0.1 0.0 0.5 value of the ethane conversion products is three times
Nitrogen (N,) 0.1 1.0 0.5 higher than that of methane
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Fig. 15. COGED+TCR ship power plants

DISCUSSION OF THE RESULTS

According to the requirements of Chapter 4 of
MARPOL Annex VI, the Energy Efficiency Design
Index (EEDI) is a mandatory mechanism of the energy
efficiency standard for ships. The attained EEDI is a
measure of a ship’s energy efficiency determined as
follows [18, 19]:

EEDI — CO,emission .
Transport work

The values of the attained EEDI for the simulated
variants and the base variant are compared. The basic
version is the single fuel low speed Diesel engine with
the system for re-liquefying the evaporated cargo.
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Table 3. Analysis of the effectiveness
of the COGED+TCR ship power system

Type of LNG
Type of power plant Light | Medium | Heavy
Plant efficiency, %
COGED without TCR 44.0
COGED + TCR, var. 1 46.5 46.7 46.7
COGED + TCR, var. 2 48.2 48.5 48.9

The calculations show a significant (by 35-38%)
reduction in the Energy Efficiency Design Index.

The EEDI values obtained correspond to IMO
requirements, which will take effect on January 1, 2025.

CONCLUSIONS

The results of mathematical modeling of the char-
acteristics of diesel and gas turbine power plants with
thermo-chemical heat recovery of the gas turbine exhaust
gases heat by means of hydrocarbon fuel converting
show possibilities for reducing fuel consumption in the
diesel engine up to 20%.

The gas turbine waste heat can provide efficient con-
version of hydrocarbon fuels at the ratio of the powers a
diesel engine and a gas turbine engine being up to 6.

The obtained theoretical results concerning the work-
ing processes in the combined diesel and gas turbine
plants with TCR show that simultaneous operation of the
diesel and gas turbine engines on the LNG vapor conver-
sion products increases the efficiency coefficient of the
plant by 4-5%.
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