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Summary

This study identifies and analyses the overall energy consumption required for converting LNG
(liquefied natural gas) from liquid to gaseous state in high pressure vaporizers at various cargo
discharge rates on a liquid natural gas regasification vessel (LNGRV). The actual measured
data were collected on an available vessel, to calculate the overall energy consumption of
converting natural gas from liquid to gaseous state by three built-in turbo generators. Next, the
study considers their replacement with the newest innovative technology including three solid
oxide fuel cell (SOFC) power plants of the same power. This paper provides a simplified
analysis of the proposed implementation of the SOFC power plant which was performed for
the first time in the existing literature. The results show a significant increase in the achievable
electrical efficiency of 40.6%, with respect to 32.9% of a system with turbo generators. The
research has also shown that waste heat from the SOFCs can be used to produce thermal energy,
resulting in further savings of 2.6% in natural gas consumption. Future research could be done
on other regasification terminals in the world, which use different main propulsion technology,
using an open, closed or combined cycle during the regasification operations.

Key words: LNG (liquid natural gas); LNGRV (liquid natural gas regasification vessel);
Regasification unit; High pressure manifold; SOFC (solid oxide fuel cell)

1. Introduction

A total of 452 LNG tankers are currently working around the world. The difference is based
on the propulsion of the LNG tankers. According to the latest data from [1, 2], 262 LNG tankers
can be found with a steam turbine propulsion, 112 LNG tankers with a dual fuel diesel electric
propulsion, 50 LNG tankers with a diesel engine propulsion and a re-liquefaction plant, 25
tankers with a three fuel diesel electric propulsion, 3 LNG tankers with a marine engine gas
injection propulsion and 1 LNG icebreaking class tanker with a diesel engine propulsion. 74
new LNG tankers were ordered with different propulsions till 01.04.2020.

The advent of LNG as a marine fuel is triggered by the efforts of policy makers to abate
environmental burdens from the exhaust gases of ships. A thorough outline of the regulatory
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environment triggering the use of alternative fuels in ships and, therefore, maritime networks,
is presented in literature [3]. It seems evident that air emission regulations will continue to
demand that ships reduce emission and increase operational efficiency. Hence, policy and
technology evolution and market initiatives are expected, which is a promising set of conditions
for the market acceptance of LNG-fuelled ships [3]. The growing demand for energy sources
in the global framework, particularly for LNG, has led to the development and construction of
Liquefied Natural Gas Regasification Vessels (LNGRVs). This type of an LNG carrier is
specific for its compatibility with all the existing terminals (loading and discharging) in the
world. Furthermore, along with its conventional purpose of loading, transporting, and
discharging LNG (in liquid state), it is fitted with a built-in regasification unit at the bow area,
I.e. a unit which converts LNG from liquid to gaseous state, hence distributing compressed gas
ashore through a high pressure terminal pipeline (connecting to it through a high pressure
manifold on the carrier deck). So far, eight carriers using this technology have been built in the
world. They are named LNGRVs, and are mostly owned by the US company Excelerate
Energy. Each of the eight LNGRYV carriers has their own propulsion plant (steam turbine) which
enables them to sail, but they can also be used as ships for cargo storage and regasification [4].
Figure 1 shows a LNGRYV tanker connected to the discharging terminal [5].

Fig. 1. LNGRYV tanker connected to the discharging terminal [5]

The paper describes the functioning of a regasification system, particularly the
regasification system used on an LNGRYV, and the means of discharging compressed gas
through an open loop high pressure manifold, in which relatively warm seawater is used as the
heat source. The seawater passes through a high pressure vaporizer, causing the vaporization
of LNG.

LNGRVs are capable of providing a continuous compressed gas discharge amount to the
consumers, ranging from 50 to 800 MMSCFD (Million Standard Cubic Feet per Day) at
atmospheric pressure and the temperature of 15.56 °C. One million standard cubic feet per day
equals 1,116.28 m%/ h (the volume, in m?, is given at 0 °C and 100 kPa). For the purpose of
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calculating a natural gas volume, necessary for calculating and determining the gas energy

value, standard conditions for temperature and pressure are used. Accordingly, it follows that

the compressed gas discharge flow at LNGRVS ranges from 1.34 million m3/d to 21.43 million
3

m>/d.

The technology of LNG vaporization on LNGRVSs implies the usage of water (sea or fresh
water) in high pressure vaporizers aiming to change the aggregate state of LNG. A schematic
diagram of the regasification process is shown in Fig. 2. The main component parts of the
regasification unit system on an LNGRYV are: 3 feed cargo pumps, a suction drum, 2 small high
pressure pumps, 6 high pressure pumps, 6 high pressure vaporizers, a metering unit, 2 control
valves, and a high pressure pipeline. All these components are used for the LNG regasification.
In addition, the auxiliary system comprises 3 steam heaters, 3 ballast pumps, and 3 circulating
pumps. LNG is stored in the cargo tanks at a pressure slightly above atmospheric pressure and
is pumped by small high pressure feed pumps to the suction drum. From the suction drum the
liquid pressure is increased through pumping by the high pressure pumps to the vaporizers. The
regasification is achieved by passing the liquid through the water heated shell and tube
vaporizers, the gas then being sent to the distribution network onshore through a high pressure
manifold. The high pressure pumps increase the pressure of the LNG from the suction drum to
the vaporizers, to a pressure in excess of 100 bars. The gas is then metered and passed via a
back pressure control valve, through an emergency shutdown valve and is in turn directed to
the high pressure manifold discharge connection. The purpose of the auxiliary heating water
system is to supply heating water to the vaporizers and, if required, to heat up the heating water
up to the required temperature in case of operation in a closed or combined mode. An LNG
vaporizer, a shell and tube type, has been designed to cope with the high thermal shrinkage due
to the cold LNG and corrosion against sea water. The piping system connected to the inlet and
outlet of the vaporizer has been designed to have sufficient flexibilities so that excessive nozzle
forces are not exerted to the vaporizer. The vaporizer has been designed to operate in the
supercritical pressure of the natural gas. In general, the heating water outlet from the LNG sides
is at a lower temperature than the natural gas side [4].

SUCTION HIGH PRESSURE HIGH PRESSURE
TANK PUMP VAPORIZER fiLTer BACKPRESSURE CONTROL VALVE

| }\\

o cav
CARGO FEED
PUMP ——
T TTTTWATER
OUTLET

-/ /‘\

WATER BALLAST STEAM WATER CIRCULATION
SUCTION PUMP HEATER COOLER PUMP

HIGH PRESSURE
MANIFOLD

Fig. 2. Schematic presentation of regasification process [4]

The ship’s main boilers produce the superheated steam necessary for driving 3 turbo
generators that have to ensure enough electrical energy for running the ship machinery and for
driving the engines and devices that partake in the regasification process. The ship’s main
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boilers (steam generators) use exclusively natural gas as fuel, which is brought to the boilers by

a low pressure compressor through the steam heater located in the ship’s compressor room.
Liquefied natural gas (LNG) fuelled shipping systems adopts the boil-off gas (BOG) re-

liquefaction process to maintain the pressure of the storage tank and to minimize methane loss

[6].

Fuel cells may provide a suitable solution to reduce the environmental impact of the ship’s
operations, since they are fuel efficient emitting few hazardous compounds. The expanding
infrastructure of liquefied natural gas and development state of natural gas-fuelled fuel cell
systems can facilitate the introduction of fuel cells on ships. Fuel cell combined cycles,
hybridisation with auxiliary electricity storage systems and redundancy improvements are
identified as topics for further studies [7].

The aim of this paper is to analyse energy efficiency when replacing the existing turbo
generators by the Solid Oxide Fuel Cells (SOFCs). Instead of three turbo generators (each of
the power of 3,700 kW), three SOFCs (each of the power of 3,700 kW) would be installed in
the steam plant for producing electrical energy.

Yousri et al., analysed a combined system consisting of a solid oxide fuel cell (SOFC)
and a steam turbine system which utilizes the energy transported with the exhaust gas leaving
the fuel cell operated in ship power plants [8]. It is found that a high overall efficiency
approaching 60% may be achieved with an optimum configuration using SOFC system. In
another study [9], steam and SOFC based reforming options of natural gas for PEM fuel cells
are proposed as an attractive option to limit the environmental impact of the marine sector. It
is found that a high overall efficiency approaching 60% may be achieved using SOFC based
reforming systems which are significantly better than a reformed PEM system or an SOFC only
system.

A conceptual design of the SOFC for a 250 kW CHP (Combine heat and power)
application [10], has spurred the group of authors to develop a hybrid system with diesel engines
and two SOFCs to produce electricity on supplier vessels [11].

Energy analysis of the SOFC, fuelled by methane [12,13], then the distribution of electric
power generated by SOFCs [14], and an analysis of energy and exergy reformation of methane
using steam [15-17], provide the first concept for the use of SOFCs for production of electricity
on an LNG tanker with steam propulsion. On an LNG tanker transporting natural gas, a main
turbine uses superheated steam to run. These facts are advantages and therefore have a positive
reflection on the research of combined steam propulsion systems with SOFCs. The steam
produced from the ship’s boilers is used for natural gas reformation to produce hydrogen for
the SOFC.

A thermodynamic analysis of a Brayton cycle and a Rankine cycle with the fuel cell
experimental data [18,19] and exergetic analysis applied to a combined cycle power plant has
an inclination [20,21] for saving energy if it is electricity generated by the SOFC. According to
[22-24], the integration of a hybrid SOFC with gas turbines was investigated, where an analysis
of energy, exergy and exergo-economic of cogeneration of heat was completed and a similar
one could implement a combination of the SOFC with the steam turbine plant.

This research did not include a combined and a closed cycle for both commercial reasons
and the impossibility to use steam heaters during the regasification operation due to the
continuous high temperature of the sea water in the location where the measurements were
taken.

Diesel-electric propulsion systems with heat utilization can achieve even higher efficiency
but our goal is to improve efficiency on the steam turbine propulsion ships. The benefits of the
proposed power system configuration is achieved on an LNG tanker transporting natural gas
with combined steam propulsion systems that include SOFCs.
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2. Description of an open loop regasification system

A similar issue is published in [25] where aim of the study has been to determine the
energy consumption required to liquefied natural gas from liquid into a gas at high pressure
evaporators at different instalments of discharging cargo. This research was conducted for the
gas terminal Mina Al Ahmadi Gas Port in Kuwait, and the results were monitored during the
discharge in May 2011. The paper describes the functioning of the regasification system. The
basic principle of the system for gasification of tankers to transport liquefied natural gas has
been described too. The results of this study can be used to compare the energy consumption in
the conversion of gas from a liquid to a gaseous state to the other terminals that use the services
of ships for transporting liquefied natural gas plant with integrated gasification, and to analyse
the energy consumption of conventional unloading of liquefied natural gas terminal. During
this research, the consumed energy obtained data were only measured in the open cycle because
the system was limited by sea temperature of around 25 °C during May 2011.

This paper deals with new SOFC technology that can be used instead of a turbo generator
to produce the electricity needed for the regasification process on LNGRYV carrier.

It should be noted that the analysis was performed with the data collected from the
existing LNGRV carrier. Also, another analysis should be carried out in the future with different
LNG carriers using new propulsion technologies.

The functioning of a regasification system was monitored on the LNGRV Exquisite carrier
during the discharge period from early January to late April 2014 at the Guanabara Bay LNG
Import Terminal just outside of Rio de Janeiro in Brazil. Throughout the period in question, the
average seawater temperature ranged from 22 °C to 26 °C. Such seawater temperature enabled
the regasification process to be carried out in an open loop, i.e. the cargo in the high pressure
vaporizers was heated by seawater, without using the steam heaters. The placement of the
pumps and pipelines on the carrier allowed for the achievement of the desired compressed gas
output pressure, which was dependant on the current demands of the consumers ashore. The
regasification and the compressed gas discharge process were conducted without suspension
while the liquefied natural gas from another LNG carrier was being loaded to the LNGRV
Exquisite carrier.

For the LNGRV Exquisite’s regasification process and cargo discharge, commonly 2
seawater ballast pumps, 2 seawater circulating pumps, 2 feed cargo pumps, 5 high pressure
cargo pumps and 5 high pressure vaporizers were used.

The discharge flow ranged from 111,628 m3/h to 893,024 m®/h. The seawater was passing
through 6 high pressure vaporizers with the minimal flow of 1,800 m%h in order to avoid the
high pressure vaporizers’ freezing, i.e. the vaporizers were ready for use at any instance. During
the maximum discharge flow of 893,024 m®/h, it was necessary to turn on 3 seawater ballast
pumps, 3 seawater circulating pumps, 3 feed cargo pumps, 6 high pressure cargo pumps, 6 high
pressure vaporizers, and the diesel motor (that uses natural gas for fuel), which significantly
increased the natural gas consumption [4].

In order for a regasification unit system to start working, the first task would be to cool
down the pipelines and other units that partake in the process. LNG is supplied to the pipeline
leading from the cargo tank to the suction drum, and inside the suction drum itself, through a
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small spray nozzle installed in the cargo tank. The part of the unit leading from the suction drum
to the vaporizer has to be cooled down and brought to a working pressure by using a small high
pressure pump with a design capacity of 20 m%/h and discharge pressure of 237 bars.

A feed pump pressures the LNG from the cargo tank towards the suction drum. Each feed
pump has a design capacity of 620 m%/h, and discharge pressure of 15.5 bars. The suction drum
volume is 17 m3. At normal system activity, the suction drum working pressure is 0.35 MPa.
The LNG takes about 55% of the suction drum total capacity. By free falling, the LNG reaches
the suction side of a high pressure pump with a design capacity of 205 m®h, and discharge
pressure of 237 bars. The high pressure pump brings the LNG to the pressure of 10 MPa and
pressures it towards the high pressure vaporizer, where the aggregate state of the LNG changes
from liquid to gaseous.

Water temperature is a very important factor in the process of cargo regasification in high
pressure vaporizers. The water for vaporizing LNG circulates through a high pressure vaporizer
in an open loop, without being heated with steam heaters. With such open loop systems, the sea
water is fed from the pumps (with a design capacity of 5,000 m®/h) located in the ship’s engine
room, and transported towards the circulating pumps (with a design capacity of 5,000 m%/h)
that force the water towards the high pressure vaporizers, and finally to an overboard discharge.
Throughout the process, the water temperature decreases by about 7 °C. The input water
temperature in a high pressure vaporizer must not be lower than 5 °C, with a minimum water
flow of 1,800 m*h* for each high pressure vaporizer.

Throughout the process, the water temperature lowers by about 7 °C. The input water
temperature in a high pressure vaporizer must not be lower than 14.7 °C, with a minimum water
flow of 1,800 m*/h for each high pressure vaporizer. In an open loop the minimum heating
water flow to each vaporizer is designed to avoid any possibility of the loss of the heating water
flow and the resulting greater risk of icing up a vaporizer.

The compressed gas travels from the vaporizers towards the metering unit, which
measures the compressed gas flow, temperature, pressure, and composition. Following the
metering unit, there is a control valve built in the high pressure pipeline, which regulates the
compressed gas output pressure to somewhere between 7 and 10 MPa. The compressed gas
travels towards a high pressure terminal ashore. The control over the entire system is based on
the following 3 parameters: discharge rate (demanded cargo quantity), maximum pressure, and
minimum temperature of the compressed gas to be discharged [4].

3. Natural gas consumption during regasification and discharging process

During this research on energy consumption, the obtained data were exclusively
measured at the open loop, as the system was limited by the seawater temperature of 22 °C to
26 °C as stated above. All the data measured were taken from sophisticated, calibrated and
certified devices installed on this type of carrier. The Fuel Gas Flow Turbine Meter devices
were used for measuring the compressed gas discharge flow and the consumption of natural gas
in the main boilers, and the obtained data were sent every 15 seconds to the data collection unit,
Flow Counter M3000. This device shows the data on the screen immediately, and prints them
out hourly every day. The data printed by the device were used in this research. The data
gathered (15-samples) did not differ significantly from one another, so the arithmetic mean was
used for calculating the average value. It has all the necessary properties which characterize
measures of central tendency, as well as additional properties significant for its application.

The graph in Figure 3 shows the need to produce electrical energy and the overall gas
consumption of the steam-turbine plant in dependency on the value of natural gas discharge
flow. The need to produce electrical energy proportionally increases to the rate of 669,768 m%h
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and starts rapidly growing when it exceeds this value. The reason behind this is the turning on
of another seawater ballast pump, seawater circulatory pump, feed cargo pump, high pressure
cargo pump, and the diesel motor. Accordingly, the increased production of electrical energy
in the ship’s engine room leads to an increased consumption of natural gas which is combusted
in the ship’s main boilers, but also, at the discharge rate of 669,768 m®h in the diesel engine
which uses natural gas for fuel. The ship’s main boilers produce the superheated steam needed
to run the turbo generators, which is connected to an alternator through a reduction gear box,
and is used for producing the needed electrical energy. The ship has a total of 3 built-in turbo
generators and 3 alternators for producing electrical energy of a total of 11.1 MW. For
producing additional energy, the diesel generator with the power of 3.5 MW is used. Only the
use of a diesel generator significantly increases the consumption of natural gas during the
discharge rate greater than 669,768 m*/h [4].
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Fig. 3. The amount of electricity generated and total gas consumption as a function of discharging flow of
natural gas

4. Potential application of solid oxide fuel cell on LNG carriers

Figure 4 displays a schematic representation of a hybrid system in which, instead of three
turbo generators [26], three SOFCs with the same power would be installed in the steam plant
for producing electrical energy, and a part of the heat produced during the fuel cell activity
would be used for producing steam in the LPSG (low pressure steam generator), of up to 0.8
MPa, in order to achieve as great system efficiency as possible. A part of the anode exhaust
gases would be re-used and mixed with the steam for reforming fuel (natural gas), before
entering the reformer. The remaining part of the anode exhaust gases would travel further to
the combustion chamber of the main boilers, where it would combust completely. However, as
this reserve would be negligible, it was not taken into consideration in this study. The
combustion of anode exhaust gases is vital for reducing exhaust emission, i.e. for environmental
protection.

A fuel cell power system comprises a SOFC stack [27], its main component, a fan, a
compressor, a reformer, a fuel (gas) heater, and an air heater. Taking into consideration the heat
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requirements for the reactions in the reformer to occur, the gas heater raises the temperature of
the fuel before it reaches the reformer itself. Before entering the fuel cell stack, the gas is
reformed partly to hydrogen, and partly to carbon monoxide. The reactions in the reformer are
ones of the system optimization parameters, and they have enormous influence on the heat
balance and overall efficiency. The share of carbon that enters into a fuel cell (external reaction)
and the minimum flow of oxygen for cooling down the fuel cell stack (internal reaction) have
to be regulated and achieved by a certain degree of reformation [28]. The methane present in
the system cannot electrochemically oxidize, but only reform into hydrogen, carbon monoxide
or carbon dioxide. The reactions occurring in the steam reformer are steam reforming (1),
water—shift reaction (2) and reaction occurring in the fuel cell is electrochemical reaction (3)

[25]:

CHs+H0 - CO+3H2  (AH=-206 kJ/mol) (1)
CO + H20 « COz2 + H2 (AH= 41 kJ/mol) 2
H> + 1/202 <> CO + 3H> 3)

Compressed air is heated before supplied to a fuel cell A fuel cell comprises two ribbed
bipolar plates, an anode, an electrolyte, and a cathode [29]. The bipolar plates are used to
separate as many individual cells as possible, and to electrically stack them in series, at the
same time bringing gas to the anode and air to the cathode. The ribbed bipolar plates have a flat
surface in between the catalyst layers, so that they adhere better to the surface. An electrical
potential evolves on the anode and cathode, i.e. a voltage by means of which we generate
electrical energy [27].

The temperature of air upon being fed into a fuel cell (cathode) is about 500 °C, while it
rises to about 800 °C when leaving the cell (cathode). Upon leaving the anode of the cell, the
temperature of the propulsion fuel is about 800 °C. Following the electrochemical reaction, a
part of the anode exhaust gases travel further to the combustion chamber of the steam generator,
where it combusts completely with the help of additional quantities of air and fuel.

According to [30], such hybrid systems with fuel cells can generate the output power of
up to 29.6 MW, by consuming 1.19 kg/s of natural gas, with the efficiency of up to 60%. Also,
5% losses due to electrical power conversion should be taken into account [30].

The SOFC generates direct current. For driving a ship’s electromotor, alternating current
of 440 voltages is needed. The conversion of direct current to alternating current was not taken
into consideration by this study due to the fact that, with the systems where the induced voltage
is higher than 110V, the conversion efficiency exceeds 95% [30].
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Fig. 4. The combined system for thermal and electrical energy in combination with a steam plant
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5. Energy consumption calculation

Measured data shown in table 1 were collected [26] and used for the energy consumption
calculation.

Table 1. Input data for the calculation

INPUT DATA VALUE UNITS OF
MEASURMENT

Power electricity of turbo generator 3.7 MW
Power electricity of diesel engine 3.5 MW
Total installed capacity of electricity (3 steam generators + 1 14.6 MW
diesel generator)
Power electricity at maximum discharge flow of cargo (natural 14.2 MW
gas)
Maximum discharge flow of cargo (natural gas) 893,024 mn3/h
Consumption of natural gas to drive 1 steam generator 730 kg/h
Density of natural gas (pawm. and 15°C) 428.633 kg/m?®
The power produced during the operation of SOFC 29.6 MW
Consumption of natural gas for generated power of 26,9 MW 1.19 ko/s

5.1. Calculation of natural gas consumption in producing electrical energy by a
steam generator

For producing electrical energy on LNG carriers, 3 turbo generators, and a diesel motor,
which uses natural gas for fuel, were used [26]. These meet the capacity of generating the
required quantity of electrical energy. The greatest amounts of electrical energy are required
during a maximum compressed gas discharge flow (893,024 m®/h), at which the electric grid
load amounts are about 14.2 MW. The estimation of the natural gas consumption by the diesel
engine was not taken into consideration in this study.

The overall natural gas consumption by a turbo generators and a diesel engine at various
discharge rates is described at the beginning of the paper, and shown in the graph in Figure 3.
For producing 3.7 MW of electrical energy, an AT42CT-B model turbo generator uses about
15,200 kg/h of superheated steam [26], produced by an MB-4EKS-2 model of the main boilers
[31]. The value of the gas amount required for producing 15,200 kg/h of superheated steam was
measured during a cargo discharge, and totals about 730 kg/h of natural gas, meaning that for
3 turbo generators to operate, about 2,190 kg/h, i.e. 52,560 kg/d of natural gas is needed for
generating electrical energy. It is important to note that natural gas densities vary depending on
the natural gas composition, i.e. on the gas extraction location [26], but the arranged value of
530 kg/m? is used for estimations [31]. If we take the value of the natural gas consumption for
producing electrical energy (P = 3.7 MW) and divide it with the natural gas density, we get the
gas amount required [26] for 3 turbo generators to operate:

0stc=g/p (4)
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where:
g — natural gas consumption for producing electrical energy by 3 turbo generators [kg/h],
p — natural gas density [kg/m®] at pam.and 15°C
gste = 52,560 / 530 = 99.17 m3/d (5)

Accordingly, it can be concluded that the overall natural gas consumption for generating
electrical energy by means of 3 turbo generators amounts to 99.17 m%/d.

In order to produce 15,200 kg/h of superheated steam to generate required electrical
energy, main boilers consume gp1 = 730 kg/h of natural gas. Higher heating value of the natural
gas is Hg = 55,550 kJ/kg, by multiplying these two values we get the amount of the input power
[24]:

P1=gpr1™* Hg (6)
P1 =730 * 55,550 = 40,551,500 kJ/h = 11,264.31 kW = 11,26 MW (7

If we divide the required power P = 3.7 MW with the input power P1 =11.26 MW, we get
the value of a steam generator energy conversion efficiency:

neet =P /Py (8)
newr = 3,7/11.26 = 0.329 9)
5.2. Calculation of natural gas consumption in producing electrical energy by SOFC

The electrical energy required for all the devices on a ship to operate during a compressed
gas discharge by using a regasification device can be generated by means of a SOFC stack and
a diesel motor using natural gas for fuel.

By increasing the reformation degree, the hydrogen percentage increases upon entering a
fuel cell, compared to the steam percentage. The same thing happens to the fuel cell voltage. In
contrast to this, increasing the level of fuel efficiency leads to a greater concentration of steam,
compared to the concentration of hydrogen in the exhaust gases from the anode. Therefore, this
effect is repeated when the gases enter the anode through the gas recirculation flow from the
anode. The recirculation ratio can also be adjusted, just like the ratio between the anode exhaust
gases and steam. A high recirculation ratio causes an increase in the amount of fuel entering the
fuel cell. The fuel cell voltage slowly increases when an appropriate percentage of natural gas
is reformed before entering the fuel cell, due to a high hydrogen percentage and a low steam
percentage in the anode exhaust gases. Since the concentration of reactants in the fuel decreases
with an increase in the fuel efficiency percentage, and since the fuel cell voltage cannot exceed
the lowest value in the fuel cell, the fuel efficiency percentage limits the value of the fuel cell
voltage. In fact, if the percentage of hydrogen upon entering the fuel cell increases due to
recirculation from the anode, the percentage of steam would still be greater when entering the
same fuel cell. Furthermore, the voltage drop resulting from more steam would be evident [27].

The input temperature deviation is not shown as an important deviation from the
composition of exhaust gases. In reality, decreasing the fuel cell input temperature leads to
decreasing the value of carbon dioxide and monoxide, since the chemical reaction has an
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enhanced impact on the temperature decrease. During the system activity, the input temperature
changes, while the output temperature remains constant and amounts to 800 °C [28].

Taking into account that power is calculated by multiplying electric current and voltage,
power is constant with the input temperature, and increases with rises in the reformation degree.
During simultaneous activity, i.e. by increasing current density and decreasing voltage, the fuel
efficiency (efficiency of a process that converts chemical potential energy contained in a fuel-
Methan into electrical energy and heat) for the same power is about 80%, and the anode
recirculation is about 65%. The greatest electrical efficiency percentage is gained when the
anode recirculation is somewhere between 50-60%, and the fuel efficiency percentage is 75%
[27].

Considering the hybrid system with fuel cells from [30], it can produce the output power
of up to Po=29.6 MW, while the natural gas consumption amounts to 1.19 kg/s. If the same
efficiency is assumed and by setting the simple ratio between consumption at maximum power
and at part load, the following can be calculated for the natural gas consumption by the SOFC:

O2m =Qo * P/ Pg (10)
where:

go— natural gas consumption for generating Po = 29.6 MW of electrical energy produced with
the SOFC [kg/s],

P — electrical energy demand [W],

Po— electrical energy produced with the SOFC [W],

gom= 1.19 * 3,700,000 / 29,600,000 = 0.14875 kg/s = 535.5 kg/h = 12,852 kg/d (12)

The same data for natural gas density can be applied, and the natural gas consumption
can be divided for generating P = 3.7 MW of electricity with the natural gas density with the
following calculation:

g =0om/p (12)

where:
gam — natural gas consumption for generating P = 3.7 MW of electrical energy produced with
the SOFCs [Kkg/s],
p — natural gas density [kg/m®] at pam. and 15°C
g2v = 12,852 /530 = 24.25 m¥/d (13)

Consequently, it can be concluded that the overall natural gas consumption for generating
P = 3.7 MW of electrical energy produced with the SOFC amounts to 24.25 m®/d.

For generating electrical energy produced with the SOFC, we consume gom = 535.5 kg/h
of natural gas, and the calorific value of natural gas is Hg = 55,550 kJ/kg [26]. Therefore, by
multiplying these two values, we get the amount of the input power:

P2 = gom* Hg = 535.5 * 55,550 = 29,747,025 kJ/h = 8,263.1 kW = 8.26 MW (14)

If we divide the required power P = 3.7 MW with the input power P, = 8.26 MW, we get
a solid oxide fuel cell energy conversion efficiency:

neL2 =P /Py =3.7/8.26 = 0.448 (15)
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5.3. Using of thermal energy generated during a SOFC activity

As mentioned earlier, the heat generated during the activity of a SOFC would be partly
used for preheating the air before entering the fuel cell, and partly for generating a lower
pressure steam in a somewhat smaller heat exchanger (low pressure steam generator), by which
a certain amount of energy generated by the steam generator for its own purposes would be
saved. The lower pressure steam from this generator is used for heating fuel tanks, oil tanks and
crew areas, for heating fuel, water, glycol and separating oil, and for heating air before entering
the steam generator.

Based on [31], the graph in Figure 5 shows the steam amount that needs to be brought to
a steam generator for generating lower pressure steam, and the overall quantity of steam
produced in main boilers during various compressed air discharge flows through a
regasification unit.

140.000

120.000

100.000

80.000

60.000

40.000

20.000

OTHEAMOUNT OF STEAM REQUIRED FOR STEAM PRODUCTION
IN LOW PRESURE STEAM GENERATOR (kg/h)

o THE TOTAL QUANTITY OF PRODUCED STEAM (kg/h)

111.628 223.256 334.884 446.512 558.140 669.768 781.396 893.024
DISCHARGING FLOW OF NATURAL GAS (m®h)

Fig. 5. The amount of steam required for steam production in a low pressure steam generator and the total
amount of steam generated in the main boilers as a function of discharging flow of natural gas

5.4. Calculation of the thermal energy generated during a SOFC activity

The thermal energy generated during an SOFC activity with the power of P = 3.7 MW
and the working temperature of 800 °C, with 50% steam reformation of the natural gas and
50% recirculation of the anode exhaust gases totals [30]:
Pue =P ((1.25/V¢) - 1) (16)

where:

P — electrical energy from the SOFC [kW],
V¢ — voltage of the single SOFC [V],
Pne = 3,700,000 ((1.25/0.98) — 1) =1,019,387.75 = 1.02 MW @an
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From this, it can be concluded that, during the activity of an SOFC the power of P = 3.7
MW, the thermal energy of Pne = 1.02 MW is generated. This energy will be used partly for
preheating air before entering the fuel cell, and partly for generating lower pressure steam. On
the other side, the total quantity of the thermal energy generated increases during the activity
of 3 turbo generators, and amounts to Pxez = 3.06 MW.

For the purpose of generating low pressure steam, it is necessary to generate 5,835 kg/h
of superheated steam in the main boilers. For generating 5,835 kg/h of superheated steam, we
use ge2 = 350 kg h! of natural gas, and the heat value of natural gas is Hg = 55,550 kJ/Kg.
Therefore, by multiplying these two values, we get the value of the input power [26]:

Preats = gpr2™* Hg (18)
Pueats = 350 * 55,550 = 19,442,500 kJ/h = 5,400.69 kW = 5.4 MW (19)

The heat necessary for preheating air before entering an SOFC was not taken into
consideration in this study due to its insignificance [30]. If we divide the thermal energy gained
by the activity of 3 SOFCs, each of the power of P = 3.7 MW at the working temperature of
800 °C, with the thermal energy needed for the low pressure steam generator to operate, we get
the overall degree of the thermal energy efficiency:

nHEL = PHE3 / PHEL (20)
nveL = 3.06 /5.4 = 0.567 1)

Part of this heat energy is used to preheat the inlet air into the main boilers and the rest is used
to heat the low pressure steam boiler. A low pressure steam boiler produces steam to be used
for heating fuel and lubricating oil, fuel tanks, oil tanks, and heating air for accommodation on
board.

6. Conclusion

The aim of this paper was to analyse energy efficiency when replacing the existing turbo
generators by the Solid Oxide Fuel Cells (SOFCs). Instead of three turbo generators (each of
the power of 3,700 kW), three SOFCs (each of the power of 3,700 kW) would be installed in
the steam plant for producing electrical energy to improve efficiency.

When using the SOFC system, the energy conversion efficiency amounts to 44.8%, while
it totals 32.9% when using a steam generator.

Furthermore, by using the SOFC system, the generated thermal energy can be used, as
described in this article, and the savings would amount to about 2.6% of the overall natural gas
consumption, depending on the natural gas discharge flow.

It is important to point out that the estimation of electrical energy generation was
performed for one steam generator and for the SOFC system with the power of 3.7 MW, while
the estimation of thermal energy generation was based on the usage of three steam generators.

This research provides an innovative solution to convert natural gas from liquid to gas for
a new generation of LNG carriers with the regasification unit. These days the LNG carriers,
that are being built, have great needs for electrical energy.

Further research should include different main propulsion technologies and an open,
combined or closed cycle together with steam heaters during the regasification operation.
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