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LNG is transported over long sea and ocean distances only by tankers, called LNG carriers, in large on-
board tanks at a temperature of -163°C. Although these tanks are well insulated, some of the LNG evapo-
rates under the external factors influence, and boil-off-gas gas (BOG) is formed. The main method of
dealing with BOG is the reliquefaction of LNG. Many LNG carriers use technology based on the reverse
Brighton cycle (RBC) for reliquefaction. The study has been carried out by thermodynamic analysis
methods of the actual parameters and characteristics of the BOG reliquefaction plant based on the data
obtained during the operation of the LNG carrier “UMM AL AMAD”. Energy and entropy-statistical
methods of thermodynamic analysis have been used in the research. The reliquefaction plant operation
has been evaluated based on the specific compression work consumption and the value of the effective-
ness of a thermodynamic cycle. The analysis of the results showed that the investigated system operating
according to the Brighton cycle has low energy efficiency values. The most energy-intensive loop is the
nitrogen loop. It accounts for over 90% of the work overspending in the reliquefaction plant. The expand-
er work partially compensates for the overexpenditure of compressor work. Irreversibility in the expander
is 7.7%, and the N, compressor is approximately 48.7% of the total irreversibility of the liquefaction pro-
cess. In the BOG/LNG loop, the main contribution to the processes’ irreversibility is made by the BOG
compressor (~3.7%) and the precooler (~1.55%) of the total irreversibility of the liquefaction process.
The cryogenic heat exchanger is a component of both loops and its negative impact is estimated at 36.4%
of the total irreversibility of the liquefaction process. The application of reliquefaction plants operating
on the Brighton cycle is currently inefficient due to low energy efficiency and huge losses in the nitrogen
loop, which does not meet IMO requirements for gas carriers.
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Nomenclature: P — pressure, bar, or MPa
s — specific entropy, kJ-kg*-K*
g — relative mass flow rate, kg-kg™ T — temperature, °C or K
h — specific enthalpy, kJ-kg™ w — specific work, KW
# — molar flow rate, kmol-h™ x — coefficient of BOG liquefaction, kgine-kgeos™
1 — mass flow rate, kJ-kg™ y — specific N2 mass flow rate for cooling 1 kg BOG,
q — specific heat load, kJ-kg™ kgnz'kgsos ™,
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A — difference
n — efficiency
¢ — coefficient of energy consumption

Acronyms:

BOG - boil-off gas

LNH - liquefied petroleum gas
RBC - reverse Brighton cycle

Subscripts:

amb —ambient

CHE - cryogenic heat exchanger
comp — compressor

comp-exp — compander

cool —cooling

e — evaporator

1. Introduction

Over the past two centuries, energy needs have
increased dramatically. However, fossil fuels pollute
the environment, and their reserves are limited. Re-
placing traditional energy with clean energy has beco-
me a common global practice. As the cleanest among
fossil fuels, natural gas can be vital in transitioning to
cleaner energy sources [1, 2].

Natural gas is converted into liquefied petroleum
gas (LNG), with a much higher volumetric energy
density for economical long-distance transportation.
The energy crises of the last few years have made
LNG trading a hotspot in the global energy market.

LNG is transported over long sea and ocean
distances only by LNG tankers in large onboard (cryo-
genic) tanks at a temperature of -163°C. Although
these tanks are well insulated, part of the LNG evapo-
rates under external factor influence such as cargo
movement inside the tank (splashing), during cargo
unloading operations, etc. The result of this is the
boil-off gas (BOG) formation. This phenomenon
increases the pressure in the tanks, which increases
the liquid cargo evaporation rate. In turn, it can lead to
the tank balance destruction and the opening of safety
valves. The International Maritime Organization (IMO)
has established a provision on the limit of BOG
boiling rate of 0.15% per day for LNG tanks [3].
Burning or releasing BOG into the atmosphere leads
to economic losses and environmental problems [4].
To stabilize the pressure in tanks, BOG is either used
as fuel (LNG is an ideal alternative ship fuel given its
environmental friendliness and efficiency) or is resto-
red by reliquefying. The modern LNG-powered engi-

exp — expander

EV —expansion valve
pc — precooler

rej — reject

sep — separator

sup — supply

1-18 - state of cycle

Superscripts:
act — actual

ad — adiabatic

is —isentropic
min — minimal
theo — theoretical
tot — total

ne application in the shipping industry also requires
installing a BOG reliquefaction system. Therefore, for
economic and environmental reasons, as well as the
storage tanks safety, the BOG reliquefaction process
is significant for LNG marine tankers.

The energy consumption of reliquefaction plants
on LNG tankers is high; therefore, increasing their
efficiency will help implement the “Ship Energy
Efficiency Management Plan” [5].

Given the above, the study of the actual para-
meters and characteristics of the reliquefaction plant
was carried out based on data obtained during the
operation of the LNG carrier “UMM AL AMAD” by
thermodynamic analysis methods [6]. The study will
create an information base regarding the energy
efficiency of the existing installation and processes
requiring improvement.

2. Literature review and problem statement

The BOG reliquefaction system on LNG vessels
is a study subject by many researchers. Various tech-
nological processes for reliquefying BOG are used on
board LNG tankers, both direct and indirect since
such technological schemes are a common method of
liqguefying NG in the industry [7]. However, the
criteria by which the thermodynamic and economic
efficiency of cycles in industry are evaluated do not
meet the requirements for assessing the reliquefaction
plant on board the ship. The selection of relique-
faction technology on board the vessel must meet
certain criteria, the key points of which outweigh the
energy efficiency [8]:

* Limited space on board requires minimal
weight and size characteristics of the reliquefaction
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plant.

» The conditions at sea should not affect the
reliquefaction plant operation. The reliquefaction
plant must work reliably under specific conditions
(pitching, trim, roll, shocks, shocks, vibration of the
body).

* Quick start of the reliquefaction plant with
high availability and efficiency;

» Easy maintenance.

» The reliquefaction plant should be low-cost,
simple in design, and have low power consumption.

Because of the above requirements, the largest
number of LNG tankers for reliquefaction plants used
indirect liquefaction technology based on the reverse
Brighton cycle (RBC), which uses nitrogen (N2) as
the refrigerant.

The world’s first BOG reliquefaction plant was
built on the LNG carrier “LNG Jamal” from Mitsu-
bishi Group in 2000 with a cargo capacity of 135,000
m3. The system worked according to RBC. Due to the
lack of appropriate reliquefaction technology, the
vessel's main engine was a steam turbine with a very
low-efficiency value [9]. Pil et al. reviewed a high-
performance religuefaction system that worked accor-
ding to RBC, assessed the system's reliability, and
focused on optimization and maintenance strategies
[10]. A dynamic simulation tool for a reliquefaction
plant based on RBC has been developed by Shin and
Lee [11]. This system can be used by design and
management engineers to develop processes for
reliquefaction plants of this type. Such a tool provides
a flexible configuration of the reliquefaction plant on
LNG vessels by modeling equipment using object
orientation.

The research proposed by Sayyaadi and Babae-
lahi aims to develop a cost-effective solution for a
BOG reliquefaction plant operating on RBC for LNG
transportation [12]. Thermo-economic optimization of
the BOG-LNG liquefaction system has been perfor-
med. A thermoeconomic model of the system has
been developed. It has been found that an increase in
the compression ratio of nitrogen compressors leads to
a decrease in the total cost of the liquefaction effect.
At the same time, an increase in the compression ratio
of the BOG compressor leads to an enhancement in
the total cost of the liquefaction effect. An exergetic
analysis of the BOG reliquefaction system based on
RBC has been carried out by Kochunni et al. [13]. The
analysis showed that the process heat exchanger must
be significantly larger than the BOG condenser to
ensure acceptable system performance. Kwak et. al.
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studied the small-scale process of BOG reliquefaction
operating on RBC [14]. A method of systematic de-
sign and optimization of reliquefaction processes has
been presented to increase the energy efficiency of the
reliquefaction system. It has been established that the
BOG compressor is one of the key design issues that
should be carefully considered when determining the
optimal solutions for the reliquefaction process.

Yin and Ju considered two modified processes
based on the BOG reliquefaction unit operating on
RBC on small LNG tankers [15]. The first process
involves the parallel expansion of nitrogen, and the
second is sequential. The thermodynamic analysis of
the two cases is performed from the point of view of
energy and exergetic analyses, respectively. The ana-
lysis showed that the first process shows better perfor-
mance. The first modified process is proposed to be
implemented on small LNG vessels. The parametric
assessment of the basic reliquefaction system opera-
ting according to RBC based on exergetic analysis has
been performed by Kochunni and Chowdhury [16].
The main limitation preventing the performance im-
provement of the RBC-based reliquefaction system is
the appearance of liquid at the turbine outlet. From a
thermodynamic point of view, the ideal pressure at the
turbine outlet should be 10 bar, while achieving a
maximum rational exergetic efficiency of 22.9% and a
liquefaction coefficient of 92.7. Based on the research
[16], the authors further considered three modifica-
tions of the RBC-based system and presented the main
results in his study [17]. One modification is based on
the intermediate and precooling of the BOG before
suctioning into the compressor. The rest modifications
include compression of the BOG with ambient tempe-
rature. The influence of the main characteristics of
each system configuration has been estimated using
exergetic analysis. This analysis showed that BOG
compression at ambient temperature has higher
exergetic efficiency than compression with precoo-
ling. It was also determined that the system would
deteriorate with a pressure drop in the heat exchanger.

Kochunni and Chowdhury proposed two modi-
fications of the RBC-based reliquefaction technology
that enabled zero methane losses without any reduc-
tion in pressure at the turbine outlet [18]. The first
modification was without a phase separator, and the
exhaust gas was recycled and reliquefied using BOG.
Another modification proposed a distillation method
with a nozzle instead of a phase separator for cleaning
exhaust gases. The exhaust gases are thus purified to
less than one part per million of methane, and almost
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pure nitrogen is returned to the system. The results of
the technology analysis showed that the exergetic
efficiency of the exhaust gas recirculation system and
the distillation column was 14.9% and 8.7% higher
than that of the base system, respectively. Son and
Kim proposed to increase the energy efficiency of a
reliquefaction plant operating on RBC due to struc-
tural modifications of the cycle, such as a double
expander cycle [19]. For systematic verification of a
wide range of configuration options, the concept of
structural optimization for a double expander cycle
and a holistic assessment of their technical and
economic impact have been proposed. The perfor-
mance of the optimized process has increased by 23%
compared to the classic RBC process. A multi-flow
heat exchange process with a cryogenic heat exchange
network (CHEN) and nitrogen regeneration has been
proposed by Wang et al. for onboard BOG reliquefac-
tion on LNG vessels [20]. Numerical modeling and
experimental research have been carried out under
design conditions. The study showed the feasibility of
the proposed solution for new ships. Kim and Kim
studied the method for improving the RBC relique-
faction system [21]. New design solutions for systems
combined with a fuel gas supply system have been
proposed. Modeling and optimization of the proposed
systems have been carried out. The authors claimed
that the concept proposed in the study is original in
this area and will make a significant contribution to
the improvement of BOG reliquefaction systems on
LNG vessels.

A literature review on evaluating BOG relique-
faction plants operating according to RBC showed
that energy optimizations are mainly discussed in the
studies, using various mathematical optimization
methods and corresponding algorithms. Many modi-
fied technological schemes based on the RBC for the
BOG religuefaction have been proposed. However,
such schemes are improved in terms of energy effi-
ciency, but they are huge and include a different
amount of additional equipment that requires qualified
maintenance, therefore they do not meet the criteria of
marine equipment. The studies reviewed practically
do not mention studies based on actual data on the
operation of LNG carriers.

The main parameters of BOG change over time,
and depend on many factors. Therefore, it is signifi-
cant to conduct an experimental verification of the
BOG reliquefaction process and compare it with a
theoretical calculation to develop a reliable and safe
process control structure in the installation. Thus, it

becomes relevant to continue scientific research based
on available data from monitoring cargo operations of
current LNG carriers with the involvement of scien-
tific tools to improve the energy efficiency of the
BOG liquefaction process and compliance with IMO
rules related to environmental protection.

3. System description

According to the cargo transportation method, the
gas carrier “UMM AL AMAD” belongs to LNG/C
carriers. These are specialized types of gas carriers
designed to transport large volumes of LNG at an
evaporating temperature of about -162 °C and atmo-
spheric pressure. The gas carrier belongs to the “Q-
Flex” class with a tank capacity of 206958 m®. The
vessel deadweight is 121730 t, gross tonnage is
136685 m®. The cargo retention system consists of
five cargo tanks with double insulation. By design, the
tanks are built-in, membrane type No. 96, with a BOG
evaporation rate of less than 0.141% of the cargo
volume per day [22].

The reliquefaction plant operates on the RBC
using nitrogen as a working substance. The techno-
logical diagram of the religuefaction system is shown
in Fig.1.

The technological diagram comprises two cir-
culation loops: BOG/LNG (cargo cycle) and nitrogen
N2 (refrigeration) loop.

3.1. Work processes in the BOG/LNG loop

The BOG/LNG loop includes the following
components: a BOG precooler, a two-stage centrifugal
cargo compressor (BOG compressor), a cryogenic heat
exchanger (part of the Cool Box); an LNG separator
(part of the Cool Box); an LNG cargo pump. To redu-
ce external heat flows, the cryogenic heat exchanger
and separator are technologically combined into a sin-
gle cold insulated box (Cool Box).

BOG from cargo tanks is collected in a collector,
where it is mixed with ballast vapor (state 9) formed
during the boiling of LNG (state 8) in a precooler coil
and sent to the same heat exchanger (state 2). In the
precooler, the temperature for the flow supplied from
the BOG collector (state 3) is stabilized by cooling
with boiling LNG. The stable BOG flow temperature
(state 3) ensures a constant discharge temperature of
the cargo compressor to protect the Cool Box from
temperature fluctuations that cause additional thermal
stresses. In addition, the precooler performs the func-
tions of a liquid separator. The precooler consists of a
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tubular finned heat exchanger installed inside a ver-
tical separator. The cooled BOG is compressed in a

N2 Booster Compressor and Dryer

cargo compressor (state 4), cooled, and condensed in a
cryogenic multiflow LNG heat exchanger (state 5).
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Figure 1 — Technological diagram of the reliquefaction system of the LNG carrier [6]

Non-condensable gases are separated in an LNG
separator. The liquid phase of LNG (state 5") is
returned to the cargo tanks under the pressure
difference between the separator and the cargo tank,
and the gas phase (state 5”) is sent to the gas
combustion unit (GCU). Reliquefaction is carried out
by free flow. The liquid column height in the LNG
separator provides the pressure difference. If the
height of the column is not enough, an LNG pump is
used (state 6).

3.2. Work processes in the nitrogen N2 loop

The nitrogen N2 loop includes the following com-
ponents: a three-stage centrifugal compressor, an ex-
pander, three water heat exchangers, a cryogenic heat
exchanger (part of the Cool Box); a nitrogen circula-
tion control system (a nitrogen dryer, a booster com-
pressor, a nitrogen tank, an oil filter system). The sys-
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tem provides for nitrogen leak replenishment from the
seals of a three-stage compressor. The booster com-
pressors are designed to regulate the cooling capacity
of the nitrogen N2 loop.

Nitrogen (state 10) is successively compressed in
a three-stage compressor (states 11, 13, and 15) with
intermediate cooling between stages in heat exchan-
gers with seawater of constant temperature. This al-
lows the process in the compressor to be attributed to
isothermal. Further nitrogen cooling is carried out in a
cryogenic heat exchanger. Nitrogen with high pres-
sure and temperature (state 16) in the topping part of
the heat exchanger is cooled (state 17) by a nitrogen
flow with low pressure and temperature formed after
the expander (state 18). A low-pressure nitrogen flow
provides BOG vapor condensation in the bottoming
part of the cryogenic heat exchanger. The expander
returns part of the power spent in the compressor.
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4. Modeling of the reliquefaction plant pro-
cesses

In the study, the reliquefaction plant processes
have been modeled using energy and entropy-sta-
tistical analysis methods. The main parameter values
of the simulation reliquefaction plant operation have
been obtained in actual operating conditions during
the considered vessel. The data are presented in Tab-
les 1 and 2. The following assumptions to simplify the
theoretical model of the considered system are used:

— hydraulic losses in pipelines are not consi-
dered;

— heat transfer during separation and mixing of
flows are not considered;

— the mechanical efficiency of the N, compres-
SOr #comp:N> 1S @ssumed to be 0.80;

— the mechanical efficiency of the N, expander
HexpsN2 1S @ssumed to be 0.75;

— the mechanical efficiency of the BOG com-
Pressor #comp,80c IS assumed to be 0.71.

The cooling medium is seawater with a tempe-
rature at the heat exchanger inlets: Tamp =41 °C (314 K).

Table 1 — Molar concentration of BOG/LNG

BOG Chemical Molar
composition formula concentration, %
Nitrogen N2 0.128
Methane CH4 0.872
Ethane CoHs -

Table 2 — Reliquefaction plant parameters based on real-time cargo operation monitoring records and the

technological diagram in Fig.1.

Total mass Total molar Molar concentration, %
Temperature Pressure - tot tot
State T oC P bar flow rate m flow rate, 7 N>, CH4 C,Hs
’ : kg-h? kmol-h™ mole % mole % mole %
1 -100.0 1.06 6027 342.8 0.129 0.871 1.1-10*
2 -104.3 1.06 6473 368.2 0.129 0.871 1.1-10*
3 -120.0 1.06 6473 368.2 0.129 0.871 1.1-10*
4 -23.5 4,50 6473 368.2 0.129 0.871 1.1-10*
5 -159.5 4,50 6473 368.2 0.129 0.871 1.1-10*
5" 4.50 66 2.7 0.723 0.277 1.1-10*
5' 4,50 6407 365.5 0.124 0.878 1.1-10*
6.50 6407 365.5 0.124 0.878 1.1-10*
8 1.06 446 25.4 0.124 0.878 1.1-10*
9 1.06 446 25.4 0.124 0.878 1.1-10*
10 39.90 13.18 112500 4016 1.00 0 0
11 98.1 20.91 112500 4016 1.00 0 0
12 41.0 20.91 112500 4016 1.00 0 0
13 96.2 33.57 112500 4016 1.00 0 0
14 41.0 33.57 112500 4016 1.00 0 0
15 96.5 53.73 112500 4016 1.00 0 0
16 41.0 53.73 112500 4016 1.00 0 0
17 -110.1 53.73 112500 4016 1.00 0 0
18 -162.5 13.18 112500 4016 1.00 0 0

4.1. Energy analysis of the reliquefaction plant
cycles

Based on the data in Tables 1 and 2, thermo-
dynamic cycles for the BOG/LNG and N- loops have
been formed (figs. 2 and 3) and an energy analysis of
the cycles has been performed. The REFPROP soft-
ware has been used to define the parameters of the
system processes [23].

The state parameters of the cycles are presented
in Table 3. The mass flow rates in the plant compo-
nents are determined relative to 1 kg-s™ of the BOG
total mass flow rate (g, kg-kg™).

BOG/LNG loop

The adiabatic specific work of compression in the
BOG compressor is:

cgmp,BOG = h4s - h3’ k‘]'kgéée (1)
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The actual specific work of compression in the

BOG compressor is:

Tams = 41°C

To assess the energy efficiency of an actual
reliquefaction plant, it is necessary to know the mini-
mum required work consumption to compare them
with the real energy consumption in the system.

ct -1
vaomp,BOG - h4 - ha ) kJ kg BOG (2)
60 1 120
%o T'ams = 41°C v 100 4
55 80 4
60 1
0 40
o -20 U 204
o . o -
S 40 H 04
= = =204
2 601 =
st S .40 -
Q o
& 807 g 601
£ -100 1 2 -801
120 4 -100 1
-120 1
-140 4
-140
-160 -160 4
-180 : - - : —— T -180
® 10 20 30 40 50 6o 70 3

Specific entropy s, kJ-kg "K'

Figure 2 — The BOG/LNG cycle in the T-s diagram

Table 3 — State parameters of the cycles r

.0

Relative mass
Enthalpy h, Entropy s,
S kgt | KekghK? ﬂoll'; .f;lg’
BOG/LNG loop
1 582.80 5.72 0.93
2 574.30 5.67 1.00
3 543.20 5.48 1.00
4 730.00 5.73 1.00
4s 672.10 5.48 1.00
5 25.99 0.84 1.00
5' 5.30 0.98 0.99
5" 487.40 5.28 0.01
6 5.50 0.99 0.99
7 5.30 1.038 0.07
8 430.60 4.96 0.07
9 582.80 5.72 0.93
N> loop
10 322.40 6.12 1.00
11s 368.30 6.12 1.00
11 382.90 6.16 1.00
12 322.10 5.98 1.00
13 369.50 6.06 1.00
13s 379.30 6.06 1.00
14 319.70 5.83 1.00
15 377.30 5.86 1.00
15s 366.90 5.83 1.00
16 316.10 5.68 1.00
17 124.60 4.83 1.00
18 91.10 4.89 1.00
18s 84.20 4.83 1.00
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Figure 3 — The Nz cycle in the T-s diagram

The minimum liguefaction work (shaded area in
Fig. 4) is equivalent to the liquefaction work provided
the processes are reversible. According to the cycle,
BOG is successively compressed by the compressor
from the initial state (state 2) to high pressure (state
2", then isothermically compressed (process 2'-y), and
expands in the expander (process y-8") to obtain the
liquid state 8' at the outlet (Fig.4).

The minimum work required for BOG liquefac-
tion can be determined with the system energy ba-
lance equation:

min
WBOG,I

= qrej - qsup’ k‘]kg_B%:)G (3)

where Qrj is the specific heat rejected, kJ-kgsoc™; Qsup
is the specific heat supplied, kJ-kggoc ™.
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Figure 4 — The ideal BOG liquefaction cycle
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According to Fig.3:

O =area el'vac T, (y_Sy),k‘]'kg;oe 4

0, =area el'ya - (area el'2'c - area el'2c) <

) =y, KI-kgoos (5)

QTamb (1’_S8’)_Tamb (Sl
The minimum work required to liquefy 1 kg of
BOG at inlet and outlet pressures of 1.06 bar:

WgcTel oo ( Sy _Ss')_(hz _he) kJ- kgLNG (6)
where sg and hg are the entropy and enthalpy of BOG
at the temperature of the liquid corresponding to the
saturation pressure p = 1.06 bar (point 8 in Fig.2).

The coefficient of BOG liquefaction is

*

x=——, K0 \c kg BOG » (7)

BOG

where 7't is the mass flow rate of the returned
LNG to cargo tanks, kg-s™; 7it'gog is the mass flow
rate of BOG in the reliquefaction plant during
operation, kg-s™.

The specific cooling capacity of the BOG loop is:

=h, —h,, kI-kgzee (8)

qe,BOG

N2 loop
The specific N, mass flow rate for cooling 1 kg
BOG is:

2, kg, KGgoe 9)

BOG

y:

where 2 is the N> mass flow rate during operation,
kg-s™.

The specific heat supplied to the N flow during
heating is:

=hyy —h, KI-kgy, (10)

qsup,NZ

The specific heat rejected from the N2 flow
during cooling is:

~h,, ki-kg (11)

Qejne = hl6

The isothermal specific work of compression in
the first, second, and third stages of the N
compressor, respectively, is:

W(ig?np,NZ =T '(Slo —Sp ) _(hlo —hy )’ kJ'kg&lz 12)

WcI:;;Zp,NZ =T '(Slz — S84 ) _(hlZ —hy )’ kJ'kg&lz (13)

Wclgfri\S;J,Nz =T '(Sl4 ~Sis ) _(hlA — g )’ kJ'kg&lz (14)
The total isothermal specific work of

compression in the N> compressor is:

Wononz = Wompn *+ Weamoz + Wempno: KI'KGy, — (15)

The actual specific work of compression in the
N2 compressor is:

V\/f-lCt

comp,N2

(hn _hl0)+(hlB _h12)+(hls _hl4)1 kJ'kg;ulz (16)

The adiabatic specific work of expansion in the
N> expander is:

h17 hlSs’ k‘]'kg_le (17)

exp N2

The theoretical specific work in the compander
(N2 expander-compressor unit) is:

theo tot is d
Wcomp-exp,NZ comp N2 V\é‘xp N2

ki-kgy,  (18)

The actual specific work of expansion in the N>
expander is:

Vvact

exp,N2 h17 - h18’ k‘]'kgﬁlz (19)

The actual specific work in the compander is:

Vvi\Ct

exp,N2 1

— Wact

comp,N2

Vvact

‘comp-exp,N2 kJ- kg&lz (20)
The theoretical specific cooling capacity of the

N2 loop is:

theo
qe N2

qrej,NZ - qsup,NZ’ kagNt (21)

The  theoretical  coefficient  of
consumption for liquefaction in the cycle is:

energy
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ad -1 theo
theo _ Wcomp,BOG Yyt Wcomp—exp,NZ 29
- theo (22)

qe,NZ

The actual specific work for BOG and N
compressing is:

\ng:n BOG ng;q epN2 Y _

;' + 2T~ kJ-kg

tot,act
Waoe Nz =

(23)

Table 4 — Energy analysis results

The effectiveness of a thermodynamic cycle is:

min
_ Waog,
n= Wtot, act
BOG,N2

(24)

The energy analysis results are shown in Table 4.

Parameter Value
The adiabatic specific work of compression in the BOG compressor ngmpoOG kJ-kgsoc™ 128.87
The actual specific work of compression in the BOG compressor W:g:np,BOG , kI -kggos™ 186.81
The coefficient of BOG liquefaction x, kgine-kgsos™ 0.92
The specific cooling capacity of the BOG loop g, 5o > kJ ‘kgeoc™ 704.08
The mipimum work required to liquefy 1 kg of BOG at inlet and outlet pressures of 1.06 1052.10
bar Wgog, , kJ-kgine™

The specific N, mass flow rate for cooling 1 kg BOG v, kgnz-kgsoc™ 17.37
The specific heat supplied to the N flow during heating Qeupnz > kJ-kgnat 231.23
The specific heat rejected from the N flow during cooling q; . kJ kgne™ 191.43
The total isothermal specific work of compression in the N, compressor \I\Ijg:mN2 , kJ-kgno™ 131.90
The actual specific work of compression in the N, compressor Wcagﬁnp’Nz , kI -kgne? 175.20
The adiabatic specific work of expansion in the N2 expander W:gp'm , kI -kgno™ 40.47
The actual specific work of expansion in the N, expander W:)f;’,\,z , kT -kgnot 33.52
The theoretical specific work in the compander Wégfﬁp_expm , kI kgne™ 91.43
The actual specific work in the compander ng:np_expm , kI -kgne? 141.68
The theoretical specific cooling capacity of the N2 loop qéh,\efz’ , kI -kgno™ 39.80
The theoretical coefficient of energy consumption for liquefaction in the cycle gotheo 2.47
The actual specific work for BOG and N2 compressing Wgga s » kJ-kgine™ 2878.03
The effectiveness of a thermodynamic cycle # 0.37

4.2. Thermodynamic analysis of the LNG
reliquefaction plant efficiency

The thermodynamic parameter of a system’s
performance for low-temperature cooling and liquefac-
tion is the reversibility of its processes. All actual pro-
cesses are accompanied by an increase in entropy, which,
in turn, leads to an increase in energy expended.

For a visual representation of the role of entropy
growth, entropy generation defines additional work to
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compensate for the irreversibility of processes. Thus,
the total entropy generation of all system components
increases due to irreversibility. This principle is the
base of entropy-statistical analysis as an LNG relique-
faction plant controlling method [24, 25].

The paper presents an approach for determining
irreversibilities in actual cycle processes by the entro-
py-statistical method. The data from the vessel’s ope-
ration and the energy analysis results have been used



XonoaunbHa TexHika Ta TexHonoris, 60 (1), 2024

for the analysis (Tables 1, 2, and 3). The relique-
faction plant efficiency is estimated based on the
relative specific work consumption of the compressors
and the value of the effectiveness of a thermodynamic
cycle. The sequence of the main components analysis
of the reliquefaction plant is presented below.

Allocation of work consumption to compensate
for the entropy generation in the BOG/LNG loop

The minimum specific work required to cool 1 kg
of BOG to LNG temperature is:

W
BOG, cool =

SS")_(hz —hg ) kl-kggos  (25)

amb (2_

The minimum specific work required to cool 1 kg
of BOG by Nz is:

ss)=(

Since the BOG mass flow rate in the reli-
quefaction plant is 1 kg-s™?, the LNG relative mass
flow rate going to cargo tanks through expansion
valve EV1 equals the liquefaction coefficient x = 0.92.
The LNG relative mass flow rate going to the pre-
cooler through expansion valve EV2 is z = 0.0689.
The vapor relative mass flow rate in the separator is
m = 0.0196. These values are considered when deter-
mining the parameters according to equations (27)-(39).

The minimum required specific compression
work to compensate for entropy generation during
LNG throttling in expansion valves EV1 and EV2 are:

WS)%,NZCOOI =Tamb '(SA - h4 _hs) kJ: kgBOG (26)

AW = Ty (85 =55 ) % K KGgoe  (27)
AW, =T (s5=55)x, K- KGaos (28)

The minimum required specific compression
work to compensate for entropy generation in the
precooler is:

AW""" =Ty - A8

amb

=T ~53) ], kIkgaoe  (29)

amb 'I:(Sg _SB)'Z_ S

The total adiabatic specific compression work in
the BOG loop necessary to compensate for part of the
minimum specific work and entropy generation:

min min

we

_ min min
comp,BOG — AWEV1 + AWEV2 + AW + WBOG | X+
N N
+ng06 ool M= V\f;os Ncool» KJ* o BOG (30)

Allocation of work consumption to compensate
for the entropy generation in the N2 loop

The minimum required specific compression
work to compensate for entropy generation in the
cryogenic heat exchanger is:

AW =T | (S0 = Sis) = (S5 = S) - kI-kgy, (31)

(5,-8)
y
The minimum required specific compression
work to compensate for entropy generation in the ex-
pander is:
AW =Ty (S5 = S7), KIkg (32)
The minimum required specific compression

work to compensate the heat flows from the envi-
ronment is:

theo
A
AWmm _ % q

amb —

,kJ-kgy (33)

where AqQ is the specific heat flows from the
environment to the kJ-kgnot;
Ag=0.81 kJ‘ngz-l.

The total adiabatic specific compression work in
the N, loop necessary to compensate for irrever-
sibilities in components and entropy generation is de-
fined by the equation:

heat exchangers,

we (AWSL'{‘E AW £ AWM ) Y+

comp,N2 exp amb

Wg](l)nG N2cool ! k‘] kgBOG (34)

The specific compression work for all relique-
faction plant loops is:

d* d*
\Na Vvgomp BOG + Vva

comp,N2 !

kJ: kg BOG (35)

The specific compression work consumption to
compensate for entropy generation due to the irre-
versibility of working processes in the BOG and N
compressors, respectively:

Wact
comp,BOG ~ ""comp,BOG
A\Nt:omp,BOG . p k‘] kgLNG (36)
Wiz - Wenmne)- Y
AWcomp,NZ = ( P Psz) 1 k‘]kgj\lG (37)

X
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The specific compression work consumption to
compensate for entropy generation in the expander is:

Woonz - Wognz )Y
it v va) KIkgne (38)

Aw,

exp,N2 =

The specific compression work consumption to

compensate for entropy generation in the compander is:

act theo

(Wcomp—exp,NZ - Wcomp-exp,Nz ) "y

X

Aw,

comp-exp,N2 =

The results of the entropy-statistical method of
thermodynamic analysis are shown in Table 5.

Table 5 — The results of the entropy-statistical method of thermodynamic analysis

Parameter Value
The minimum specific work required to cool 1 kg of BOG to LNG temperature Wggy, .., » kJkgsoc™ 317.23
The minimum specific work required to cool 1 kg of BOG by N2 Wi, 000+ kI -kgeos™ 809.87
The minimum required specific compression work to compensate for entropy generation during

LNG throttling in the expansion valve EV1 AwX,, kJ-kgsoc™ 16.07
The minimum required specific compression work to compensate for entropy generation during

LNG throttling in the expansion valve EV2 AwX, kJ-kgeoc™ 110
The minimum required specific compression work to compensate for entropy generation AW{)T” , 24,50
kJ-kgsog™

The total adiabatic specific compression work in the BOG loop W, 5o » kI 'kgsoc™ 170.00
The minimum required specific compression work to compensate for entropy generation in the

cryogenic heat exchanger AwZn , kJ ‘kgnot 32.66
The minimum required specific compression work to compensate for entropy generation in the

expander Awj,, kJ-kgn,™ 20.06
The minimum required specific compression work to compensate for the heat flows from the en-

vironment Aw | kJ-kgnz™ 096
The total adiabatic specific compression work in the N ng;pm , kI-kgeoc™ 1742.22
The specific compression work for all reliquefaction plant loops W™, kJ-kgsoc™ 1942.22
The specific compression work consumption to compensate for entropy generation in the BOG

COMPressor AW, oo » kJ-kgine™ 62.98
The specific compression work consumption to compensate for entropy generation in the N

compressor AW, ., » kJ-kgune™ 817.52
The specific compression work consumption to compensate for entropy generation in the ex-

pander Aw, ., , kJ ‘kging ™t 131.21
The specific compression work consumption to compensate for entropy generation in the com-

pander AW, ooz - kI -kging™. 948.73

The discrepancy between the calculated values of
the adiabatic compression work in the BOG/LNG
loop (Egs. (15) and (35)) does not exceed 10%, and in
the N2 loop (Egs. (18) and (34)) does not exceed 9%.
The result indicates an actual overspending of work
relative to each reliquefaction plant component. The
distribution of the specific work overspending by reli-
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guefaction plant components related to 1 kg of LNG is
shown in figs. 5 and 6.

5. Discussion of the results and conclusions

The paper analyzes the actual processes in the
LNG reliquefaction plant operating on the reverse
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Whoo na = 2878.03 ki kg ng ™

AW exp 2 = 94873 kI kgong™

heo 8 }
W% = 172628 K°kging =

compioG ~ 62-98 Kl kgy xa'

AWpna = 13121 Ki'kging AWy = 817.52 k) kepng ! Awepy

=616.55 kJ-kgg v

] ]
w2 poc = 140.00 K-k xg

Wi N2eoo™ 88020 K kging”!
= AWy

A= 18.12 kI 'kgy g™ Aw

i = 105210 kI -kgy ng ™!

e

Figure 5 — Diagram of the work consumption distribution by components of the LNG
religuefaction plant operating on the Brighton cycle

48.7%

Ay
A

1/comp‘NZ

wcxp,NZ
min
AwcyE
min
Awamb
min min
A‘VEV 1 + AH]EVZ
A“}min

pc
Ay

OOmREO®EO

vcomp.BOG

Figure 6 — Graphical interpretation of the results
of estimating the work consumption by components
of the LNG reliquefaction plant operating on
the Brighton cycle

Brighton cycle of the LNG -carrier “UMM AL
AMAD?”. The analysis has been carried out using the
energy and entropy-statistical methods.

The results showed that the N loop accounts for
over 90% of the work overspending in the relique-
faction plant. As shown in Fig.5, irreversibility in the
compander unit makes the greatest contribution to the
entropy generation of the N2 loop (56%). The expan-
der work partially compensates for the overexpen-
diture of compressor work. Irreversibility in the
expander is 7.7%, the N, compressor is approximately
48.7%, and the cryogenic heat exchanger is 36.4% of
the total irreversibility of the liquefaction process. In
the BOG/LNG loop, the main contribution to the pro-
cesses' irreversibility is made by the BOG compressor
(~3.7%) and the precooler (~1.55%) of the total
irreversibility of the liquefaction process (Fig.6).

The thermodynamic efficiency of the relique-
faction plant operating on the RBC is 0.36, which is a
fairly low value for such processes. Irreversibility in a

cryogenic heat exchanger is explained by the large
temperature difference between the refrigerant (N2)
and BOG. The level of perfection of the compander
unit is insufficient. The operation results of such
equipment have shown that the turbine and compres-
sor have low-efficiency values.

According to the study results, it can be stated
that the processes in the N, loop do not meet the IMO
requirements for modern gas carriers today. Despite
such religuefaction plants are easy to operate and do
not require mandatory shore maintenance and special
training of maintenance personnel. The energy effi-
ciency management of the reliquefaction plant should
improve the processes of the N, loop.
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MeTtoau ynpasniHHA eHeproepeKTUBHICTIO YyCTaHOBKM NOBTOPHOIO 3pPifKeHHS,
O NpaLoE 3a 3BOPOTHUM LIMKITOM OpanToHa TaHKepa-ra3oso3a LNG
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Ha oanexi mopcoki ma oxeancoki oucmanyii LNG mpancnopmyloms auuie mankepamu, wo Ha3uearomy-
ca easoso3u LNG, y eenuxux bopmosux pesepgyapax npu memnepamypi -163 °C. Xoua yi pesepsyapu
0obpe iz3omvosani, uacmuna LNG eunapogyemvcsi nio 6NAUGOM 308HIUHIX (DAKMOPI6 ma Ymeopioemb s
sionapnuii 2az (BOG). Ocnosnum memoodom 6opomvdou 3 BOG ¢ tioco nosmopne 3pioxcenns. 3Hauna Ki-
abkicms 2a30603i6 LNG 015 n08MopHO20 3pi0dNCeHHA 8UKOPUCMOBYIOMb MEXHON02II0, WO IPYHMYEMbCA
Ha 36o0pomuomy yukai bpatimona (3L[B). VY pobomi nposedeno 0ocnioxicenns memooamu mepmoouHamiy-
HO20 aHanizy OMlICHUX napamempie ma Xapakxmepucmux yYCmanHosKu no8mopro2o 3piocenusi BOG Ha ni-
ocmasi 0aHux, oMmpuManux nio yac excniyamayii maukepa-2a30803y LNG « UMM AL AMAD». B ananisi
BUKOPUCMAHI. eHepeemUYHULl ma eHMpPORIUHO-CMAMUCTIUYHUL MemoOU MePpMOOUHAMIYHO20 AHALI3Y.
Oyinka pobomu yCmano8KU NPoBOOUNACS 3d BIOHOCHUMU GUMPAMAMU POOOMU 8 KOMNPeCcopax ma 3Ha-
YEHHAM HOKAZHUKA MEPMOOUHAMIYHOL epexmusHocmi. AHANI3 OMpUMAHUX pe3yibmamié noxkazas, uwo
00CII0IAHCYBAHA YCMAHOBKA, KA NPAYIOE 30 Yukiom bpaiimona mae HU3bKI 3HAYEHHS eHepeemUdHOL ee-
xkmuenocmi. Hauibinow enepeoemuum € azomnuii xonmyp. Ha tioeo wacmky npunaoae nonao 90% nepe-
sumpamu pobomu 8 ycmanosyi 3azaniom. Habinewiuii 6Hecox y 6UpoOHUYME0 eHmponii a30MmH020 KOH-
mypy 6HOCUmMb nepesumpama pobomu é azpezami komnanoep — 56,4% (y demarnoepi — 7,7%, y komnpe-
copi N2 — 48,7%). ¥V xonmypi BOG/LNG ocrosna nepegumpama pobomu cnocmepicacmuvcs 8 KOMAPeco-
pi BOG ~ 3,7% i nonepednvomy oxonooxcyeaui ~1.55% 6io 3azanvnoi nezgopomuocmi npoyecy 3pio-
orcenns. Kpiocennuii mennooOMiHHUK € eleMeHmoM 000X KOHMYPI8, 1020 He2amueHull 8NiU8 OYiHIOEMbCS
8 36,4% 6i0 3azanbHOi He360pOMHOCMI npoyecy 3piodiceHHsA. 3acmocy8anHsa YCMAHOBOK NOBMOPHO20
3pidocenHs, Wo npayioioms 3a yuxkiom bpaiimona, Ha cb0200Hi MEXHONIO02IUHO HEOOCKOHANE Yepe3 HU3bKY
eHepeemuyHy eQeKmugHiCms i 8elude3Hi 8mpamu 8 A30MHOMY KOHMYpI — ye He 8i0N0sidac 8umMo2am
IMO, sxi sucysaromucs 00 maHkepie-2a30603is.

Knrouoei cnosa: Tanxep-zazoeoz LNG; Ycmarnoska nosmopnozo 3pidxcenns; EnepzoepexmugHicms;
Eumponitino-cmamucmuunuii memoo.
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