798
Journal of Chemistry and Technologies, 2023, 31(4), 798-804

/i JOURNAL OF CHEMISTRY AND
&=y TECHNOLOGIES

s o e e

Journal of Chemistry and Technologies B—

J pISSN 2663-2934 (Print), ISSN 2663-2942 (Online).

journal homepage: http://chemistry.dnu.dp.ua

UDC 536.7
THERMODYNAMIC CYCLE OF REGASIFICATION OF LIQUEFIED GASES WITH
MECHANICAL ENERGY PRODUCTION
Georg K. Lavrenchenko?, Alexey G. Slynko?, Oleksandr M. Shumylo?, Artem S. Boychukz,

Serhii V. Kozlovskyi2*, Vitalii M. Halkin2
1 LLC «Institute of Low Temperature Energy Technologies», p/b 285, Odesa, 65023, Ukraine
20dessa National Maritime University, 34, Mechnikova str., Odesa, 65029, Ukraine
Received 4 November 2023; accepted 27 December 2023; available online 25 January 2024

Abstract

Transportation, storage and use of liquefied gases occupy a significant part in the world gas industry and maintain a
tendency to increase. For economically justified maritime refrigerator transportation, the gases in the terminals of
shipment are liquefied. Being delivered to the place of consumption for further use, they are converted into
conventional low-pressure gas - regasified. Now this process is carried out in conventional heat exchangers, which
are heated by natural sources of heat or specially preheated coolants. Liquefied gases similarly to the compressed
mechanical spring contain a large amount of potential energy accumulated during liquefaction. This energy is not
used in the current technological regasification process. The work offers the thermodynamic cycle of liquefied gases
in which mechanical energy is obtained. Using the hydrodynamic method of transforming the liquid into a saturated
steam and the isochoric process of its overheating in the proposed thermodynamic regasification cycle, the steam is
repeatedly overheated and isoentropically expanding in the turbine. Combined, this allows for a lot of mechanical
work to be done. Given the low temperature of the refrigeration transport of liquefied gases, the work considers the
use of a combined hot heat source: the vapor is heated by the heat of the environment and then overheated to a higher
temperature by specially heated water. The thermal calculations of the proposing the thermodynamic cycle of LNG
(methane), which is transported at a temperature of minus 161.28 °C, and ethylene at minus 101.77 °C. The
calculations performed for methane showed that the use of the method in its regasification at one of the largest
regasification terminals in Europe, Barcelona, the capacity of which is 17.1 billion nm3/year, will allow obtaining a
hypothetical steam turbine plant capacity of 262 737.90 kW. Therefore, the annual energy production will be
2295278 302 kW. This amount of electricity requires 573 820 tons of fuel, provided that the specific fuel
consumption of the diesel generator is 0.25 kg/(kW-h).

Keywords: liquefied gases, regasification terminals, regasification process, improvement of the regasification process.
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AHoTanis:

IlepeBe3eHHs, 36epiraHHs il BAKOPUCTaHHS 3piJ)KeHUX rasis 3apas 3aliMal0Th 3HAa4YHY YacCTKy y CBIiTOBOMY ra30BOMYy
rocnojapcTBi i 36epiraloTb TEHAEHL{I0 A0 NOAAJIBIIOrO 36i/beHHd. /111 eKOHOMIYHO BUNIPAaBAAHOr0 MOPCHKOIo
pedpukepaTopHOro nepeBe3eHHs rasu B TepMiHa/jax BiABaHTa)KeHHA CKpaIUIIOThCA. Byay4n gocraB/ieHMMH [0
Micd CHOXKMBaHHSA /JJisi MOXKJIMBOCTI NMOAA/bLIIOr0 BUKOPUCTAaHHA BOHM INEPETBOPHIOTLCA y 3BUYAWHUN ras
HU3BKOI'0 TUCKY - pera3uQikylTbcs. 3apa3 Leil npouec 3/4iliCHIOETbCA Yy 3BUYalHUX TeIJIOOGMiHHUX anaparax, 110
06irpiBaloTbcsl NPUPOJAHUMHU PKepesaMU TelJIOTH a6o momepeAHbLO CleliaJlbHO HarpiBaEMMMH TeNJIOHOCiAMH.
3pimkeHi rasm mNoAiGHO CTHUCHYTIH MexaHiYHiii NpyXUHI MicTATH BeJIMKY KiJIbKIiCTb NOTeHLiiHOI eHeprii,
HaKoONM4YeHOoi NpM CKpanjieHHi. Y BUKOPHCTOBYBAaHOMY 3apa3 TEXHOJIOTiYHOMY npoineci perasudikanii nsa eHepris He
BUKOPHUCTOBYETHCA. Y POGOTI MPONMOHYEThCSI TepMOAUHAMIYHUI DMK perasudikanii 3pisxeHux rasis, y ssKomy
OTPUMYEThCAA MeXaHiuHa eHeprii. BUKOpUCTOBY104YHM riApogMHAMIYHMH MeTOJ NMepeTBOPEHHA PiJAMHM B HaCU4YEHY
napy, po3rjissHyTM#d HaMu paHille, i i30XopHuil npouec ii neperpiBy B NpoNoOHyEMOMY TepPMOJANHAMiYHOMY IUKJIi
perasudikanii, mapa 6GaraTopa3oBo i30XOpPHO meperpiBa€eTbCsi Ta i30€HTPONMHO PO3IMIHUPKHETLCI B TYpO6iHi. Y
CYKyNHOCTi Ile [J03BOJISIE OAep>KyBaTH 6araTo MexaHiyHOoi poGoTu. BpaxoByio4yu HU3BKY TeMmepaTypy
pedpmxepaTopHOro nepeBeseHHs 3piJAKeHHMX rasis, y po60Ti po3r/isiHyTO BapiaHT BUKOPMCTAaHHA KOMGiHOBaHOIO
raps4oro JykepeJjia TelyIOTH: CIOYATKY Iapa HarpiBa€TbCd 3a PaxyHOK TeIJIOTM HaBKOJIMIIHBOI'O cepeAoBHINA, a
NMOTiM neperpiBaeTbcs 40 6ibII BUCOKOI TeMIepaTypH clielia/lbHO HarpiBaeEMoIo BO/010.
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BukOHaHI TeloOBi po3paxyHKH NPONOHYEMOro TepMoAuHaMidyHOro nukiay perasudikanii 3II' (meTaHy), AKMin
nepeBO3UThCA IpU TeMmnepartypi.miHyc 161.28 °Ci etuneny - miHyc 101.77 °C. Po3paxyHKH, siKi BUKOHaHi /151 METaHYy,
NMOKa3aJ/iy, Il0 BUKOPHUCTAaHHS MPONMOHYEMOI0 MeTOAY NpH ¥oro perasudikanii Ha ogHOMY 3 HalGibIKUX B EBpomni
perasudikaniiinux tepmiHaii «Barcelona», npoayKkTuBHicTh sikoro 17.1 miapa. HM3/piK, A03BOJIUTh OJep:KyBaTH
NOTYXKHICTh rinoTeTUYHOI NapoTyp6iHHOI ycTaHOBKH 262 737.90 KBT. OTXKe, piuHe BUPOGHUIITBO eHeprii ckjajae
2 295 278 302 kBT-r. /I)11 BUPOGHHMIITBA TAaKOI KiJILKOCTI ejieKTpoeHeprii noTpi6Ho 573 820 TOHH na/iMBa 3a yMOBH,
1[0 MUTOMAa BUTPaTa Na/iiBa BUKOPUCTOBYEMHM JH3e/Ib-TeHepaTopoM ckiaagae 0.25 kr/(kBt-r).

Karuosi cnosa: 3pigxeHi rasuy, perasidikaniiini Tepminaiy, npouec perasidikaiii, yiockoHasieHHs npolecy perasigikarii.

Introduction

Currently, the transportation of liquefied gases
with refrigerator gas pipelines, as well as the
related process of regasification, is widely used
and intensively improved in the world gas
industry. According to [1-4], in 2016, 25
regasification terminals of liquefied natural gases
(LNG regasification terminal) with a total
productivity of 236.5 billion nm3/year were
operated in Europe. By the end of 2025, it is
planned to build 7 terminals, thereby increasing
the total productivity to 308.15 billion nm3/year.

Liquefied natural gas regasification terminal is
designed to process liquefied natural gas into
regular gas under pressure maintained in the
pipeline of the gas distribution network.
Currently, the regasification is carried out by
simply heating LNG in evaporators - heat
exchangers. Depending on the temperature of the
hot heat source used, evaporators are:

- evaporators operating at the ambient
temperature in which the hot source of heat is
water (sea or river) or air (Open Rask Vaporizer -
ORV);

- evaporators operating at temperatures above
the ambient temperature.

The last evaporators-heat exchangers are:

- direct heating of liquefied gas;

- heat exchangers with a circulating LNG, which
is heated directly by gas burners or electricity;

- evaporators of indirect heating;

- evaporators located in a water bath, which is
heated by gas burners (Submerged Combustion
Vaporizer - SCV); At the same time, heat
exchangers of this type consume up to 1.5 % of
regasification gas for their own operation.;

- Waste Heat Recovery LNG Vaporizer (WHRV),
powered by the heat of gases exhausted in an
electric  generator turbine through an
intermediate coolant circuit.

The most widely used evaporators are ORV and
SCV, so they are used in this work.

On the one hand, it is known that the principle
of operation of a heat machine, which turns heat
into work, is based on the preliminary creation of
a positive potential difference (temperature and
pressure) between the working body and the
environment. To do this, the working body in such

heat converters is pre-compressed and heated, i.e.
its pressure and temperature relative to the
environment increase, thereby creating a positive
potential difference. To realize this process, heat
and work are consumed in thermal machines - the
heat of combustion of fuel and the mechanical
energy of the pump compressing the working
body [5-7].

On the other hand, it is known that in order to
optimize the process of transportation and
storage of gases (ammonia, ethane, ethylene,
methane, etc.) they are liquefied, consuming a lot
of thermal and mechanical energy, which
accumulates in the liquefied gases, i.e. a negative
potential is created between the liquefied gas and
the environment [8-12].

This potential is not used in the current
liquefied gas regasification process. This work
examines one of the possible options for using this
negative potential to obtain mechanical energy
when using a combined hot heat source in the
heating process: first, the heat of the environment
(water/air, ORV type evaporator), and then - SCV
evaporator heat [13; 14].

The thermodynamic cycle of regasification of
liquefied gases with the production of mechanical
work and its schematic diagram

The proposed thermodynamic cycle of
regasification of liquefied gases with the
production of mechanical work is shown in Fig. 1,
and the schematic diagram of the installation in
which it is implemented - in Fig. 2. Let’s consider
the proposed cycle of regasification for liquefied
natural gases (methane). Since methane is
transported and stored in a saturated state at
pressure p;=0.103 MPa, its thermodynamic
properties at point 1 (Fig.1) are equal to:
temperature t1 =-161.28 °C, enthalpy
h; = 0.69687 k] /kg and density p; = 422.06 kg/m3.

As a basic process of regasification, a pure ORV
process is taken. In the proposed thermodynamic
cycle we use a combined hot source of heat: in
processes 2-3-4-4-4', 6-6' and 8-8' we use the ORV
heat exchanger with a coolant temperature at the
entrance of +20 °C, and in the processes 4'-5, 6'-7
and 8'-9, which are appropriate extensions of
these processes, the SCV heat exchanger with the
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temperature of the coolant at the entrance of
+110 °C. We use the hydrodynamic method of
transforming fluid into a saturated steam with the
isochoric process of its overheating [2]. Finally, let
us assumethe temperature and pressure of
overheated steam, which enters the blades of the

7'\

first steam turbine, equal to: ts=10°C and
ps = 3 MPa (Fig. 1). Using the REFPROP program
[15], we determine the thermodynamic properties
of LNG (methane) necessary for further
calculations. The determined thermodynamic
properties of methane are summarized in Table 1.

»=0.103 MPa

7

P

A

Fig. 1. Thermodynamic cycle of liquefied gas regasification with obtaining mechanical energy

Since at the hydrodynamic method of
converting fluid into steam its overheating is
carried outisochorically, on the T, S-diagram there
is a "dip" from the accepted point 5 by ischor
vs =0.045898 m3/kg to the boundary curve of
saturated vapor (point4, Fig.1), we determine
temperature and evaporation pressure: tzs=
-116.67°C, and p3s=1.38MPa. Since the

/8_

@
@
]
=
-3
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cold steam

sea water

conversion of boiling fluid to saturated steam is
carried out isobarically, the liquid must be pre-
compressed to this pressure and heated to
saturation. Given the isentropic process of its
compression, the enthalpy of the compressed fluid
(point 2, Fig.1) is 3.7161KkJ/kg, and the pump
work is 3.02 k] /kg.

12

hot water
20

cold steam cold steam

superheated
steam

superheated
steam
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sea water hot water sea water hot water

consumer.
network b q ié

Fig. 2. Schematic diagram of the installation: 1 - gas storage tank; 2 - pump; 3 - heat exchanger; 4 - saturated
liquid receiver; 5 - automatic pulse valve (the amount of liquid and the duration of its supply to the nozzle 6); 7 - a
device for liquid boiling; 8 - ribbed from the middle of the chamber, which feeds a hot source of heat; 9 - the fluid to
steam conversion chamber; 10 - automatic impulse valves (the amount and duration of steam feeding into two-stage
overheaters 20); 11 - impulse valves (the amount and duration of superheated steam feeding to receivers 12); 13,
14, 15 - steam turbines; 16 - mechanical energy consumer (generator); 17 - recipients of the exhausted steam; 18 -
pulse valve supplying low pressure gas to the main network of consumers; 19 - pulse valve that returns the fluid
that has been evaporated to the gas storage tank
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The expansion of the steam in the first turbine
13 (process 5-6) is carried out isoentropically to
such pressure that its temperature at the end of
the expansion does not lower below -40 °C to
ensure the cold resistance of the turbine blades.
The same conditions should be observed in the
expansion of steam in the following turbines - in
processes 7-8 and 9-10. The overheating of the
steam between the turbines is carried out in

intermediate isochoric vapor overheaters, the
principle of operation of which is considered in
[2].

Certain thermodynamic properties of methane
at all characteristic points of the process of its
conversion from fluid into a gaseous state, in
which it is transmitted to the gas distribution
networks, with multi-stage use of its vapor in
power turbines, are given in Table 1.

Table 1
Thermodynamic properties of liquefied methane at characteristic points of proposed thermodynamic cycle of
regasification using its potential energy

points t, °C p,MPa p,kg/m3 uykJ/kg hKJ/kg s K/(kg'K)
1 -161.28  0.103 422.06  0.45283 0.69687 0.0061996
2 -161.04 1.0071 422,57 045578 3.7161 0.0061996
3 -123.86 1.0071  359.31 13698  139.78 1.0576
4 -123.86  1.0071 15.810  491.19  554.89 3.8381
4 10 2.2140 15.810 713.60 853.64 49023
5 100 3.0 15.810  876.39  1066.10 5.4006
6 -40 0.41167  3.4635 645.23  764.09 5.4006
6 10 0.50295  3.4635 727.19 872.41 5.7189
7 100 0.66683 3.4635  888.60 1081.10 6.2123
8 -31.09 0.103 0.82399  662.75 787.76 6.2123
8 10 0.12062 0.82399  730.13  876.52 6.4693
9 100 0.15918 0.82399 891.23 1084.4 6.9617
10 66.26 0.103 0.58617 82841 1004.1 6.9617

Using tabular data, we calculate the energy characteristics of the thermodynamic cycle of
regasification:
- specific work of the turbine of the regasification unit
leurbine = Is6 + 17,8 + lo10 — ly = (hs — hg) + (hy — hg) + (hg — hyg) — 1y =
= (1066.1 — 764.09) + (1081.1 — 787.76) + (1084.4 — 1004.2) — 2.14 =

= 673.51 k] /kg;
- specific heat supplied in heat exchangers ORV and SCV
q?™V TV =24 + qus + qe7 + G0,
thatis
g™Vt = (hy — hy) + (us — uy) + (u; — ug) + (ug — ug) = (554.89 — 2.8377) +
+(876.39 —491.19) + +(888.60 — 645.23) + (891.23 — 662.75) = 1409.10 k] /kg;

- thermodynamic efficiency of steam turbine installation taking into account the total heat supplied
in combined heat exchangers ORV and SCV

_ lturbine _

Nt q;)rv+scv

The peculiarity of the proposed thermodynamic cycle of LNG regasification is the use as hot sources
of heat of two physical carriers: ORV and SCV.
Then, the specific heat that is supplied in heat exchangers SCV:

g1’ = 44’5 T Qe’7 + dg’ 0

673,51
1409.10

= 0.4780.

that is
;% = (us —uy) + (uy —ug) + (ug —ugr) = (876.39 — 713.60) + (888.60 — 727.19) +
+(891.23 — 730.13) = 324.2 K] /kg.
The ratio of the heat input entering the heat exchangers of SCV to the total heat entering both types
of ORV and SCV heat exchangers in series:

84 =

324.20
1409.10

scv
q1 _
orv+scv

a1

=100 = 23.0 %.

Thus, the heat input is less than % of the total
heat generated in the proposed thermodynamic
LNG regasification cycle. The use of secondary
low-temperature heat sources as a hot heat source

(cooling water or engine exhaust gases) will
significantly reduce the cost of the LNG
regasification process and increase the capacity
and efficiency of the thermodynamic
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regasification cycle of all
transported by sea [16-18].
Lrt us Calculate the theoretical mechanical
capacity of a conditional terminal with a capacity
1-10°

liquefied gases

of 1.0 billion nm3/year equipped with a device
manufactured in accordance with the proposed
thermodynamic regasification cycle. The mass gas
throughput of such terminal is equal to

M, = =0.002739726- 10°m3/day = 0.00011416 - 10° m3/hour =
=0.031709792 - 103 m3/sec = 22.751kg/sec,
where the coefficient 0.71746 kg/nm3 - methane gas density under normal conditions (0 °C and

365

1.0325 bar).
Then the mechanical power of such a terminal

Ny = M - Lyrbine = 22.751 - 673,51 = 15323.03 kW.

Currently, one of the largest regasification
terminals in Europe is Barcelona in Spain, with an
annual productivity of 17.1 billion nm3/year of
LNG. Then the mechanical capacity of the
hypothetical steam turbine installation that could
be installed at this terminal is 262 737.90 kW
(263 MW). Thus, the annual energy production
willbe 2 295 278 302 kW. To produce this amount
of electricity, 573,820 tons of fuel are needed,
assuming that the specific fuel consumption of a
diesel generator in operation is 0.25 kg/(kW-h).

The total productivity of the LNG terminals in
Europe by the end of 2025 will reach
308.15 billion nm3/year. Then the total capacity of
hypothetical steam turbines that can be installed
at all regasification terminals of Europe equipped
in accordance with the proposed thermodynamic
regasification process, will be 4 734 656.957 kW,
which corresponds to the annual energy
production of 4,136196318-1010 kW.

To produce this amount of electricity requires
10 340 491 tons of fuel.

Thermodynamic process of regasification of
liquefied ethylene with production of mechanical
work

In addition to LNG, other liquefied gases (ethan,
ethylene, butane, etc.) are transported by gas
carriers. They are transported/stored at higher
temperatures. It is interesting to find out how
much energy can be obtained in the regasification
of such gases [19, 20].

For example, let's look at the regasification of
liquefied ethylene, which is carried out in the
proposed method. To find the dependence of the
efficiency of the proposed regasification method
on the type of liquefied gas, we preserve the
conditions of transportation (p; = 0.103 MPa) and
parameters of operation of the first turbine
(ps=3.0 MPaits =100 °C).

Thermodynamic properties of ethylene in
characteristic points of offered thermodynamic
regasification cycle were also determined using
the REFPROP program [15] and are shown in
Table 2.

Table 2
Thermodynamic properties of ethylene in characteristic points of proposed thermodynamic regasification cycle
points t,°C p,MPa p,kg/m3 uyKkj/kg hKJ/kg s KkJ/(kg'K)
1 -103.77  0.103 567.65 -0.17850 0.0 0.0
2 -103.31  1.5997 568.53 -0.17621 2.6376 0.0
3 -36.726  1.5997 453.99 170.73 174.25 0.84811
4 -36.726  1.5997 29.598 468.74 522.79 2.3223
4 10 2.0969 29.598 526.39 597.23 2.5447
5 100 3.0 29.598 651.47 752.85 2.9267
6 -40 0.3022 4.5425 494.10 560.63 2.9267
6 10 0.37165  4.5425 550.20 632.02 3.1443
7 100 0.49554  4.5425 671.20 780.29 3.5134
8 6 0.10347  1.2597 548.64 630.78 3.5134
8 10 0.10497  1.2597 553.35 636.69 3.5302
9 100 0.13879  1.2597 673.84 784.01 3.8977
10 82 0.10360  1.0126 647.68 752.58 3.8977

Using tabular data, we calculate the energy characteristics of the thermodynamic process:
- the total specific work of turbines of a regasification steam turbine installation

laurbine = ls,e + 178 + lg10 — Ly = (hs — hg) + (h; — hg) + (hg — hyg) — (hy — hy) =
— (752.85 — 560.63) + (780.29 — 630.78) + (784.01 — 752.58) — (2.6376 — 0.0) =
— 370.52 k] /kg;
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- specific heat that is supplied in heat exchangers ORV and SCV

orv+scv

q1
thatis

=24+ 445+ g7 T qgo,

- thermodynamic efficiency of steam turbine installation taking into account the total heat supplied

in combined heat exchangers ORV and SCV

gY™VrsY = (hy — hy) + (us —uy) + (u; —ug) + (ug —ug) =
= (522.79 — 2.6376) + (651.47 — 468.74) +
+(671.20 — 494.10) + (673.84 — 548.64) = 1005.18 k] /kg.

The peculiarity of the proposed thermodynamic cycle of LNG regasification is the use as hot sources

of heat of two physical carriers: ORV and SCV.

Then, the specific heat that is supplied in heat exchangers SCV:

SCcv

A1 = q4 5t qe' 7T qg 9

that is

G5 = (us — uy) + (U7 — ugr) + (uy — ugr) = (651.47 — 526.39) + (671.20 — 550.20) +
+(673.84 — 553.35) = 366.57 kj /kg.

The ratio of the heat input entering the heat exchangers of SCV to the total heat entering both types

of ORV and SCV heat exchangers:

SCV

GV 366.57

-100 = 98.9 %.

S(h — _orv+scv T
41

Thus, the heatinput is almost 100 % of the total
heat generated in the proposed thermodynamic
cycle of ethylene regasification.

We calculate the theoretical mechanical
capacity of the conditional ethylene terminal with

1-10°

370.52

gas productivity of 1.0 billion nm3/year, equipped
with an installation, manufactured in accordance
with the proposed thermodynamic cycle of
regasification. Mass productivity on gaseous
ethylene of such terminal is equal to

M, = =0.002739726- 10°m3/day = 0.00011416 - 10° m3/hour =

=0.031709792 - 103 m3/sec = 39.989 kg/sec,
where the coefficient 1.2611 kg/nm3 - the density of gaseous ethylene under normal conditions (0 °C

1™ 365

and 1.0325 bar).
Then the mechanical power of such a terminal

Ny = M - lourbine = 39.989 - 370,52 = 14816.72 kW.

Thus, the temperature of transport of ethylene
is 58.5 % higher than that of methane, and the
molecular weight of ethylene is 65% higher, so the
capacity of their conditional regasification
terminals with a gas productivity of
1.0 billion nm3/year differs only by 3.4 %.

That is, the lower the temperature of
transportation of liquefied gas and the higher its
molecular weight, the more energy can be
obtained using the thermodynamic cycle of its
regasification.
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