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ENERGY EFFICIENCY, ENERGY SAVING POTENTIAL AND ENVIRONMENTAL IMPACT RE-
SEARCH OF LPG CARRIER REFRIGERATION SYSTEM

Nowadays energy efficiency improvement and global warming are issues of current interest because of
the natural resources depletion and extreme climate change. Thus, the problem of formation of strict reg-
ulations regarding emissions into the air arises. This paper presents the study of cascade refrigeration
system for re-condensing of associated petroleum gas during sea transportation for LPG carrier. The
structural optimization has been performed. LPG gas carriers with 266 000 m? ethane capacity require
15 MW cascade refrigeration system for re-condensing if the temperature in the coastal LPG storage is -
70°C, and the temperature for transported Ethan is maintained at -75°C. For current storage conditions
the required system cooling capacity is only 1,078 MW intended for the heat gain rejection from the envi-
ronment during Ethane transportation. The replacement of ozone-depleting refrigerant R22 to alternative
agents: R407C, R404A, R402A, R717, R290, R1270 was estimated. The results of analysis have shown
that the proposed improvements can be used to optimize the LPG carrier cascade refrigeration system.

Keywords: Associated petroleum gas; Cascade refrigeration system; Environmentally friendly refriger-
ant; Energy efficiency; Energy saving potential; Ethane re-condensing.
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AOCNIAXEHHA NIABULWLEHHA EHEPTOE®EKTUBHOCTI, EHEPFONOTEHUIAINY, BMNJIUBY
HA HABKOJIMLWUHE CEPEAOBULLE XONoAUIIbHOI YCTAHOBKU AnA CYAHA-TA30BO3Y

Tumanns niosuwenns enepeoeekmuenocmi ma 2n00aIbHO20 ROMENIIHHI OYIce AKMYalbHi Y Yi OHI Ye-
pe3 BUCHAdCEHHS NPUPOOHUX PecypCi8 ma eKcmpemansvhy 3miny kiimamy. Takum uunom, cmae 3aoava 6
Gopmysanni cysopux npasun wooo euxudie ¢ ammocgepy. L{a cmamms npedcmasnse 00CiONCeHHs KAC-
KAOHOI XOJI0OUIbHOT YCMAHOBKU OJisi PEKOHOCHCAYil NONYmMHO20 HAPMOo8020 2azy niouac mpancnopmy-
8AHHA MOpeM 3a 00NOMO2010 2a30803y. byna eukonana cmpykmypna onmumizayis. 1 a30603 ons mparc-
nopmysanns 266 000 M NONYmMHO20 HaAghmoeo2o 2azy nompebye 15 MBm KackaoHy Xoni00uibHy YyCmano-
6Ky O/ NOGMOPHOI KOHOeHcayii, AKWo memnepamypa 30epicanns 6 Oepe2osux cxo8uwax OOpPIGHIOE -
70°C, a memnepamypa mpancnopmyesanus -75°C. Axwo ymosu 36epicanus 00HaKosi, mo HeoOXioHa no-
myoscHicme yemanosku ckaadae auwe 1,078 MBm 0nsi 810600y menionpuniugie 3 HasKOIUUWHbO2O cepe-
dosuwa npu mpaucnopmyganti emany. byno oyineno modxciugicms 3aminu 030HOPYUHYI0U020 XOL00ULb-
Hoeo azenmy R22 na anemepnamugni acenmu R407C, R4044, R4024, R717, R290, R1270. Pe3ynomamu
AHANIZY NOKA3YIOMb, WO 3ANPONOHOBAHI BOOCKOHANIEHHS MONCYMb OYMU GUKOPUCMAHI O ONmuMizayii
Kackaouoi Xon100UunbHoi yCmanoeKu.

Kniouosi cnoea. Cynymuiti nagpmosuii eas; Kackaona xonoounvna ycmanoska, Exonociuno 6esneunuil

xonoounvHuii acenm, Enepeoegexmusnicmo; Enepeemuunuti nomenyian; Ilosmopna konoencayis.
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I. INTRODUCTION

Liquified Petroleum Gas (LPG) plays an important
role in meeting global needs. LPG is produced by a mix
of light hydrocarbons, mainly propane and butane, chang-
ing to a liquid state when compressed at moderate pres-
sure or chilled. Due to CO, emissions (80% less than
solid fuels), it is considered to be the clean fuel, respect-
ing the environment.

The shipping industry is facing a lot of challenges
today. For low freight rates period, fuel prices have in-
creased to levels only seen during the oil crisis in the 70’s.
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Refrigeration systems are a large consumer of ener-
gy. It can contribute critically to the running costs with
significant cooling requirements. Environmental regula-
tions with new strict requirements put extra stress on the
marine sector. For now, the latest Intergovernmental Pan-
el of Climate Change report highlighted the increased
confidence in the existence of an anthropic contribution to
global warming although shipping contributing by an
estimated 3% to global CO, emissions.

Excluding of fully pressurized gas carriers, must be
provided to control cargo vapour pressure in cargo tanks
during cargo loading and on passage. In the case of LPG
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as well as other chemical gas carriers, a reliquefaction
plant is fitted for current purpose. The system is designed
to cool down the cargo tanks and associated pipelines
before loading. Also the system purpose to reliquefy the
cargo vapor generated by flash evaporation, liquid dis-
placement and boil-off during loading. Another important
function to maintain cargo temperature and pressure with-
in prescribed limits while at sea by reliquefying the boil-
off vapor. The cascade refrigeration system for re-
condensing LPG auditing is performed for the purpose of
identifying opportunities for improving the system’s en-
ergy efficiency and providing relevant technically and
commercially sound recommendations.

Il. PERFORMANCE STUDY OF CASCADE RE-
FRIGERATION SYSTEM FOR RE-CONDENSING
LPG FOR GAS CARRIER

Ethan, evaporating from cargo tank CT under ambi-
ent heat gain influence, passes liquid separator LSLC,
after that Ethan feed to the low temperature compressor of
low temperature (pressure) cycle CLCLS where is com-
pressed to intermediate pressure, and then boost by high
temperature compressor of higher stage to condensing
pressure. It is then passes through condenser-evaporator

C-E where it gives heat from higher temperature. After
condenser-evaporator C-E the liquid Ethan expands in
throttling device EV-1, temperature reduces and pressure
as well. After it returns to the cargo tank CT. In higher
stage Ethan after condenser-evaporator C-E passes liquid
separator LSUC then it is compressed in high temperature
cycle compressor to intermediate pressure, then after
economizer outlet vapor is mixed together with compres-
sor outlet vapor of first stage high temperature (pressure)

cycle after it is compressed by the compressor of
second stage to condensing pressure.

Working medium of high pressure feed to the con-
denser where it rejects heat because of heat exchange with
seawater, is condensed and is supercooled in the liquid
subcooler. Then the stream is separated to the main
stream and part stream (90%:10%)

Part of the stream (10%) expands in throttling device
EV-2, temperature and pressure are reduced to intermedi-
ate level for main stream (90%) refrigerating purpose.
Main stream passes throttling device EV-3 further feed to
the condenser-evaporator where heat transfer between two
refrigerants takes place, is evaporated and passes high
temperature compressor of first stage. Part stream (10%)
as the vapor mix with outlet vapor after compressor
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Figure 1 — Technological flowsheet of modified cascade refrigeration system for LPG re-condensation
CLCLS — Compressor of low temperature(pressure)of first stage; CLCUS - Compressor of low temperature(pressure)
higher stage; C-E — condenser-evaporator; SC — water subcooler; EV-1 — expansion valve of low temperature (pressure)
cycle; EV-2 — expansion valve of high temperature (pressure) cycle; LSLC — liquid separator of low temperature (pres-
sure) cycle; CUCLS — Compressor of high temperature (pressure) cycle, first stage; CUCUS — Compressor of high
temperature (pressure) cycle, higher stage; CUC — condenser of high temperature (pressure) cycle; LR — line receiver
of high temperature (pressure) cycle; EC — economiser; LSUC — liquid separator of high temperature (pressure) cycle;
P — Pump of high temperature (pressure) cycle; CT Cargo tank.
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11l. THERMODYNAMIC MODELING

The thermodynamic analysis of cascade refrigera-
tion system for LPG re-condensation was performed
based on the following general assumptions:

The temperature levels:

Evaporator temperature of low temperature cycle,
"= - 75°C;

Condensing temperature of low temperature cycle,
t.-C = - 21°C;

Evaporator temperature of high temperature cycle,
t."¢ =-31°C;

Condensing temperature of high temperature cycle,
t.” = + 35°C;

During processes:

1) 1 - 1* - inlet pressure is reduced before input de-
vice;

2) 1* -2 —isentropic compression in the low tempera-
ture compressor of first stage;

3) 2 - 3 - isentropic compression in the low tempera-
ture compressor of higher stage;

4) 3 -4 —isobaric heat rejection to the environment;

5) 4 — 5 — isenthalpic expansion liquid working medi-
um;

6) 5 -1 - isobaric heat gain to the liquid working me-
dium;;

7) 6 —7—isentropic compression in the high tempera-
ture compressor of first stage;

8) 8 - after gas mixing process point 13 and point 7;

9) 8-9- isentropic compression in the high tempera-
ture compressor of higher stage;

10) 9-10 - isobaric heat rejection to the environment;

11) 10 — 11 — isobaric cooling of liquid working medi-
um in the liquid subcooler;

12) 11 — 12 — isenthalpic expansion of part stream

(10%) intended for main stream cooling;

13) 12 — 13 isobaric heat gain to the liquid part stream

(10%);

14) 11 - 14 — isobaric cooling of main stream (90%) of
liquid working medium in the economizer;

15) 14 — 15 — isenthalpic expansion before condenser-
evaporator;

16) 15 — 6 — isobaric heat gain to working medium of
high temperature cycle to condenser-evaporator.

t IgP

Figure 2 — The cycle of cascade refrigeration machine
in the Ig P-h diagram

Inlet stream point for Ethane to the input device of
centrifugal compressor is calculated by the equation:

hy« = hy + (C2/ 2*1000) — (C,?/ 2*1000). (1)
Specific cooling capacity of low temperature cycle, qo":
o =h;—hs. 2

Specific adiabatic work of compression for the 1 stage of
low temperature cycle, W,"™:

W, = h, - hys (3)

Specific adiabatic work of compression for the higher
stage of low temperature cycle, W,"2:

W2 =hy—h,. 4
Specific condensing heat of low temperature cycle, g."°:
Qe =hz—hy . 5)

Specific actual work of compression of the 1 stage of low
temperature cycle, Wg-“™:

We™® = Wy ®)

Specific actual work of compression for higher stage of
low temperature cycle, Wg":

WRLC-2: WaLC-Z /ﬁal . (7)

Point of end of the actual compression, 1-stage in the
centrifugal compressor of low temperature cycle h,.:

ho* = hye + W ““* (8)

Point of end of the actual compression, higher-stage in the
centrifugal compressor of low temperature cycle, hs.:

ha* = hae + W™ )
Mass flow of ethane, Ma‘® :
M LC o QOFU" / qOLC

Adiabatic power of the centrifugal compressor, 1-stage,
low temperature cycle, N,"™:

NaLC-l _ MaLC * WaLC-l .

(10)

(1)

Adiabatic power of the centrifugal compressor, higher-

stage, low temperature CyC|e’ NaLC—Z:
NaLC_2 = MaLC * WaLC—Z ) (12)

Actual power of the centrifugal compressor, 1-stage, low
temperature cycle, Ng-™:

N = N2 /' (13)

Actual power of the centrifugal compressor, higher-stage
of low temperature cycle, Ng-“%

Ne* = N2 /31, (14)
Specific cooling capacity of low temperature cycle, go":
0o’ = he—hus. (15)

Specific volumetric cooling capacity, high temperature
cycleq," :
4 =00"/ Vs . (16)

Specific adiabatic work of compression, 1 stage, high
temperature cycle, W,”¢*:
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W, =h; —hs. (17)

Specific actual work of compression, 1 stage, high tem-

perature cycle, Wg”“™:

where 7" — effective efficiency of screw compressor;
Point of end of the actual compression (screw compres-

sor), 1-stage, of high ttemperature cycle, h;«:
hy =hs+ W', (19)

Refrigerant’s part required for cooling of the main flow in
the economizer, y:

y = (h1y — hyg) / (haz— hyp) . (20)

Point of start of the actual compression process (screw
compressor), higher-stage, high temperature cycle, hg:

hg = (y*hys + hy") / (1+y) .

Specific adiabatic work of compression, higher- stage,
high temperature cycle, W,":

W, = (1+y)*(h - h) .

Specific actual work of compression, higher- stage of
high temperature cycle, Wg":

WRUe2 = W, U2

(21)

(22)

(23)

Point of end of the actual compression (screw compres-

sor), higher-stage, high temperature cycle, hg':
hy = hg + W72, (24)

Specific heat from condensation process, high tempera-
ture cycle, q.”%:

Ge = hgw — hyg . (25)
Mass flowrate of refrigerant (ammonium), Ma"“:
Ma'® = (Ma“® * ;) q”° . (26)

Adiabatic power (screw compressor), 1-stage, high tem-
perature cycle, N,"¢*:
NaUC-l — MaUC * WaUC»l ) (27)

Adiabatic power (screw compressor), higher-stage, high
temperature cycle, N,"¢%:

NaUC-Z — MaUC * WaUC»Z ) (28)
Actual power (screw compressor), 1-stage, high tempera-
ture cycle, Ng"“:

NeUC—l - MaUC * WRUC—l ) (29)
Actual power (screw compressor), 2-stage, high tempera-
ture cycle, Ng"“%:

NUC% = Ma¥e * wg"2. (30)
Point of end of the actual lubricating compression (screw
compressor), higher-stage, high temperature cycle, hgxs:

hgre = (1 + Y)*Cp rrar *tex+0,*Cp,) [ (L +y) *

* Cpriar +gm * Cp,), (31)

where Cp ry17 - isobaric heat capacity of ammonium re-

frigerant, kJ/ kg*°C; g, — oil sprayed over the rotor lobes
gets carried away, kg/kg; Cp, - isobaric heat capacity of

oil kJ/ kg°C.
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Coefficient of performance, cascade refrigeration system,

Carnot cycle, COP,
COP,. = Ty | (T° - T,"°) . (32)

Theoretical specific coefficient of performance, cascade
refrigeration system, COP;":

COPTSP — qoLC/ (WaLCI + WaLCZ + WaUC1 + WaUC 2) (33)

Actual specific coefficient of performance, cascade re-
frigeration system, COPg™":

COPRSP — qoLC / (WRL01 + WRLC2+ WRUCI +

+Wg"%) . (34)

Theoretical full coefficient of performance, cascade re-
frigeration system:

COPTF: QOF / (NaLCI + NaLCZ + NaUCI + NaUCZ) . (35)

Actual full coefficient of performance, cascade refrigera-
tion system:

COPRF — Qonos/ (Ne LC1 + Ne LC2 + Ne UC1 + Ne UCZ)(36)

Theoretical specific thermodynamic perfection degree of

the cascade refrigeration system:
ioaT 5 = COPF / COP, . (37)

Actual specific thermodynamic perfection degree, cascade

refrigeration system:
HpaR™ = COPR™® / COP, . (38)

Theoretical full thermodynamic perfection degree, cas-
cade refrigeration system:

Hpal” = COP;™ | COP, .

Actual full thermodynamic perfection degree, cascade
refrigeration system:

HpaR™ = COPRI COP, .

(39)

(40)

IV. RESULTS AND DISCUSSIONS

In this section, structural optimization has been per-
formed, the effect of the condenser subcooling on the
performance of the refrigeration system operating with
R717, R290, R1270, R407C, R404A, and R402A is theo-
retically investigated. Current refrigerants were appropri-
ately tested in the same system and operating conditions.

During investigation following results were derived:

a) actual power of high refrigeration cycle is reduced
depends on refrigerant at 3-12% respectively (Fig.3)
where upper curve shows basis system and lower curve -
modified system, due to reducing part stream at 20-30 %
required for main stream cooling;

b) diesel fuel consumption is decreased depends on
refrigerant at 3-12% respectively (Fig.4) where left col-
umn represent the basis system and right column - modi-
fied system;

¢) condenser heat load is reduced at 3-13% Fig.5;

d) ozone depleting substances emission were re-
duced (Fig.6);

e) mass-dimensional characteristics is reduced 15
times; f) thermodynamic perfection degree is increased
up to 2% Fig. 7.
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V. CONCLUSIONS

Cascade refrigeration system for LPG re-condensation has
been studied. Theoretical study on energy efficiency,
energy potential and pollution prevention for marine envi-
ronment has been analyzed. LPG gas carriers with
266 000 m® ethane capacity is required 15MW cascade
refrigeration system for re-condensing. The temperature
in the coastal LPG storage is -70°C, and the temperature
for transported Ethan is maintained at -75°C. For current
storage conditions the required system cooling capacity is
only 1,078 MW intended for the heat gain rejection from
the environment during Ethane transportation. Numerical
analysis

of the energy efficiency has shown the diesel fuel con-
sumption reduction by 3 — 12 % (Fig.3, Fig.4). Refriger-
ant choice plays significant part due to adding subcooler
after condenser, that in own turn helps to reduce the part
stream intended for main stream cooling in the
economizer by 20-30%. The viable alternative for the
ozone-depleting refrigerant R22 replacement with one
from chosen environmentally friendly alternative: R407C,
R404A, R402A, R717, R290, R1270 was analyzed. Rele-
vant technical and commercial opportunities for improv-
ing the energy efficiency of investigated refrigeration
system have been presented.
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Opecckasi HaMOHAbHAS aKaJAeMUs UIICBBIX TexXHoJorwi, yi. Kanatras, 112, Onecca, 65039, Ykpanna

UCCJIENOBAHUA MOBLIWEHUA EHEPTO3®®EKTUBHOCTW, EHEPIOMNOTEHLWAIA,
BIIUAHUA HA OKPYXAIOLYIO CPEAY XOJNOoAWIIbHOU YCTAHOBKU ONA CYOHA-

FA3OBO3A

Bonpocer nosviwenus snepeoaghpexmugnocmu u 2106a16H020 NOMeENIEHUs OUeHb AKMYALbHbl 8 IMU OHU
U3-3a UCMOUeHUs NPUPOOHBIX PECYPCO8 U IKCIMPEeMAnbHo20 usmenenus kiumama. Takum odpazom, nepeo
Hamu cmoum 3adaia o pazpabomke Npagusl KACAMeIbHO 8blOPOCOs 6 ammocgepy. Dma cmamovs npeo-
cmasusiem cobou UCCIed08aHue KACKAOHOU XOJOOUIbHOU YCMAHOBKU OISl NOGMOPHOU KOHOEHCayuu no-
NYMHO20 He@hMAHO20 2a3a NPU MPAHCROPMUPOBKE MOpeM 2a3068030M. bviia eévinonnena cmpykmypuas
onmumuzayus. 1 azo0603y ons mparncnopmuposxku 266 000 M NONYMHO20 He@hpmsAHO20 2a3a HeoOX00UMa
15 MBm xackaouas xo100unvhas yCmanoeka 0 NOBMOPHOU KOHOEHCAYUU, eciu memnepamypa xpame-
Hus 6 bepecosvix xpanunuwax pasua -70°C, a memnepamypa mpancnopmupogxu -75°C. Ecau ycnosus
XpaHeHuss 00UHAKOo8ble, MO mpedyemas MOWHOCIb YCMano8Kku cocmasisiem auws 1,078 MBm ona omeo-
0a menionpumoko8 npu mparHcnopmupogke smaua. Ilpoeedena oyeHka 803MOMCHOCMU 3AMEHbI 030HO-
paspyuwarouezo xnaoazenma R22 na aremepramusnvie acenmoi R407C, R4044, R4024, R717, R290,
RI270. Pesynomamul ananusa noxkazwlearon, 4mo npeonodiCeHHble YCOBEPUIEHCINBOBAHUS MO2Ym Oblmb
UCNONb308aHbl 0JI ONMUMUSAYUU KACKAOHOU XON0OUNbHOU YCIMAHOBKL.

Knroueswie cnosa: Ilonymuoii nepmanoti eas; Kackaonas xonoounvhas ycmanoska, Dxonocuvecku 6e3-
onacuwill xnaoazenm, OHepezodddexmusnocms, Dnepeemuyeckutl nomenyuai, Ilosmopnas xonoenca-

yus.
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