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OPRAVDANOST UGRADNJE I PRINCIP RADA UREDAJA ZA
PONOVNO UKAPLJIVANJE PRIRODNOG PLINA NA BRODU

THE LNG RELIQUEFACTION PLANT - OPERATING PRINCIPLE
AND JUSTIFIABILITY OF ITS INSTALLATION ON BOARD SHIPS

SAZETAK

Sustav za ukapljivanje se koristi na novijim brodovima
za prijevoz prirodnog ukapljenog plina (LNG). Moguce
ga je koristiti u kombinaciji s dvotaktnim sporookretnim
brodskim motorima, Ccetverotaktnim srednjookretnim
brodskim motorima te plinskim turbinama, ali s
obzirom na trenutni stupanj iskoristivosti dvotaktni
sporookretni brodski motori imaju primat.

U radu je opisan princip rada uredaja za ukapljivanje te
uloga glavnih  komponenti. Analiziran je proces
ukapljivanja te upravljacki sustav samog procesa.
Napravljena je i komparativna analiza ustede na gorivu
u slucaju kada brod izgara samo tesko gorivo, samo
prirodni plin ili koristi kombinirano izgaranje. Takoder
je napravijena kratka usporedba iskoristivosti danasnjih
LNG brodova s parnoturbinskim postrojenjem i broda s
novom generacijom dvotaktnih sporookretnih brodskih
motora koji mogu izgarati plin, a koja se planira koristiti
ne samo na LNG brodovima, ve¢ i na ostalim
brodovima koji zahtijevaju vece pogonske snage. Do
sada su ogranicavajuci ¢imbenici bili neadekvatna i
relativno nesigurna tehnologija ubrizgavanja prirodnog
plina u motor, cijene jednog i drugog goriva te cijena
samog uredaja za ukapljivanje.

Uredaj za ukapljivanje prirodnog plina u kombinaciji s
novom generacijom sporookretnih brodskih dizelskih
motora s elektronickom kontrolom ubrizgavanja
zasigurno ima buducnost.

Kljucne rijeci: uredaj za ukapljivanje, prirodni ukapljeni
plin, dvotakini sporookretni motori, parne turbine

SUMMARY

The reliquefaction plant is used for the reliquefaction
of cargo vapor on new LNG carriers. It can be used in
combination with two-stroke slow-speed marine diesel
engines, medium-speed four-stroke marine diesel
engines or gas turbines, but given the current level of
efficiency, two-stroke marine diesel engines have
primacy.

The paper describes the reliquefaction plant operation
principle and the role of the major components. The
reliquefaction process has been analyzed as well as the
reliquefication process control system. The fuel savings
comparative analysis has been incorporated in a case
when the ship burns heavy fuel only, natural gas only
and in the case of a combined combustion. A brief
efficiency comparison between LNG ships with a
steam-turbine plant and the ship with a new generation
of two-stroke slow-speed marine diesel plants which
can burn bi-fuel (gas and fuel), has been made. Those
power plants are planned to be used not only for the
LNG carriers than for other ships too, especially when
greater propulsion powers are required. The most
important limiting factors for the implementation of
such technology was an inadequate and relatively
unsafe natural gas injection for slow-speed marine
diesel engines, the heavy fuel oil prices compared to the
LNG price and the reliquefaction plant price.

The reliquefaction plant, in combination with the new
generation of slow-speed marine diesel engines with
electronically controlled fuel injection, certainly has a

future.

Key words: Reliquefaction plant, liquefied natural gas
(LNG), two-stroke slow-speed marine diesel engines,
steam turbines
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1. UVOD

Prirodni plin se u prirodi nalazi u plinovi-
tom stanju te se kao takav i crpi. Kako bi mu
se smanjio volumen u svrhu skladiStenja i pri-
jevoza potrebno ga je ukapljiti (kondenzirati),
odnosno pretvoriti u tekucinu. To se radi hla-
denjem, ali problem je Sto je za ukapljivanje
metana potrebna temperatura od -161,5 °C pri
atmosferskom tlaku. Kako bi se postigla tako
niska temperatura, uredaji za ukapljivanje su
prilicno sloZeni, vrlo skupi i troSe veliku kolici-
nu energije. Zbog te karakteristike te zbog ne-
kadasnje cijene pogonskog goriva i samog LN-
Gtereta ti su uredaji, za brodsku uporabu, bili
neisplativi. Isplativije je bilo napraviti brzi
brod s dobro izoliranim tankovima tereta te
sav ispareni plin izgarati u generatorima pare.
Proizvedena vodena para se koristi kao medij
za pogon parnih turbina koje pogone brodski
vijak ili generatore za proizvodnju elektricne
energije. Nedostatak je mala iskoristivost ta-
kvog postrojenja pa se stalno traze nova rjese-
nja.

Razvojem tehnologije, cijena uredaja za uka-
pljivanje je pala te u usporedbi s cijenom Citavog
broda nije viSe tako visoka. Takoder, kretanje ci-
jena fosilnih goriva na trziStu je takvo da nije
isplativo koristiti uvijek isto gorivo. Uredaj za
ukapljivanje je tehnologija koja se primjenjuje
na novijim brodovima za prijevoz prirodnog
ukapljenog plina. Sluzi kako bi se kontrolirao
tlak u tankovima tereta, odnosno sprijecilo ispu-
Stanje, za ozonski omotac vrlo Stetnog metana,a
koji je glavni sastojak prirodnog plina.

2. OSNOVE POSTROJENJA ZA
PONOVNO UKAPLJIVANJE
ISPARENOG PRIRODNOG PLINA

Postrojenje za ukapljivanje ima dva osnovna
kruga: krug isparenog plina i krug rashladnog
dusika (Slika 1). Krug isparenog plina sastoji se
od pothladivaca isparenog plina, kompresora
isparenog plina, izmjenjivaca topline, separato-
ra ukapljenog plina i LNG pumpe za povrat
ukapljenog plina u tankove (pumpa se koristi u
posebnim prilikama kada je tlak u sustavu nizi
od tlaka u tankovima tereta). Krug rashladnog
duSika sastoji se od suSioca duSika, booster
kompresora dusika, kompandera, spremnika
dusika i izmjenjivaca topline.

1. INTRODUCTION

Natural gas is naturally present in the gaseous
state and as such it draws. It should be converted
to liquid state (condensed) to provide much less
volume for transport and storage purposes. This
is done by cooling, but the problem is that for
methane liquefaction a very low temperature is
needed (-161.5 °C). To achieve such a low tem-
perature the reliquefaction plants are quite com-
plex and very expensive. Those characteristics
and the former price of the HFO and the LNG
cargo made those devices unprofitable for their
use on board ships. It was more profitable to de-
sign a fast LNG carrier with well insulated cargo
tanks, and then all the vaporized gases to burn in
the steam generators. The produced steam is
used to drive steam turbines for propelling the
ship and for the electricity production. The main
disadvantage of this propulsion plants are pure
efficiency so the new solutions are constantly
looking for.

The technology development has led to the
falling of reliquefaction plant prices and com-
pared with the cost of the entire LNG ship it is
no longer as great as it was. Moreover, the price
movement of fossil fuels on the market is such
that it is not always profitable to use the same
fuel. The reliquefaction system is a technology
which is used on new LNG ships for the trans-
port of liquefied natural gas. Methane is very
harmful for ozone and it is the main ingredient
of natural gas. The main task of a reliquefac-
tion plant is to control the cargo tanks pressure
and to prevent the methane gas discharge into
the atmosphere.

2. LNG RELIQUEFACTION PLANT
BASICS

The reliquefaction plant has two main cir-
cles: the circle of evaporated gas and nitrogen
cooling circuit (Fig.1). The evaporated gas cir-
cle consists of an evaporated gas cooler, evapo-
rated gas compressors, heat exchangers, a LPG
separator and a LNG pump for the return of
liquefied gas in the tank (the pump is used in
special circumstances when the system pressure
is lower than the pressure in the cargo tanks).
The nitrogen cooling circle consists of a nitro-
gen drier, nitrogen booster compressor, com-
pander, nitrogen receiver and heat exchangers.

The primary function of the evaporated gas
cooler is to maintain a constant temperature of
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"6

Slika 1. Postrojenje za ponovno ukapljivanje isparenog plina [1]
Figure 1 The Natural Gas Vapour Reliquefaction Plant [1]

(1 —pothladivac isparenog plina, 2 — kompresor isparenog plina, 3 — izmjenjivac topline, 4 — LNG pumpa,
5 —susilac dusika, 6 — booster kompresor dusika, 7 — spremnik dusika, 8 — kompander)
(1 - evaporated gas cooler, 2 - evaporated gas compressor, 3 - heat exchanger, 4 - LNG pump, 5 — nitrogen drier,
6 - nytrogen booster compressor, 7 - nitrogen receiver, 8 - compander)

Osnovna funkcija pothladivaca isparenog pli-
na je odrZavanje konstantne temperature plina
na ulazu u izmjenjivac topline. Pothladivanjem
plina povecava se gustoca plina, ¢ime se pove-
¢ava maseni protok plina kroz kompresor ¢ime
se povecava i njegov stupanj djelovanja. Za pot-
hladivanje isparenog plina u pothladivacu sluzi
tekuci plin, koji se dovodi iz tankova teretas
pumpom za pothladivanje tereta (spray). Kom-
presor isparenog plina jedvostupanjski centrifu-
galni kompresor u kojemu se kapacitet podesa-
va zakretanjem lopatica, s time da se zajednicki
podeSava i prvi i drugi stupanj kompresora. Na
taj nacin se mijenja samo kapacitet dok se tlak
na tlacnoj strani kompresora odrZava konstan-
tnim. Glavna funkcija kompresora isparenog
plina je odrZavanje zadane vrijednosti tlaka u
tankovima tereta i poviSenje tlaka prije ulaza u
izmjenjivac topline. PoviSenjem tlaka povisuje
se 1 temperatura kondenzacije, ¢ime raste uku-
pan stupanj djelovanja cijelog postrojenja.
Osnovna funkcija izmjenjivaca topline je po-
novno ukapljivanje isparenog plina izmjenom
topline s hladnim dusSikom.

Kompander je trostupanjski radijalni centri-
fugalni kompresor pogonjen elektromotorom
preko zupcastog prijenosa, odnosno reduktora.
U sklopu njega, zadnji stupanj je ekspander ili
ekspanzijska turbina gdje plin ekspandira i time
umanjuje snagu elektromotora potrebnog za
pogon cijelog kompandera.

POMORSTVO ¢ Scientific Journal of Maritime Research * 26/1(2012) * str./pp. 215-226

gas entering the heat exchanger. The gas cool-
ing increases gas density, which increases the
mass flow of gas through the compressor, in-
creasing the compressor efficiency. For evapo-
rated gas cooling purpose, in the evaporated
gas cooler, the liquefied natural gas is used,
which is pumped by the cargo tank recirculat-
ing and cooling pump (“spray”). The evaporat-
ed gas compressor is a centrifugal two-stage
compressor type in which the capacity is adjust-
ed by commonly blades rotation of the first and
second stage. In this way, the only capacity is
changing while the pressure on the compressor
discharge side remains constant. The main
functions of the evaporated gas compressor are
maintaining the default cargo tanks pressure
value and increasing the gas pressure before
entering the heat exchanger. The increasing
pressure increases the temperature of the con-
densation, thereby increasing the overall effi-
ciency of the entire plant. The main function of
the heat exchanger is the evaporated gas relig-
uefaction by heat exchanging with cold nitro-
gen. The compander is a three-stage radial
compressor driven by an electric motor via gear
or gear box. The last, fourth stage of the com-
pander is the expansion turbine (expander)
whose purpose is to expand the gas reducing
the required power for the complete com-
pander.
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2.1. GLAVNE ZNACAJKE POSTROJENJ ZA
UKAPLJIVANJE ISPARENOG
PRIRODNOG PLINA

Sustav za ukapljivanje prirodnog plina treba
udovoljavati sljede¢im zahtjevima [2]:

* kapacitet sustava mora biti dovoljan da se
ukaplji sva koli¢ina isparenog plina pri nor-
malnim uvjetima

* sustav za ukapljivanje mora biti opremljen sa
100%-tnom zaliho$¢u koja se zahtijeva IGC
Codom

* GCU jedinica mora biti ugradena kao potpu-
na alternativa sustavu za ukapljivanje

* dusik koji se nalazi u isparenom prirodnom
plinu ne moZe se ponovo ukapljiti $to rezulti-
ra smanjenjem njegove koncentracije u pri-
rodnom plinu. Neukapljeni dusik odstranjuje
se izgaranjem u komori za izgaranje plina
(GCU)

* sustav mora biti opremljen automatskom
kontrolom kapaciteta

* mora imati mogucnost zaustavljanja rada su-
stava za ukapljivanje prilikom rada pumpi te-
reta, Sto uklanja potrebu koriStenja dodatno-
ga generatora

* kao rashladno sredstvo koristi se dusik, koji
zadrZava svoju plinovitu fazu tijekom cijelog
rashladnog procesa, a on se dobiva pomocu
generatora dusika.

2.2. ANALIZA PROCESA UKAPLJIVANJA

Ukapljeni prirodni plin koji se prevozi u tan-
kovima tereta na LNG brodovima isparava usli-
jed prijenosa topline sa zraka (atmosfere) i
mora. Proces ponovnog ukapljivanja isparenog
prirodnog plina zapocinje njegovim odvode-
njem iz tankova tereta u pothladivac (Slika 2).
U njemu se ispareni prirodni plin pothladuje
strujom ukapljenog prirodnog plina dovedenog
iz separatora ukapljenog plina. Dovedeni uka-
pljeni prirodni plin pritom isparava i mijeSa se s
dolaze¢im parama plina iz tankova tereta. Pot-
hladivac je konstruiran tako da zadrzi konden-
zat teSkih komponenata i time sprijeci oStece-
nje kompresora [3].

Pothladene pare prirodnog plina komprimi-
raju se u dvostupanjskom centrifugalnom kom-
presoru na tlak od oko 4,5 bara [3]. Oba stup-
nja kompresora izvedena su s promjenjivim

2.1. THE MAIN CHARACTERISTICS OF
THE LIQUEFIED NATURAL GAS
RELIQUEFACTION PLANT

The ship’s LNG reliquefaction plant should
meet the following requirements [2]:

* the reliquefaction plant capacity must be suf-
ficient to liquefy all quantities of the evapo-
rated gas under normal conditions,

* the reliquefaction plant must be equipped
with a 100% redundancy which is required by
the IGC Code!,

* the gas combustion unit (GCU) must be in-
stalled as a complete alternative for the re-
liquefaction plant,

* nitrogen contained in the evaporated natural
gas cannot be reliquefied, resulting in the re-
duction of its concentration in natural gas.
Non condensed nitrogen is removed by com-
bustion in the gas combustion unit,

* the system must be equipped with automatic
capacity control,

* the system must be able to stop the operation
of the reliquefaction when the cargo pumps
are operating, which eliminates the need to
use additional generators,

* nitrogen is used as a refrigerant, which retains
its gaseous phase during the whole cooling
process, and by using nitrogen generator.

2.2. RELIQUEFACTION PROCESS
ANALYSIS

Liquefied natural gas, which is transported in
LNG ships cargo tanks, evaporates due to the
heat transfer from the air (atmosphere) and the
sea. The natural gas reliquefaction process be-
gins with the gas removing from the cargo tanks
and pressurizing into cooler (fig. 2). The gas
stream is cooled by liquefied natural gas fed
from the liquefied gas separator. The liquefied
natural gas evaporates and mixes with gas com-
ing from the cargo tanks. The cooler is de-
signed to keep the condensation of heavy com-
ponents and thereby prevents compressor
damage [3].

The refrigerated natural gas vapors are com-
pressed by a two-stage centrifugal compressor
at a pressure of about 4.5 bar [3]. Both the com-
pressor stages were designed with the variable

! IGC - International Gas Carrier Code
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Slika 2. Shematski prikaz postrojenja za ponovno ukapljivanje isparenog plina [4]
Figure 2 LNG Reliquefaction Plant Schematic Diagram [4]

lopaticama za kontrolu i regulaciju protoka is-
parenog prirodnog plina.

Nakon dvostupanjskog kompresora ispareni
plin ulazi u plocasti izmjenjivac topline, gdje se
pothladuje i kondenzira strujom hladnog dusi-
ka. Trostrujni izmjenjivac topline takoder omo-
gucava pothladivanje struje duSika nakon nje-
govog treceg stupnja kompresije.

Ponovno ukapljeni prirodni plin se sakuplja
u separatoru, kako bi se odvojili plinovi koji se
ne mogu ukapljiti. Neukapljeni plinovi u sepa-
ratoru sadrzavaju vecu koli¢inu dusSika i najce-
$¢e se odvode u komoru za izgaranje plina
(GCU-Gas Combustion Unit).

Kriogeni izmjenjivac topline i separator uka-
pljenog plina smjesSteni su u termicki izolira-
nom prostoru (CB - Cold Box), kako bi se sma-
njio prodor topline. Tlak u separatoru je
dovoljan da vrati ukapljeni prirodni plin natrag
u tankove tereta i u pothladivac isparenog plina
na pocetku procesa.

U krugu rashladnog dusika koristi se Bryto-
nov rashladni ciklus — slika 3 [2]. Dusik se ne
kondenzira ni u jednoj tocki procesa.

geometry compressor blades (DVG?) for the
evaporated gas flow control and regulation.

After a two-stage compressor, the vaporized
gas enters into the plate heat exchanger where
it is cooled and condensed by a stream of cold
nitrogen. The three-stream heat exchanger also
allows nitrogen stream cooling after the third
stage of compression.

The religuefied natural gas is collected in the
separator where non-condensed gases should
be removed. The non-condensed gases in the
separator contain a larger amount of nitrogen
and are usually vented to the gas combustion
unit (GCU).

The cryogenic heat exchanger and liquid gas
separator are placed in an insulated cold box
(CB) to reduce heat penetration. The pressure
in the separator is sufficient to take liquefied
natural gas back into the cargo tanks and evap-
orated gas cooler at the beginning of the proc-
ess.

In nitrogen cooling circuit the “Bryton’s”
cooling cycle is used — fig.3 [2]. Nitrogen does
not condense in any point of the process.

Between points 1 and 2 there is an increase
of nitrogen pressure during the three stage
compression with intercooling. The nitrogen
temperature is held constant. In the heat ex-

2 DVG - Diffusor Guide Vanes
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Slika 3. Brytonov rashladni ciklus [2]
Figure 3 Bryton’s Cooling Process [2]

Izmedu tocaka 1 i 2 dolazi do povecanja tla-
ka dusSika uslijed trostupanjske kompresije s
meduhladenjem. Temperatura duSika odrzava
se konstantnom. Izmedu tocaka 2 i 3 u izmjenji-
vacu topline dolazi do pada temperature pri
konstantnom tlaku. Od tocke 3 do 4 dolazi do
pada tlaka i temperature rashladnog dusSika
uslijed ekspanzije u ekspanzijskoj turbini. Po-
rast temperature pri konstantnom tlaku je od
tocke 4 do 1.

Glavna komponenta u krugu rashladnog du-
Sika je kompander. Dusiku se preko tri stupnja
kompresije povecava tlak s 13,5 bara na otprili-
ke 57 bara [3]. Toplina uzrokovana kompresi-
jom odvodi se pomocu hladnjaka slatke vode
smjesStenih izmedu svakog stupnja. Stlaceni se
dusik nakon treceg stupnja kompresije odvodi
u izmjenjivac¢ topline, gdje se pothladuje na
temperaturu od -110°C, a zatim ekspandira u
ekspanzijskoj turbini (ekspanderu) na tlak od
13,3 bara i temperaturu od -163°C [3]. Tako
ohladeni dusik odvodi se natrag u izmjenjivac
topline, gdje ukapljuje ispareni prirodni plin.

Kapacitet, odnosno rashladni ucinak, pode-
Sava se promjenom koli¢ine protoka dusika u
sustavu, mijenjajudi pritom tlak i maseni protok
rashladnog plina kroz sustav. Kapacitet ovoga
sustava za ponovno ukapljivanje prirodnog pli-
na iznosi oko 6 t/h i pri punom opterecenju za-
htijeva snagu od 5,8MW [5].

changer, between points 2 and 3, a temperature
drop occurs at a constant pressure. From point
3 to 4 a cooling nitrogen pressure and tempera-
ture drop occurs due to the expansion in the ex-
pansion turbine. The temperature rise on con-
stant pressure is shown from point 4 to point 1.

The main component in the nitrogen cooling
circuit is the compander. Nitrogen pressure is
increased from 13.5 bar to approximately 57
bar by the three stages of compression [3]. The
heat increase caused by compression is trans-
ferred to the cooling fresh water. After the
third stage of compression, the compressed ni-
trogen is led to the heat exchanger, where it is
cooled to a temperature of -110 °C, and then it
expands in the expansion turbine to a pressure
of 13.3 bar and a temperature of -163 °C [3].
The so cooled nitrogen is transferred back to
the heat exchanger, where it liquefies the va-
porized natural gas.

The cooling capacity or cooling effect is ad-
justed by changing the amount of the nitrogen
flow through the system, thereby changing the
refrigerant gas pressure and mass flow through
the system. The capacity of this reliquefaction
system is about 6 t/h and it requires the energy
of 5.8 MW at full load [5].

220 POMORSTVO e Scientific Journal of Maritime Research * 26/1(2012) * str./pp. 215-226
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2.3. UPRAVLJACKI SUSTAV POSTROJENJA
ZA UKAPLJIVANJE

Upravljacki sustav postrojenja za ukapljiva-
nje prirodnog plina predstavlja njegov najsloze-
niji dio. Funkcija ovoga sustava je upravljanje
radom postrojenja s obzirom na stanje ispare-
nog prirodnog plina (temperaturu, protok, sa-
stav plina, tlak u tanku tereta itd.), a sve u svrhu
kako bi postrojenje ispravno funkcioniralo bez
nadzora (automatski) za vrijeme plovidbe.
Zbog toga sve operacije u postrojenju za uka-
pljivanje prirodnog plina moraju biti potpuno
automatizirane. Upravljacki sustav automatski
prebacuje na odredeni rezim rada, koji odabire
na temelju tlaka u tanku tereta.

U normalnim uvjetima, prilikom plovidbe
broda s teretom, sustav radi u normalnom rezi-
mu ukapljivanja(NRM' rezim). Pod tim rezi-
mom podrazumijeva se rad jednog kompresora
isparenog plina i jednog kompandera dusika
[6].

Za teret koji sadrzi vecu koncentraciju dusi-
ka, upravljacki sustav prebacuje na djelomicni
rezim ukapljivanja (PRM? rezim). U ovome re-
Zimu se pare neukapljenih plinova iz separatora
vracaju u tankove tereta (kada je tlak u tanku
tereta nizak) ili odvode u komoru za izgaranje
plina (kod visokih tlakova u tanku tereta).

Ako je pri normalnom rezimu ukapljivanja
tlak u tanku tereta visok, upravljacki sustav
automatski prebacuje na rezim za preveliku
koli¢inu isparenog prirodnog plina (EBM? re-
zim)prilikom kojeg se upucuje i drugi kompre-
sor isparenog plina. ViSak isparenog plina koji
prelazi ukupni kapacitet postrojenja za uka-
pljivanje se odvodi direktno u komoru za izga-
ranje plina.

Prilikom plovidbe broda u balastu najceSce
se koristi rezim niskog protoka isparenog plina
(LFM* rezim). Ovaj se rezim ukljucuje kada je
protok plina ispod 2 t/h. Tijekom radau ovome
rezimu nije potrebno koristiti kompresor ispa-
renog plina pa se zbog niskog tlaka u separato-
ru koristi LNG pumpa za prebacivanje ukaplje-
nog prirodnog plina natrag u tankove tereta.

! Normal Reliquefaction Mode
2 Partial Reliquefaction Mode
3 Excess BOG Mode

* Low Flow Mode

2.3. RELIQUEFACTION PLANT CONTROL
SYSTEM

The reliquefaction plant control system is its
most complex part. The function of this control
system is to manage the plant operation with
respect to the evaporated gas state (tempera-
ture, flow, gas composition, pressure in the car-
go tank, etc.), all in order to provide a proper
unattended operation (automatically) during
the voyage. Therefore, all operations at the
LNG reliquefaction plant must be completely
automated. The control system automatically
switches to the selected mode according to the
pressure in the cargo tank.

Under normal conditions, with full cargo, the
system works in a normal reliquefaction mode
(NRM). Under this regime, only one compres-
sor and one nitrogen compander are in opera-
tion [6].

For cargo that contains a higher nitrogen
concentration, the control system switches to a
regime of a partial reliquefaction mode (PRM).
In this mode, the vapour of non condensed gas-
es from the separator are returned back to the
cargo tanks (when the pressure in the cargo
tank is low) or taken into the gas combustion
unit (at high pressure in the cargo tank).

If the cargo tank pressure is high in the nor-
mal mode of reliquefaction, the control system
automatically switches to an excess BOG mode
(EBOG) in which the second heavy duty com-
pressor starts. The excess of the evaporated
gas, which exceeds the total capacity of the reli-
quefaction plant, is discharged directly into the
gas combustion unit.

During the ballast voyage, the LFM is com-
monly used. This regime switches on when the
gas flow is below 2t/h. While working in this
mode, it is not necessary to use the evaporated
gas compressor and because of the low pres-
sure in the separator the LNG pump is used for
transferring liquefied natural gas back into the
cargo tanks.
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3. ANALIZA ISKORISTIVOSTI
TIANALIZA TROSKOVA
POGONSKOG GORIVA

Ako brod nema uredaj za ukapljivanje, iz pu-
nih tankova dnevno isparava priblizno 0,1 do
0,2 % ukupne kolicine tereta [6], [7],5to se izgo-
ri u generatorima pare uz dodatno izgaranje
teSkog goriva. Kod putovanja u balastu (prazan
brod) isparavanje tereta je nesto manje te se
potreba za energijom nadoknaduje izgaranjem
nesto vece kolic¢ine teSkog goriva. Kako bi se
uvidjela razlika u troskovima pogonskog goriva,
napravljena je komparativna analiza cijene po-
troSenog goriva broda punog tereta u slucaju
kada se troSi plin i u slucaju kada se trosi tesko
gorivo.

Kao primjer uzet je brod za prijevoz prirod-
nog ukapljenog plina kapaciteta 150.000 m* s
28.920 kW snage na pogonskoj osovini i 1500
kW potrebnih za proizvodnju elektricne energi-
je, Sto ukupno iznosi 30.420 kW. Prema [6], ako
je dnevno isparavanje 0,12 % od ukupne kolici-
ne tereta,tada je koliCina tereta koja se izgara
180 m¥/dan. Uz specificnu tezinu LNG tereta
od 470 kg/m? to iznosi 84,6 t/dan ili 3,525 t/h
plina. Uz tu koli¢inu plina potrebno je dogori-
jevati dodatnih 4,99 t/h teSkog goriva.

Donja ogrjevna vrijednost prirodnog uka-
pljenog plina (H, ) je priblizno 50 MJ/kg, a tes-
kog goriva (H,,,.,)je priblizno 40,2 MJ/kg.

Pretvorba koli¢ine izgorenog goriva u toplin-
sku energiju:

Toplinska energija dobivena izgaranjem pli-
na:

sz = mpl ‘Hd,pl [kW] .

Toplinska energija dobivena izgaranjem tes-
kog goriva:

Orro = Myro  H y yro [kW] .
Toplinska energija kod kombiniranog izgara-
nja:
Quk = Qpl + QHFO [kW] .
Iskoristivost parno-turbinskog postrojenja u
primjeru:
P, 30,4

=L 207 100 ~29[%].
np Quk 105 [ 0]

3. THERMAL EFFICIENCY
ANALYSIS AND FUEL COST
ANALYSIS

If the ship does not have a reliquefaction
plant, approximately 0.1 to 0.2% of the total
amount of cargo evaporates [6], [7] and is
burned in steam generators with additional
heavy fuels combustion. Cargo evaporation is
less in ballast voyage (empty vessel) when the
energy need compensates with larger amounts
of heavy fuel oil combustion. In order to meas-
ure the propulsion fuel cost difference, a cost
comparative analysis has been made in case
when a ship consumes gas and in case when a
ship consumes heavy fuel oil.

As an example, a LNG ship has been taken
with a cargo capacity of 150,000 m?, 28,920 kW
of propelling power and 1,500 kW electricity
production power, which is a total power of
30,420 kW. According to [6], if the daily evapo-
ration is 0.12% off the total cargo load, the
amount of cargo that should be burned is 180
m?®/day. With the LNG cargo specific gravity of
470 kg/m’ it amounts to 84.6 t/day or 3.525 t/h
of gas. With this amount of gas, an additional
4.99 t/h of heavy fuel must be burned.

The lower heating value of liquefied natural
gas is approximately 50 MJ/kg, and that of the
heavy fuel is approximately 40.2 MJ/kg.

Combusted fuel to thermal energy conver-
sion:

Heat energy given by combusted gas:

Qp/ = mpl 'Hd,p/ [kW] .
Heat energy given by combusted HFO:
Ouro = Myro  H y yro [kW] .
Heat energy given by combined combustion:
Quk = Qpl + QHFO [kW]

Engine plant efficiency in a.m. example:
_ P, 304

st

Ty 0, 105

The current price of heavy fuel oil (c,,,,) ISO
380 cSt is approximately 714 US$/t, while the
price of LNG cargo (c,) to be burned is ap-
proximately 767 US$/t [8]. The price includes
LNG cost plus insurance plus freight costs
(CIF). The prices are usually in US$/MBTU

1100 = 29[ %].
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Cijena goriva ovisi 0 mjestu nabave, a trenut-
na cijena teSkog goriva (c,,,,)kvalitete ISO 380
¢St iznosi priblizno 714 US$/t, dok cijena LNG
tereta (c,) koji se izgara, iznosi priblizno 767
US$/t [8]. Cijena ukljucuje vrijednost prirodnog
plina na ukrcajnom terminalu uvecanu za tros-
kove prijevoza i osiguranja (CIF — Cost + Insu-
rance + Freight). Cijene su izrazene u US$/
MBTU, a za pretvaranje u US$/t uzeta je to-
plinska vrijednost od 50 MJ/kg.

Cijena plina po satu:

C,p=m,-c, [USS/h]

p
Cijena teSkog goriva po satu:

Crromn =Myro * Curo [US$/h]

Cijena plina po putovanju:

C,=C,,, 24-d[USS]

Cijena teSkog goriva po putovanju:

CHFO = CHFO/h -24-d [US$]

Ukupna cijena goriva po putovanju:

Cu= Cpl + Cyro [US$] .

Za navedeni primjer LNG broda i1 njegovu
potros$nju moze se izracunati razlika u troSkovi-
ma s obzirom na vrstu i omjer goriva koje se iz-
gara. Za putovanje je odabrana uobicajena ruta
Qatar — Japan i udaljenost od 6.700 NM te
prosjecna brzina broda od 20 ¢v. Vrijednosti
troskova se mogu vidjeti iz tablice 1.

Iz navedenih primjera vidljivo je kako su naj-
manji tro$kovi goriva u slucaju kada se izgara
samo LNG. Usporedujuci s kombiniranim izga-
ranjem usteda je 157.409 US$ po putovanju, a
usporedujuci sa slu¢ajem kada se izgara samo
tesko gorivo usteda je 307.514 US$ po putova-
nju.

Komparacijom iskoristivost parno-turbinskog
postrojenja, koja za uzeti primjer iznosi svega
29%, te postrojenja s novim generacijama dizel-
skih motora koja mogu izgarati ispareni prirodni
plin i ¢ija iskoristivost premasuje 50%, dolazimo
do dodatne ustede od preko 20%. Za slucaj kada
brod s dizelskim motornim postrojenjem izgara
samo prirodni plin to bi bilo dodatnih priblizno
390.000 USS$ ustede po putovanju, odnosno uku-
pno priblizno 700.000 US$ ustede u odnosu
kada bi se izgaralo samo tesko gorivo na brodu s

and for the conversion into US$/t, the lower
heating value of 50 MJ/kg has been taken.

LNG gas price per hour:
Cop=m,-c, [US$/h]

p
HFO price per hour:
Curom =Myro * Curo [US$ / h]

LNG gas price per voyage:
C,=C,, 24-d[USS$]

HFO price per voyage:
Ciro = Chrony-24-d [US$]

Total fuel price per voyage:

Cuk = sz + CHFO [US$] .

For the above mentioned ship example and
her consumption, the difference in costs, with
respect to the type and ratio of fuel to be
burned, can be calculated. As the ship’s voyage,
the usual route from Qatar to Japan, the dis-
tance of 6,700 NM, and the average ship speed
of 20 knots have been chosen.

The voyage fuel cost analysis can be seen in
table 1.

The examples presented in the table show
that the lowest fuel costs are in the case when
only burning LNG. Comparing the combined
combustion, the saving per voyage is US$
157,409, while in the case of fuel oil burning
only the savings would be US$ 307,514 per voy-
age.

Comparing the steam-turbine plants efficien-
cy, which, in the above mentioned example, is
29% only, and a plant with a new generation of
diesel engines that can burn vaporized natural
gas and whose efficiency exceeds 50%, we get
the additional saving of over 20%. In the case
when a diesel engine plant ship burns natural
gas only, that would be an additional saving of
USS$ 390,000 (approx.) per voyage, or a total of
USS$ 700,000 (approx.) in savings, as compared
to the steam-turbine plant ship burning heavy
fuel oil only. The total savings per a 14-day voy-
age would be US$ 850,000 as compared to the
combined combustion plant, or approximately
US$ 1,000,000, as compared to the plant burn-
ing HFO only.

POMORSTVO ¢ Scientific Journal of Maritime Research * 26/1(2012) * str./pp. 215-226 223



D. Kukuljan, D. Bernecic, J. Orovi¢: OPRAVDANOST UGRADNIJE I PRINCIP RADA UREDAJA...

Tablica 1. Primjeri troSkova goriva po putovanju
Table 1 Fuel Cost Examples per Voyage

Primjer F‘Z;ﬁf’.‘iﬁe Objasnjenje fizikalnih veli¢ina Rezultati
Example venemne Phisical values explanation Results
Phisical values
. Maseni protok plina
m
pl Natural gas massflow [t/h] 7,560
B H Donja ogrjevna vrijednost plina .
— E 2 d.pl LNG lower caloric value [kJ/kg] 50:000
N — Q
% S g 0 Energija dobivena izgaranjem plina 105.000
§ § ‘§ Pl Energy produced by gas combustion [kKW] ’
‘?f’ .% § c Cijena plina 767
2.5 8 pl LNG CIF price [US$/t
£3 g
& ﬁ) B C Cijena plina po satu 5799
pih Burned LNG priceperhour [US$/h] '
Cijena plina po putovanju(14 dana)
Cpl LNG priceper 14 days voyage[US$] 1.948.303
. Maseni protok teskog goriva
< Muro HFO mass flow [t/h] 9,403
5 = H Donja ogrjevna vrijednost teskog goriva
PR d.HFO | HFO lower caloric value [kJ/kg] 40.200
N\
§ % _§ 0 Energija dobivena teskim gorivom 105.000
S 55) 2 HFO Energy produced by HFO combustion [kW] :
8
b g § c Cijena goriva 714
% 5 3 HFO HFO price [US$/t]
‘E § ‘E C Cijena teskog goriva po satu 6.714
gg HFO/h Burned HFO price per hour [US$/h] :
A C Cijena izgorenog teskog goriva po putovanju(14 dana) 2.255.817
o Burned HFO price per 14 days voyage[US$)] o
3 Maseni protok plina
m
P Natural gas mass flow [t/h] 3525
H Donja ogrjevna vrijednost plina .
d.pl LNG lower caloric value [kJ/kg] 50.000
0 Energija dobivena izgaranjem plina 48.958
Pl Energy produced by gas combustion [KW| ’
Cijena plina
c
2 LNG CIF price [USS$/t] 767
C Cijena plina po satu .
IR plih Burned LNG price per hour [US$/h] 2704
on 9 Q9
~£% Cijena plina po putovanju (14 dana)
5% C jena plina po p ]
% 'ED § pl LNG price per 14 days voyage[US$] 908.544
S o . o .
=2 3 . Maseni protok teskog goriva
% £73 Muro HFO mass flow [t/h] 4,99
0 £ .5 D d " .
§28 onja ogrjevna vrijednost teskog goriva
& 53 § Hd HFO HFO lower caloric value [kJ/kg] 40.200
Q Energija dobivena teskim gorivom 55.822
HFO Energy produced by HFO combustion[kW] :
Cijena goriva
Curo HFO price [US$/t] T4
C Cijena teskog goriva po satu 3.563
HFO!h | Burned HFO price per hour [US$/h] :
C Cijena izgorenog teskog goriva po putovanju(14 dana) 1.197.168
HFO Burned HFO price per 14 days voyage [US$)] o
P
C Ukupni troskovi potroSenog goriva po putovanju(14 dana) 2105712
uk Total fuel cost per 14 days voyage [US$] B
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parno-turbinskim postrojenjem. Ukupna usSteda
bi iznosila 850.000 (usporedujuéi s kombinira-
nim), odnosno priblizno 1.000.000 US$ (uspore-
dujudi s izgaranjem samo teskog goriva), za 14
dnevno putovanje.

4. ZAKLJUCAK

Postrojenje za ukapljivanje prirodnog plina
na brodu je jednaod vaznijih tehnologija koja je
omogucila koriStenje sporookretnih dizelskih
motora za propulziju LNG brodova novijih ge-
neracija. Uredaji za ukapljivanje ugradeni su i
na brodove s parno-turbinskim postrojenjima
kako se za izgaranje ne bi koristio teret koji je u
vrijeme takvih projekata bio skuplji nego tesko
gorivo. Medutim, cijena teSkog goriva je viSe-
struko porasla te su svi slicni projekti obustav-
ljeni, a za dovrSene se ne Kkoristi uredaj za uka-
pljivanje. Kod takvih se brodova LNG teret
prisilno isparava kako bi se teSko gorivo trosilo
u S§to manjoj mjeri.

S obzirom na trenutnu cijenu teskog goriva
potpuno je neisplativo koristiti ga kako za po-
gon broda tako i za proizvodnju elektri¢ne
energije, narocito ako brod ima moguénost iz-
garanja prirodnog plina. Treba naglasiti i rela-
tivno veliku snagu potrebnu za pogon uredaja
za ukapljivanje, Sto je dodatni trosak koji u ovo-
me radu nije uzet u razmatranje. Za primjer
broda naveden u ovome radu snaga za pogon
uredaja za ukapljivanje iznosi oko 920 W/kg is-
parenog plina, Sto za navedeni primjer iznosi
oko 3.200 kW. Po sadas$njoj cijeni goriva te isko-
ristivosti generatora od 40-ak %, to je dodatnih
400 US$ po satu rada (uz specificnu potrosnju
goriva od 180 g/kWh).

LNG brodovi prevoze teret koji se danasnjim
tehnologijama moze izgarati kako u generatori-
ma pare tako i u dvotaktnim sporookretnim
brodskim motorima. Uvjet da bi se na brod mo-
gla ugraditi takva tehnologija je da brod ima
mogucénost ukapljivanja ili izgaranja isparenog
prirodnog plina u slucaju kvara, promjene op-
terecenja (usporavanja) ili zaustavljanja glav-
nog motora. Uredaj za ukapljivanje to omogu-
¢uje, a temeljem trenutnih cijena tekucih goriva
koja se koriste za pogon LNG brodova oprav-
dava se i ugradnja takvog postrojenja.

Danasnje cijene tekucih goriva su takve da je
isplativo koristiti prirodni plin kao gorivo na
svim postrojenjima koja koriste tekuca fosilna

4. CONCLUSION

The natural gas ship reliquefaction plant is
one of the most important technologies that
have enabled the use of slow-speed marine die-
sel engines for the propulsion of the new gen-
eration of LNG ships. A reliquefaction plant
has been installed on board steam-turbine ships
in order to prevent LNG combustion that was,
at the time of these projects, more expensive
than the HFO. However, the heavy fuel oil
price has tremendously increased so all such
projects were suspended, while ships which
have been completed do not use RP. Such a
ship consumes forced evaporated LNG to save
the heavy fuel oil consumption.

According to the current heavy fuel oil price,
it is fully unprofitable to use it as the propulsion
fuel as well as fuel for the electricity genera-
tion, especially on board ships which have the
ability to burn natural gas. It should be empha-
sized that the reliquefaction plant needs a rela-
tively large power which is an additional cost
and, in this paper. it has not been taken into
consideration. For the ship example, listed in
this paper, the requested power for the relique-
faction plant operation is about 920 Watts per
kg of evaporated gas, which is about 3200 kW.
According to the current heavy fuel oil price
and generator efficiency of 40%, it is an addi-
tional US$ 400 per hour (with a specific fuel oil
consumption of 180 g/kWh).

LNG ships carry cargo that, with the today’s
technology, can burn in the steam generators as
well as in slow-speed two-stroke marine diesel
engines. The requirements, that those types of
ships could incorporate such technology, are
that the ships are able to reliquefy or burn the
evaporated natural gas in case of failure, load
changes (slowing down) or stopping the main
engine. The reliquefaction plant allows such re-
quests and, based on current liquid fuels prices,
the use, for the LNG carriers operation, of the
installation of such facilities is approved.

The today’s liquid fuel prices are such that it
is profitable to use natural gas as fuel in all in-
stallations that use liquid fossil fuels. This in-
cludes all ships and stationary facilities, as well
as car, trucks, trains, etc. For installations with
large fuel consumptions, a good choice would
be a combined propulsion plant that can burn
natural gas and heavy fuel oil thus providing a
possibility of a rapid adaptation to changes on
the fuel prices market. For large consumers,
such as thermal electric power plants and large
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goriva. Tu spadaju svi brodovi i stacionarna po-
strojenja, pa i automobili, kamioni, vlakovi i sl.
Za postrojenja koja imaju veliku potrosnju gori-
va dobar izbor bi bilo kombinirano pogonsko
postrojenje koje moze izgarati prirodni plin i tes-
ko gorivo, kako bi se Sto brze prilagodavalo trzis-
nim promjenama cijena goriva. Za velike potro-
SaCe poput termoelektrana ili velikih dizelskih
generatorskih stacionarnih sustava koriStenje
prirodnog plina po danasSnjim cijenama je vise
nego isplativo. S obzirom da je cijena goriva pro-
mjenjiva veliCina, treba razvijati fleksibilne susta-
ve s moguénoscu brzog prilagodavanja trziStu.

Prednosti koristenja prirodnog plina umjesto
teskog goriva ili mazuta, a s obzirom na ekolos-
ke kriterije, su neupitne. Prirodni plin je eko-
lo8ki prihvatljivo gorivo bez Stetnih sumpornih
spojeva,uz vrlo malo ¢ade i krutih cCestica, cega
u teSkim gorivima ima mnogo. Ove prednosti te
znacajna usteda u cijeni goriva stavljaju prirod-
ni plin na prvo mjesto, a uredaj za ukapljivanje
omogucuje njegovu primjenu na brodovima.
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