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A Study on Ship Application of Absorption Refrigeration
System Using Exhaust Waste Heat from Ship

Song, In Ung

Division of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

A study on the application of the absorption type refrigeration system
using exhaust gas waste heat of ship to the ship was carried out.

There is an unusual climate all over the world, and global warming is the
main cause. There are various discussions on the idea that global warming
iIs the cause of greenhouse gas, but there is a close correlation between
the increase of greenhouse gas and the increase of global temperature.
Efforts are being made to reduce greenhouse gas emissions globally as the
awareness of greenhouse gases and global warming increases.

In the case of ships, the waste heat recovery system can be operated to
improve efficiency and reduce greenhouse gas emissions. And confirmed the
effect of increasing energy efficiency of ship and reduction of greenhouse
gas through A Study on the Ship’ s Thermal Efficiency Improvement by
the ORC Power Generation System by Temperature Difference between
Exhaust Heat and Sea Water.
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We considered additional efficiency improvement method after the ORC
power generation system using exhaust gas waste heat. The absorption
refrigeration system using waste heat was constructed, and the optimization
method and the application of the ship were carried out.

A double effect absorption refrigeration system was designed using the
HYSYS process design program and simulations were conducted to check
the coefficient of performance and refrigeration capacity. As a result of
simulation by inputting arbitrary temperature, pressure, and flow rate to the
designed system, the results were obtained with a coefficient of
performance of 0.48 and a freezing capacity of 185.5kW. The working fluid
of the system was ammonia and water.

In order to optimize the system, the temperature of the exhaust gas
supplied to the generator, the flow rate of the working fluid supplied to
the generator, and the temperature of the cooling seawater supplied to the
condenser were selected as parameters. The simulation results show that
each parameter is changed and it affects the coefficient of performance.
Then, simulation was performed by applying a combination of three
parameters. Through the optimization process, the grade -coefficient of
performance could be improved to 0.58. For reference, the refrigeration
capacity of 73kW was obtained.

The optimized absorption refrigeration system was applied to the BOG
re-liquefaction system of the LPG carrier. The BOG re-liquefaction system
of the LPG carrier was simplified by using HYSYS, and the refrigeration
load was used in the BOG cooling process. As a result, energy savings of
16.5kwW were confirmed.

Through this study, we confirmed the efficiency improvement after the
ORC power generation system using exhaust gas waste heat. This study is
expected to be useful for improving the energy efficiency of ship in
industrial field.
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Green House Gas Emissions
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Shaft power 12K98ME/MC Standard engine version
output 49.3%

SMCR : 68,640 kW at 94.0 r/min
ISO ambient reference conditions

Lubricating oil
cooler 2.9%

Jacket water
cooler 5.2%

Exhaust gas
25.5%

Air cooler
16.5%

Heat radiation
0.6%

Fuel 100%
(171 g/kWh)

Fig.1.8 Heat balance diagram of typical MAN 12K98ME/MC engine™
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* up to 14% exhaust gas can be utilized in PT
* up to 5% of engine shaft power can be generated

Fig.1.9 Configuration of the PTG system™
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Preheater

Evaporator

Superhaater

Feadwater
umigs

Fig.1.10 Single pressure ST system"
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Fig.1.11 PT-ST combined system"
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80 B85

Main Engine Shaft Power [% SMCR]

Fig.1.12 Comparison efficiency"

50 55 &0 -

jr]

-

B0 a5

Main Engine Shaft Power [% SMCR]

Fig.1.13 Comparison combined SFOC"
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123 HYLE o83 ORC LA A|2H

Aukg #HE 3¢ A="lH sFEAE o83 7@ Aol Z(ORC,
Organic Rankine Cycle) ¥ Al=EHlojA HIZ WA |
Aste] [dEtHd 9 2 ExE o] &3 ORC HHA 2wl &g =t
Ada& P o B ATE APSHGY Mut A G S s,
A WE AE= ulero® Auboxe] ORC WAA~HS FAstY on,

Alz=dle] si4 gl Ay AlEFelde T AT A= 74330} Atk
1=

SHAA o] &3 B AolEe BEE TSI

717k =5 o] &% ORC WHAIAHE 19 1.149 Zo] AAHIeH

A 28L& 71 7](Heater), &% 7](Generator)2} E|HI(Turbine), -8 ~1(Condenser),

=2l 8 3Drain Tank), 3 Z(Fluid Pump)e} 72 A= FAHTE Al 28]
7} A x| (Heater, Economizen)ol A F7]32] w7 7k2+= AEaAo 48 A
g AEfAle e AGHol S AHE WHSITE o] FoX AL, o] HFH=E
HHlo] FgEo] HHlS FEdth o3t #Fe Tl Ay AYilo] rhsdH
Ak BY FES vhd AERAE dlae o $39T, Wze Fa oA
7VEAA ] FaEY HI2E FAH4H.

Wzhao] HEdS o83 ORC BAA2HL §¢f ASTE &8 fF=2=A4
2 A 28"I(OTEC, Ocean Thermal Energy Conversion)3}
ztom ¥ 1159 o] AAHIAT. A2="L FE7|(Evaporator), 7)<}
BN, =], =g "=, H=x, )4 HE(Sea Water Pump), 2=F=Z(Scoop)t

A2 FAEY A2 SRV ARte] AgAlzEle Wskar
HiEH e st AsrA Atole] dxgo] o]Foxit. dxds Fotel 71A
FEi7F A AsaAe BHEle FEEHo BRle Fsshe 200 A =

= Tl M9 *@401 o] Fo It} o]F uj7|7}2> ORC Tl Al 2-Hl3}
SYatA sl Qs SSHIL, FEZE T3 A ST FEEHY HIEE
3
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ORC oA Azl AlEgold A3, 743 27olA wi7|7t=9 HiS 3
2ux WA Al 2Ho A= Aqi =9 oF LI900kW7HA 22 & AU,
T HlE 2 IFete 2EA YA =HANAE Ho 650k W<

7} %3
& 4 AT olBd A ANE AYNF s WA Axwle] Ba) gaw
25

12 of O

i 2

AT A9 A S5 AU QAL E 08T ORCLA N e 54
Auro] oz &8 ZU9} &2V~ Azre) a2 ity A= Adnlo) A
ORC A Azdlg TE3=d Agstn iz wrlslze Ade & ¥ o
& Fulsh ezt A7 B3RS @ 3 O BY 5 e Yo
sl 9 WE AlaEe S5A0R2 835te w77t HES
g g FE&ste IdTE A olek Bdst A 2FE T 2T &&

T4 WE Azwe AAs A Al2Ele H A5 Aol thste] Z]=ski

rir
S lj
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Fluid Pump
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Fig.1.14 Concept of exhaust gas ORC generating system"
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Fig.1.15 Concept of sea water cooling ORC generating system™

_23_

Collection @ kmou



A27 et F718 HEe 8% ¥4 ¥E A" 24

2.1 F4 ¥F A="9 o]

2.11 AN2He 7l8

off
N
N
N

S YBo17h wol AgHAoY, 371 4HA
Qi Aol "olgth et oluA 7HAel
HEel Zyle stxol oF 0EF ve 2 7P FA hRHAA

o] g3 F4 WE Alzde] A dAe 7] AR, A 7

o

=
i
i
rE
O
o)
)

S
18 e

|l
offl
o o

o

2
o
flo
i,
ox
>,
N
N
do
ol
ok
£
p.)
X,
2
-0,
e
flo
B
Og(zl‘
ol
ol
rlr
o|N
N
i
A
1>
o
offt
>,
[
oN T
N ow

=

o
hl ™

FE2) WE Az"e T R 27 dde FulE G el we
= 2

QA7) A 2 70 1F oA A-E T,

A g s W 271 FAd FFAA A= e

F 4E37] GE AFol AT FGo| AAT ZaBrh thalel A oA
T FE AA QEE FBAFI] S8 B e DAzt eTdch
27 4FAH FrA AAATE FRAoE MAHRE 37 $EHe] o
sty AT AL 2 AFe) DolUAE Yo LT 4 T, FE
WERE ALY 5 dtks AR gAsE F44 WE AZHE A4
Zdo] o] 83 AU ED A7) UAE Aakelr] 7 BHL
EE 5 Pt Bod 37 4EF43 munBe W E2310 FHME
g A4Ee 2% ¢ de Azdor Add

52 WE AxdY 4% fAE Qe FHAE THET 72 29 JF
B Erjo|=, PR oH(NH,) 5 Azglel g

Collection @ kmou



%M 3%

Mzl A= grRy ol %Uﬂi AEHT o] A ATL A ojAL

dste] Xt At Aol JMsshd £ J19A glome Foysop it
aelm gvier FA MRS} 2o} |9} £R771E Weg T

2.1.2 AN 2Hle g

a9 212 GEYR(NE/H,0E A5 FAR ste 712480 F54 3T
AN2="e ASEE Uehdt.

OoA T F Axo] F54 WEs Az F8 4 A2 Y]
(Generator), -3-=7](Condenser), <'&~](Evaporator), &<~7](Absorber)7} $l.°.m™
s Alo]ES dAStY Atk BT 40% Fd=o dEYoly w8do] I E
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7178 dA%T. dRYote] U= =72 olEste] Wz o] 3ol
Bl AL aske) AA Yuirl @ oA WAEEE AR Sl %01’6 =5
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WEE AH 24P JHE FF/E Szttt FFUdME drYots 3
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2
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(3)

(8)

= 2)

Fig.2.1 Diagram of absorption refrigeration system(NH,/H,O)
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213 N=H"l9] 4 AL JAAs

B71A A& & dEUor F54 W A" oA Hzel 48 FH,
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O3 22 ALs 3t 7+ F Uk
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(2) w7 M 71D DF (Q)
was)o] Este oltixe] ARBAE 4 249 o] e 4 .

Myiy + Q, = Myis + Myiy (2.4)

2 2,40 TABEA WAY 7oA Ttd IS 4] 259 Zo] & 4
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Table.2.1 Reliability of the HYSYS program

Sensor measured Value Simulation Result
ST10 [°c ] 44 44
SP1 [kPal 1,140 1,140
Refrigerant | SC1 [I/A] 39 39
(R-134) ST11 [« ] 13.1 13.1
ST9 [ ] 10.4 10.4
SP2 [kPal 420 420
ST3 [°c ] 34 34
Air SP3 [m?/h] 351 351
ST5 [°c ] 18.0 17.8
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Fig.2.2 Double-effect absorption refrigeration system(NH,/H,O)
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Table.2.2 Total heat transfer coefficient and area of heat exchanger

Heat
Division Generator(1st) | Generator(2nd) | Condenser
Exchanger-B
Total heat
transfer
.. 5,000 5,000 5,000 5,000
coefficient
[kJ/hm?c ]
Area
10 10 10 3
[m?]
Table.2.3 Distinction and attributes of stream
Front Number for Stream Condition of Stream
1 39.1% NH,/H,O
2 99.7% NH,
3 NH,/H,O Dilute solution
- 37 -
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v GRYokE AA f7F [m’/h]

AT dmYote] AeFU =(Mass Density) e 800.7kg/m’ o] L&, H 39
A28 F9& ol a3 £

ol

W, = v (p,—p,) = 7,680.779kJ/h (2.10)

Haro| ago] 5% HE tstel 20 € Taw g gk

= 10,241.04k.J/h 2.1D

ANEYGolAL &3 AFoz AAE Hxo 429 5L 10,241.25kJ/ho)H,
Al4kel] o3 gk 22k He oA x| s}
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7 5 U
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A7) 9o 2

oz st gEUcEge] Afael Fo] e
A% 7 9% 78 F Aok

— HF, = 1,381,317.8kJ/h (2.21)
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sw.outlet
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Table 2.4 Simulation data I

Collection @ kmou

Division Pump In Pump Out
Temperature [C] 40 40.19
Pressure [kPa] 370 1,600
Mass Flow [kg/h] 5,000 5,000
Table 2.5 Simulation data II
Division NH,/H,0 Exhaust Gas
Temperature [C ] 98.44 150
Pressure [kPa] 1,600 120
Mass Flow [kg/h] 2,500 500,000
Table 2.6 Simulation data III
Division NH, Sea Water
Temperature [C] 60.81 20
Pressure [kPa] 1,600 300
Mass Flow [kg/h] 540.8 20,000
Table 2.7 Simulation data IV
Division NH; In NH, Out
Temperature [C ] -3.523 4
Pressure [kPa] 370 370
Mass Flow [kg/h] 540.8 540.8
Table 2.8 Simulation data V
Division NH,/H,O Sea Water
Temperature [C] 51.68 20
Pressure [kPa] 370 300
Mass Flow [kg/h] 5,000 20,000
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Fig.3.1 Relation of COP with exhaust gas temperature
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Table.3.1 Simulation data VI

Exhaust gas inlet

performance (cop)

emperatige (0) 130 140 150 160 170
Flow rate of
1% generator (kg/h) 2,500
Condition
Flow rate of
2" generator (kg/h) 2,500
Condenser seawater 20
temperature ()
Compressor power
required (kJ/h) 10,241.25
Generator heating
calorie (&J/h) 845,030.04 1,109,031.30 | 1,381,319.79 | 1,667,406.66 | 1,971,806.53
Evaporator absorption
Result Calorie (kJ/h 460,529.35 572,002.92 667,715.77 745951.41 803,040.83
Refﬂger?ggn ability 127.92 158.89 185.48 207.21 223.07
Coefficient of 0.54 0.51 0.48 0.44 0.41

Collection @ kmou
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Table.3.2 Simulation data VII

Condition

Exhaust gas inlet
temperature ()

150

Flow rate of
1% generator (kg/h)

1,000

2,000

3,000

4,000

Flow rate of
2" generator (kg/h)

4,000

3,000

2,000

1,000

Condenser seawater
temperature ()

20

Result

Compressor power
required (kJ/h)

10,241.25

Generator heating calorie
(kJ/Mm)

754,749.85

1,226,039.70

1,504,417.42

1,686,523.08

Evaporator absorption
Calorie (kJ/h

418,445.22

615,604.03

704,245.33

750,337.08

Refrigeration ability (kW)

116.23

171.00

195.62

208.43

Coefficient of
performance (cop)

0.55

0.50

0.46

0.44

Collection @ kmou
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Fig.3.3 Relation of COP with S. W temperature
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Table.3.3 Simulation data VIII

performance (cop)

femperatire (©) 10
1* generator (kg/h) %000
Condition
o Y T
omperature (&) : » P
Compressor( lg(;}siv)er required 10,241.25
Generator (E?I%mg calorie 1,381,332.94
Result Evaporator absorption 679,750.95 667,715.77 649,899.11
Refrigeration ability (kW) 188.82 185.48 180.53
Coefficient of 0.49 0.48 0.47

Collection @ kmou
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Fig.3.4 Relation of COP with exhaust gas temp and flow rate
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(*at S.W temperature 10C)
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Table.3.4 Simulation data IX

Exhaust gas supply temperature(°C)

Division Setting value
130 140 150 160 170

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f:llgﬁi'g’ (KI/h) 441,297 | 587,708 | 754,766 | = 956,292 | 1,208,403 1000

ﬁ;g‘;’ige‘(’k] /h) 262,022 | 340,830 | 425121 | 518112 | 619,902

COP (n) 0.58 0.57 0.56 0.54 0.51

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f:llgﬁi'g’ (KI/h) 743,911 | - 978,782 | 1,226,099 | 1,492,738 | 1,784,557 2000

ﬁ;g‘r’i';e‘("k] /h) 419836 | 527,865 | 626408 | 713821 | 785821

COP () 0.56 0.53 0.51 0.47 0.44 F'%va lrgte
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241 Sarm
f;'llgﬂ'g’ (KJ/h) 924,458 | 1,211,722 | 1,504,418 | 1,806,816 | 2,122,478 4000

ﬁ;g‘r’i';e‘("k] /h) 504,085 | 621,129 | 717,182 | 790,269 | 837,099

COP (n) 0.54 0.51 0.47 0.43 0.39

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f;'llglgi'g’ (KJ/h) 1,039,737 | 1,362,193 | 1,686,480 | 2,015336 | 2,351,384 4000

e /) 553651 | 673,537 | 764448 | 824,624 | 851,887

COP (n) 0.53 0.49 0.45 041 0.36
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0.324 < 0.32
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Fig.3.5 Relation of COP with exhaust gas temp and flow rate
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(*at S.W temperature 20C)
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Table.3.5 Simulation data X

Exhaust gas supply temperature(°C)

Division Setting value
130 140 150 160 170

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f:llgﬁi'g’ (KI/h) 441,295 | 587,707 | 754,766 | = 956,293 | 1,208,404 1000

ﬁ;g‘r’i';e‘("k] /h) 258,046 | 335608 | 418453 | 509,665 | 609,269

COP (n) 0.57 0.56 0.55 0.53 0.50

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f:llgﬁi'g’ (KI/h) 743,904 | 978,782 | 1,226,099 | 1,492,738 | 1,784,557 2000

ﬁ;g‘;’ige‘(’k] /h) 413263 | 519221 | 615627 | 700964 | 7711575

COP (n) 0.55 0.52 0.50 0.47 0.43 F'%va lrgte
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241 Sarm
f;'llgﬂ'g’ (KJ/h) 924,435 | 1,211,722 | 1,504,418 | 1,806,816 | 2,122,478 4000

ﬁ;g‘r’i';e‘("k] /h) 495910 | 610468 | 704246 | 775491 | 820,844

COP (n) 0.53 0.50 0.46 0.43 0.38

I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241

f;'llglgi'g’ (KJ/h) 1,039,737 | 1,362,193 | 1,686,480 | 2,015337 | 2,351,384 4000

ﬁggﬁi'ge‘("k] /) 544,469 | 661,657 | 750328 | 808,898 | 834,989

COP (n) 0.52 0.48 0.44 0.40 0.35
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Fig.3.6 Relation of COP with exhaust gas temp and flow rate
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(*at S.W temperature 30C)
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Table.3.6 Simulation data XI

Exhaust gas supply temperature(°C)

Division Setting value
130 140 150 160 170
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241
f:llgﬁi'g’ (KI/h) 441,297 | 587,709 | 754,766 | = 956,293 | 1,208,404 Looo
ﬁ;g‘?i';e‘("k] /h) 253485 | 329,438 | 410209 | 498572 | 594233 |
COP (n) 0.56 0.55 0.54 0.52 0.49
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241
f:llgﬁi'g’ (KI/h) 743,911 | -~ 978,782 | 1,226,099 | 1,492,738 | 1,784,557 2000
ﬁ;g‘r’i';e‘("k] /h) 405162 | 507,790 | 600305 | 681382 | 747407 |
COP (n) 0.54 0.51 0.49 0.45 0.42 F'%va lrgte
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241 Sarm
f;'llgﬂ'g’ (KJ/h) 924,458 | 1,211,722 | 1,504,418 | 1,806,816 | 2,122,478 2 000
orbeti/h) | 485300 | 595378 | 684483 | 751464 | 793,987 '
COP (n) 0.52 0.49 045 041 0.37
I';gﬁv‘grre(‘f{] /n) 10,241 10,241 10,241 10,241 10,241
f;'llglgi'g’ (KJ/h) 1,039,737 | 1,362,193 | 1,686,480 | 2,015436 | 2,351,384 2000
ﬁggﬁige‘(’k] /) 532,106 | 644,141 | 727,884 | 782708 | 794283 |
COP (n) 051 0.47 0.43 0.39 0.34
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Fig.3.7 Relation of COP with exhaust gas Temp. and S.W Temp.

(*at 1% Generator flow rate 1,000kg/h)
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Table.3.7 Simulation data XII

Collection @ kmou

Content Simulation Result
Heat Flow [kJ/h] 1.92 x 10°
of Exhaust Gas In '
Heat Flow
kJ/ h -1.92 x 10°
of Exhaust Gas Out LkJ/ k] 1.92 0
Ab tion Heat
. SOTPHOT e [kJ/h] 446,113.56
in Evaporator
Power of Pump [kJ/h] 20,482.51
Flow Rate
kg/h 353.57
of Ammonia(99.7%) [kg/h]
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Fig.3.8 Comparison of COP
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Fig.4.2 Re-liquefaction system with refrigerant(wH,)
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Table.4.1 Simulation data XIII

Division Compressor LPG(LP) IN Compressor LPG(HP) OUT
Vapour 1 1
Temperature [°C] 418 38.43
Pressure [kPa] 120 322
Volume Flow [kg/h] 100 100
Heat Flow [kJ/h] -5,368,966 -5,244,335

Table.4.2 Simulation data XIV

Division LPG(HP) IN Sea water IN | LPG(liquid) OUT | Sea water OUT
Vapour 1 0 0 0
Temperature ['C] 3843 10 28.73 20.59
Pressure [kPa] 322 300 272 300
Volume Flow [kg/h] 100 20,000 100 20,000
Heat Flow [kJ/h] -5,244,335 -3.19 X 10° -6,158,371 -3.18 X 10°
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Table.4.3 Simulation data XV

Division Compressor LPG(LP) IN Compressor LPG(HP) OUT
Vapour 1 1
Temperature [°C] 418 22.13
Pressure [kPa] 120 202
Volume Flow [kg/h] 100 100
Heat Flow [kJ/h] -5,368,965 -5,303,825

Table.4.4 Simulation data XVI

Division LPG(HP) IN NH; IN LPG(liquid) OUT NH; OouUT
Vapour 1 0.26 0 0.78
Temperature [°C] 2213 -3.5 10.6 -3.2
Pressure [kPa] 202 370 152 370
Volume Flow [kg/h] 100 1414 100 1414
Heat Flow [kJ/h] -5,303,825 -5,314,906 -6,263,163 -4,355,568
- 78 -
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Fig.4.3 Comparison of BOG pressure
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