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A Study on the Capacity Determination and the Efficiency
Improvement of the Organic Rankine Cycle for Marine Waste Heat

Recovery System

Jong—-Kwon Kim

Department of Marine System Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Global Warming 1s a phenomenon that air temperature 1s
gradually increased as the concentration of green house gas such
as carbon dioxide, methane, etc. 1s iIncreased. This 1s very
important phenomenon which maintains the earth at certain
temperature. But, gas causing green house effect i1s recently
released too much artificially for a short time, so water

temperature and sea level rise and abnormal climatic phenomenon



is caused all over the world.

The release of green house gas 1n the whole world is
continuously increased after the Industrial Revolution and
particularly and rapidly increased after 1945. For 200 years, CO2
of more than about 2.3 trillion has been released to the air and
more than the half 1s the quantity released from 1974 to the
present.

In this situation, one of the technologies which can reduce CO2
generated in ship is WHRS (Marine Waste Heat Recovery
System). WHRS means the system generating electric power with
organic rankine cycle whose working fluid 1s Freon or organic
media of hydrocarbon which 1s evaporated at the range of
temperature lower than that of water so as to use existing heat
source at middle and low temperature, which i1s released to the
air, effectively.

This research which is for the selection of quantity of organic
rankine cycle for WHRS generation selected fundamental
specifications of closed cycle, regeneration cycle and kalina cycle
and analyzed characteristics of cycle, 3 kinds of pure refrigerant
and 1 kind of mixture refrigerants by temperature changes of
coolant. In addition, as a measure to improve efficiency of WHRS
generation cycle, the characteristics of Hysys7.3 program of
Aspentech, which 1s widely used as a process design program of

industrial field were compared and analyzed for three measures



such as addition of superheater, utilization of solar heat system,
using of air cooler's waste heat. And, 1t analyzed economic
feasibility in case when WHRS generation system i1s applied to full
line with the data obtained by this research. And, the conclusions

were as follows,

1) As the result of the study on the characteristics of WHRS
ORC system by output of main engine by kinds of ship, turbine
output of 669.0kW for 13,000TEU container ship, 417.2kW for
crude oil ship, 159.3kW for 180k bulk ship could be obtained.

2) As the result of the study on the characteristics of WHRS
ORC system by kinds of cycle and coolant, regeneration cycle
showed higher cycle efficiency of from 0.75% to 4.41% than

closed cycle by working fluid.

3) The quantity of kalina cycle for WHRS generation whose
working fluid 1s compound of ammonia-water was selected and
cycle efficiency of 13.5% could be obtained. And, if composition
ratio of compound of ammonia-water i1s changed, cycle output and

efficiency were changed by changes of compound characteristics.

4) As the temperature of coolant of central cooling system which

1s used as collant of WHRS generation was increased, rate of



increase range of inquired flux was increased. And, inquired flux

was rapidly increased at the temperature of collant at more than

39°C.

5) Output increase of 5.42% could be obtained by overheating
working fluid in state of saturated steam from the evaporator in
the study on characteristics of system by addition of WHRS
generation superheater. And, there was no big change for cycle

efficiency by addition of superheater.

6) When using warm water generated by solar heat collecting
system in WHRS generation system, improved efficiency of from

2.04% to 4.05% was shown by temperature of warm water.

7) Efficiency improvement of 2.63% was shown when installing
preheater using waste heat generated in air cooler of main engine

in WHRS generation system and preheating working fluid.

8) If assuming that WHRS generation system is installed and
operated 1n 13,000TEU container ship, oil costs of from
$384,915.43 to $331,336.00 was expected to be saved per a year.
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Nomenclature

Heating Surface

Constant, also known as £

Specific heat

Concentration of j in the Inlet Stream
Concentration of j in the Outlet stream
Constant, also known as Velocity Head Factor
Fully Turbulent Friction Factor

Flow Rate of the Feed entering the Bank

Flow Rate of the Product exiting the Tank

Logarithmic Mean Temperature Difference
Correction Factor

Enthalpy

Component

Kinetic Energy (energy per unit mass)
Mass flow

Critical Pressure

Vessel Pressure (energy per unit mass)
Total Energy Injected in Cycle

Gas Constant

Reaction of Rate of the Generation of
Component j

Critical Temperature

[J/gK]



P;

Po

Cold Side Inlet Temperature

Cold Side Outlet Temperature

Hot Side Inlet Temperature

Hot Side Outlet Temperature

Inlet Temperature

Outlet Temperature

Internal Energy (energy per unit mass)
Overall Heat Transfer Coefficient
Volume of the Fluid

Working Fluid Pump Power

Cold Water Pump Power

Turbine Power

Logarithmic Mean Temperature Difference
Pressure Drop

Density

Density of the Feed entering the Bank
Density of the Feed entering the Bank

Potential Energy (energy per unit mass)

Shaft Work done by ystem (energy per unit

mass)

Deviation Factor
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Table 3-1 Data of the Ships

Size 13,000TEU  318,000DWT 180,000DWT

M/E Model 12S90ME-C9.2  7RT-FLEX 82T 6S70ME-C8.1
M/E MCRI[kW] 55,780 31,640 17,525
Exhaust Gas Temp’[T] 254.2 265.9 232.0
Mass Flow[kg/h] 396,500 203,364 154,500

Specific Heat[cal/g*] 0.2 0.2 0.2

Waste Heat[kW] 4,998.52 3,117.16 1,149.95
Cooling Water Temp’[TC] 36~40 36~40 36~40
Shipyard SHI DSME Hanjin
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Figure 3-2 T-h Curve of the Water
*20 "3
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Pump
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bar bar
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Vaporizer
Condenser
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ump
bar WF
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Figure 3-3 Closed Cycle for WHRS
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71wt Ak d g vl Al

[
juiii}

At 34 i Al 2gle] AFRAQl R-245fast 7F A8 A0 A,

Fol ohe AL nelste] FAT ORCHTA o] 2S LETh ) 4]
olZe BN, $E7), AEFARI, Fuvle] EAR TARG $37)
BRAAE WZEEE g Wad 225dS ANS 9T ALE

Table 3-2+= Figure 3-3 AlolE29 82 AL 73S YE

Aok, g4 g S HMutg sl A Al A Eojrl= EWle &

ANZAS Fxee], gHulol g4 #ES 2,000kPaz A A3sFS ). 2 4l
0

O0kPa¥d wje] *3}>%Q1 121.9TeofA

3
39.49C=2 AAsirt. $F71d] Bol7he W] £k 3% 4Ee
HEAQ1 Bkl Central Cooling System®] 718 i1#]ste] 200kPa, 3
6 C= sttt
Table 3-2 Conditions of Closed Cycle(WHRS)

Turbine Inlet 124.9 2,300 R-245fa
Turbine Outlet 76.39 300 R-245fa
Cond
endenser 39.49 270 R-245fa
Outlet
Pump Outlet 40.79 2,330 R-245fa
Cooling Water
Pump Outlet 36 200 Water
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Figure 3-4% R-245fa%] T-hA %9 Figure 3-3 Alo]Z<¢] gnlo ¢
7, =7 ¢¥<l 2,000kPa, 300kPa®] F$Hds wERWTh Figure 3-4
o] T-hi=E $sto] Bjule F33 R-245fa ¥ri= 714 BHE F4

g & A B3 AeaAe S5 Adr EF aA dH=

Zol Table 3-19] 7t Auhd D35 2AnE A
o =9, 72} g2 185
Hxo] & A8AFe ma&ol HA 90% oldd HS ayste]

90% = A5t}

lt:

=

600, —, -

500.

400.

Temperature (K)

300.

‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T

200.

200, T 400, 500. 800.

Enthalpy (kJ/kg)

Figure 3-4 T-h Curve of R-245fa
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*20 *3 Q-102

b bar
o Heat Flow | 6.139 | kW

Q-100
Turbine

*1.8
Pump !
CW Q-102

Turbine bar

Power | 669.0 | kw

Vaporizer
Condenser

bar

Q-101

< e | [HeatFlow [ 3675 kw

Figure 3-5 Simulation of Container Carrier

Figure 3-59 A4kol] AF&% AreRFA A&

-

Agatgom, 4 gt grhi

p— RT a
V=b  V(V+b)+b(V—0b)

a— CLcOé
2 7162
a, = 0.45724
b= 0.07780- ¢
=0.07780—

Va=1+x(1— 1"

k=0.37464+1.5422w, — 0.26992%20
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Vaporizer
DUTY 4999 | kW
Feed Temperature 4052 | C
Product Temperature | 1249 | C
Condenser

Duty 4366 | kW
Tube Side Feed Mass Flow | 230.0 | kg/s
Shell Side Feed Mass Flow | 20.85 | kg/s
Tube Inlet Temperature 36.00 | C
Tube Outlet Temperature 4041 | C
Shell Inlet Temperature 68.52 | C
Shell Outlet Temperature 3949 | C

Peng-Robinson ®742S

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)



Critical Pressure[Pa]

P

C

T = Critical Temperature[K]

C

R = Gas Constant

wp = Deviation Factor

Figure 3-59] AilelA dugtr|e] F 52 o 4
1;]._[13]

Q= UAAT, F, (3.9)

o] 7|4, U = Overall Heat Transfer Coefficient[W/m*K]
F, = Logarithmic Mean Temperature Difference
Correction Factor
A = Heating Surface[m?]

AT, = Logarithmic Mean Temperature Difference[K]

G T) (1T 1
Tin = Wz, — 7T, ~ 7. (8.10

o]7]A], T,, = Hot Side Inlet Temperature[K]
7,, = Hot Side Outlet Temperature[K]
7,, = Cold Side Inlet Temperature[K]

T, = Cold Side Outlet Temperature[K]
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3.1.2 Adre] /74 F718 S8 & A"

=

han IR0 —
Table 3-3< Figure 3-52] " Alo]ZFoA z AutdE ARE E3dho]
APE3 A9 = YRtk deoly e 9 4,998.52kWel w7 7FA

HolAM 669.0kWe] =95 d& F AL, A 4F 3,117.16kWe| =
717k H oA 417.2kWe] FHS o ALk HAMH A9
1,149.95kWe] w7172~ H el 4] 1563.9kWe] =85 45 + AUt

7 Auke] AN Ao FELE e Alo]FY A 2 2NFAS
Abgste] EdstAl 13.38%9] AtolEa&3 12.52%9 Brads ¥=

AN

filo
A
32
3.

A

Table 3-3 Results of WHRS ORC Simulation

Size i 13,000TEU ~  318,000DWT 180,000DWT
M/E Model 172S9OME C9. 2 7TRT-FLEX 82T 6S70ME-CS8.1
M/E MCRI[kW] 75;5,;8(7)77 Jﬁ 31,640 17,525
Waste Heat[kW] 4,998.52 3,117.16 1,149.95
Turbine Power[kW] 669.0 417.2 153.9
Working Fluid Pump[kW] 36.75 22.92 8.454
Cooling Water Pump[kW] 6.113 3.870 1.468
Condenser Duty[kW] 4,366 2,723 1,005
Cycle Efficiency[%] 13.38 13.38 13.38
Net Efficiency[%] 12.52 12.52 12.52
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Table 3-19A Ale]Z &4 (Cycle Efficiency): oS 2oz AAkalsd
t}.

W,

o714, W, = Turbine Power[W]

@, = Total Energy Injected in Cycle[W]

Table 3-191A Awv] @& Net Efficiency)& ths& Aoz Aibstolt),

W, = W= W,

p p

— 3.13
M, ) ( )

7|4, w,, = Working Fluid Pump Power[W]
= Cold Water Pump Power[W]

=
|

p2
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3.2 ¥ F7ol wE L] S A YA E Y FA

B Ao A= Table 3-19 Al 7FA AwF mel 2 wj7]7kx~ o] 7}
% @e 13000TEU AElolyie] Jug olgale] sfo] #7187l
Ao AEE = HFCAYEY R-245fa, R-134a¢ HCFCAY
-2

B2 mm B4 S FHow duycl BEFES AEs: Ze

3.2.1 R-245fa
R-245fat®= R-1239] diA|dvi2 otd Yoz A o]&% 2 a&AS4
= R-11, R-123 Ht 9Ix|5F ddYd EAlo] -Fsltfar dHA A

T/}.[S]

Vaporizer Condenser
DUTY 4999 | kW Duty 4366 | kW
Feed Temperature 4052 | C Tube Side Feed Mass Flow | 230.0 | kg/s
Product Temperature | 1249 | C Shell Side Feed Mass Flow | 20.85 | kg/s
Tube Inlet Temperature 36.00 | C
Tube Outlet Temperature 4041 | C
Turbine
Shell Inlet Temperature 6852 | C
Power [ 669.0 [ kW
Shell Outlet Temperature 3948 | C

=
*124.9 68.52
o (o4
Q103 Q-100
Turbine

Pump
cw @102

Q-102
Heat Flow | 6.139 | kw
Vaporizer Condenser
Pump
F
4852 &5 Q-101
c e Heat Flow | 36.75 [ kw

Q-101

Figure 3-6 Simulation of a Closed Cycle(R-245fa)
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Figure 3-6 R-245faEs Zte#AR st 2HAtolE29 4 v
ot AlolE AR A 27|Z27E Figure 3-39 Euirlo|Ey Y
Cia=s

Figure 3-7& R-245fags #sHA= Aol TFAF LHolt
1ek el 59+ el 2,000kPa¥ 2% EjHlIe] &+ ¢+¥ <l 300kPad]

Z7F ¢FgHol 850kPa A AHojA] AdFE =712 F7]35}

u

Vaporizer Condenser

DUTY 4998 | kW Duty 4331 | kW
Feed Temperature 57.04 | C Tube Side Feed Mass Flow 230.0 | kg/s
Product Temperature| 1249 | C Shell Side Feed Mass Flow| 20.69 | kg/s

Tube Inlet Temperature 36.00 | C

Q-100 Tube Outlet Temperature | 40.37 | C

Heat Flow | 318.7 | kW Shell Inlet Temperature 68.41 | C

Q-104 Shell Qutlet Temperature | 39.49 | C

Heat Flow | 379.3 | kW
gb‘ 28
PUP Q102

Q-102
Heat Flow [ 6.139 | kw

L -»6,——;
122.7
c 40.37

VLV-100 Condenser c

Pump Q-101
W 31.16 | kW

Heat Flow

MIX-100 30'37

Figure 3-7 Simulation of a Regeneration Cycle(R-245fa)
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Table 3-4% R-245fas ZefFAl= ot WHAte]Z3 AP F 9
ALt A2E YeRdL

A YAl FL HloA AR ZVE F718to ZsHA oDl A&
o] uAbolF thH] 4.41% =2 AbolE &S WA, F7] F7]9

=
oste] AEFHA Wze meFol AR Pastel Frase A%

|

3.2.2 R-134a
R-134av= E2I7HEA Yulz ool WE Hulolye] ZAEfHAzE +
Z AREAE Wrjolt AAE eEF A EA Al B3 ZAY
okl ZEFS oA o3l FHZE ti/do|th

Figure 3-8 R-134aZ ASHAR 3= DyAito]lZFo A4S vehith

Table 3-4 Results of Simulation(R-245fa)

Waste Heat[kW] 4,999 4,998
Turbine Power 1[kW] 669 318.7
Turbine Power 2[kW] 0 379.3

Total Turbine Power[kW] 669 698
Working Fluid Pump [kW] 36.75 31.16
Cooling Water Pump [kW] 6.139 6.139
Condenser Duty [kW] 4,366 4,331
Cycle Efficiency[%] 13.38 13.97
Net Efficiency[%] 12.52 13.22
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Vaporizer Condenser
DUTY 4999 | kW Duty 4613 | kW
Feed Temperature 5493 |C Tube Side Feed Mass Flow | 65.00 | kg/s
Product Temperature | 103.9 | C Shell Side Feed Mass Flow | 32.07 | kg/s
Tube Inlet Temperature 36.00 | C
Tube Outlet Temperature 5244 | C
Turbine
Shell Inlet Temperature 5507 | C
Power | 469.3 | kW
Shell Outlet Temperature 5207 | C

40 *15 bar i
bar 2 =
bar 1 .rB
Q-103 Q100 N oion
Turbine
Q-102
f Heat Flow | 1.735 [ kW
Vaporizer Condenser
Pump _)Q 1_5
WF bar
e = Q-101
bar bar Heat Flow | 83.32 | kW
Q-101

Figure 3-8 Simulation of a Closed Cycle(R-134a)

Table 3-5 Conditions of a Closed cycle(R-134a)

Turbine Inlet 103.9 4,000 R-134a
Turbine Outlet 55.07 1,500 R-134a
Condenser

52.07 1,200 R-134a
Outlet
Pump Outlet 54.93 4,300 R-134a
Cooling Water
Pump Outlet 36 200 Water

_26_



Table 3-5€ Figure 3-8 Alo]Z9 FL 4349 7|Z24HES YE
Ak, HHle] 2% E R-134a9] 4,000kPa o we] ¥3p2%9l
100.3004 A4 &4 F AT F e A4 2 aHEds o

o &5 3TCH #5A7 103.9C= AAs ALt 55719 &+
R-245fa®] 1,500kPa ¥ ®je] &H%=< 55.07CA 2=E5 3TH
a7 7 52.07CE AA3 o}

Figure 3-9% R-134aE& AsHA=E st AAYAlZ9 F4& v
dok 1 BRlel gkl 4,000kPadt 2% EjHle]l ET- ¢tEl<l
2,750kPa2] F3F k=l 1,250kPa A A 10% S71E F718te 4
B2 Eol7te FAE A ddel AHEsT

Vaporizer Condenser

DUTY 4996 | kW Duty 4603 | kW
Feed Temperature 56.52 | C Tube Side Feed Mass Flow | 65.00 | ka/s
Product Temperature | 103.9 | C Shell Side Feed Mass Flow | 31.05 | kg/s

Tube Inlet Temperature 36.00 | C

Q100 Tube Outiet Tomperature | 52.41 | C

Heat Flow [ 1666 | kw Shell Infet Temperature 5507 | C

Shell Outlet Temperature 5207 | C

Q-101
Heat Flow | 307.0 [ kW

Pump

cwW
i
36
Q-103 C

Q-104
va Q-104
5<% Heat Flow | 1.446 [ kW

VLV-100

5241 C

Condenser

56 Q-102

Heat Flow \ 80.67 | kW

37C Pump
WF

Q-102

Figure 3-9 Simulation of a Regeneration Cycle(R-134a)

_27_



Table 3-6< R-134a
ALt A3E YERd

A ALl 22 EIRIA A F7|E F7)ete] As Ao dde] AR
shof WalAbolZ o] 0.96% EE AbolZ m&S MYw, F7] 370
ojate] AE Al AL Ao FHo]l AN HAdte] AwEEY B¢

1.95% =< x5 YER A

il

AEGAR s Uw|Atol 29 A WA o] 29

—_—

Table 3-6 Results of Simulation(R-134a)

Waste Heat[kW] l 4,999 4,996
Turbine Power 10kW1 169.3 166.6
Turbine Power 2[kW]77 | JA 6 = 307.0

ey g
Total Turbine Power[kW] 469.3 473.6
Working Fluid Pump [kW] 7 81;.32 80.67
Cooling Water Pump [kW] 1.74 1.45
Condenser Duty[kW] 4,613 4,603
Cycle Efficiency[%] 9.39% 9.48%
Net Efficiency[%] 7.69% 7.84%
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i, Fsrol hdsto] 7HAY S olojzde] Wmi=
T2 AREEHIAT A dEAQ eERHedRA ey B¢

Al eoem, 20301 kel Abgo] k3

ol

201358 AL B Fd=
FA E o Aol

Figure 3-102 R-22& #A&RAR o= ZHitel29 745 YEd
o} AbolE A8 A9 27)F7E Table 3-79] YERY AT

Table 3-7& Figure 3-10 Alo]EF9 F9 AL ALY Z7|ZHAS Y
Ehdth BR9 Y%= F R-229 4,000kPa 4 wjo 2t2% <l

Vaporizer Condenser
DUTY 4999 | kw Duty 4668 | kW
Feed Temperature 5081 | C Tube Side Feed Mass Flow | 90.00 | kg/s
Product Temperature | 87.32 | C Shell Side Feed Mass Flow | 32.64 | kg/s
Tube Inlet Temperature 36.00 | C
Tube Qutlet Temperature 48.02 | C
Turbine
Shell Inlet Temperature 5111 | C
Power | 399.1 | kW
Shell Qutlet Temperature 48.11 | C

*87.32 51T E
Cc
Q-103 Q-100 Pump Q-102
Turbine
Q-102
. Heat Flow | 2.402 | kW
Vaporizer Condenser
Pump _)Q 4562
C
Q-101

Heat Flow | 68.08 | kW

Q-101

Figure 3-10 Simulation of a Closed Cycle(R-22)
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84.32TCoA AAl &d T LA &= U= d4 U wjasds 1y
e 2F 3CH 45AlA 87.32C=E MASAT §57]9 =72 %
+ R-229] 2,000kPa ¢ w9 &&=2%2 51.11TCeA &%& 3TYHY

SPAAA 48.11C=E A T}

Table 3-7 Conditions of a Closed cycle(R-22)

Turbine Inlet 87.32 4,000 R-22
Turbine Outlet b1.11 2,000 R-22
Condenser
48.11 1,700 R-22
Outlet
Pump Outlet 50.81 4,300 R-22
Cooling Water o %
Vaporizer Condenser
DUTY 4995 | kw Duty 4659 | kW
Feed Temperature 5203 |C Tube Side Feed Mass Flow | 90.00 | kg/s
Product Temperature | 87.32 | C Shell Side Feed Mass Flow | 31.25 | kg/s
Q100 Tube Inlet Temperature 3600 | C
Hoat Flow | P | W Tube Outlet Temperature 4800 | C
Shell Inlet Temperature 5111 | C
Q-101 Shell Qutlet Temperature 4811 | C
Heat Flow | 238.8 | kW
oW
Q-103 = i
Q-104
Q-104

v <
VLV-100

Pump
WF

Heat Flow | 2.002 [ kW

48
P

Condenser Q102

Heat Flow | 6518 | kW

*48.11
Cc

Q-102

Figure 3-11 Simulation of a Regeneration Cycle(R-22)
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Table 3-8 R-22% Z&fFA= st doArto] 23 A ol E9 A
A ARE YERISIT

QAL Z- ERIAA AP Z71E5 F7ete e Ao o dd ALS
sto] "WHrte]S dib] 0.75% H2 AlolE E&S HlA, F7] F7]
ojste] ZFfAl ALY ATl IR FHaAste] AWEEY] AT

1.83% =<2 x5 YER AT

—_—

Table 3-8 Results of Simulation(R-22)

Waste Heat[kW] 4,999 4,995
Turbine Power 1[kW] 399.1 162.6
Turbine Power 2[kW] Wil 0 E 238.8

|
Total Turbine Power[kW] 3991, 401.4
Working Fluid Pump [kW]T K 6;8})5737 65.18
Cooling Water Pump[kW] 2.402 2.002
Condenser Duty[kW] 4,668 4,659
Cycle Efficiency[%] 7.98 8.04
Net Efficiency[%] 6.57 6.69




3.2.4 YujEFol wE A" EX Ay B4
Table 3-9% 2&24doA St Alo]lE T/ % WIv] 7o o=

At 23 ke vEbdiT

Table 3-9 Results of Simulation(R-245fa,R-134a,R-22)

Waste Heat[kW] 4,999 4,998 4,999 4,996 4,999 4,995

Turbine
669 318.7 469.3 166.6 399.1 162.6
Power 1[kW] ‘

Turbine N 77 g
0 379.3 0 --307.0 0 238.8
Power 2[kW] :

1
Total Turbine ‘ ; j»
\

669 698 ' 469.3 | 473.6 399.1 401.4
Power [kW] |
Working Fluid 1

36.75 31.16  83.32 80.67 68.08 65.18
Pump kW]

Cooling Water

6.139 6.139 1.735 1.446 2.402 2.002
Pump [kW ]

Condenser

4,366 4,331 4,613 4,603 4,668 4,659
Duty [kW]

Cycle
Efficiency[%]

Net
Efficiency[%]

13.38 13.97 9.39 9.48 7.98 3.04

12.52 13.22 7.69 7.84 6.97 6.69
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Figure 3-12+= Table 3-99] Z} Zt&7A19 Aol 23 A Aol =
o AtelE &&S dehdth ayelA B wiel o] R-245fas FE
FA 2 = Aol Fo] 13.97% AlolE 28 = 7MY & a85

EfA AL, R-225 ZH5HAZ st LoAto]Fo] 7.98%% 7 W

i

16

Hl Closed Cycle
14 A — [ Regeneration Cycle

12 -
10 1

Cycle Efficiency[%]
o
|

o N O

R-245fa R-134a R-22
Working Fluid

Figure 3-12 Results of Cycle Efficiency[%]
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3.3 ZE} Alo]| &9 A|AH] EA

3.3.1 ZEy Alo] 29 7l
Figure 3-132 274 249 Zy Alo|29 A¥a HF3sH7] $ste]
UEld "ottt ZEy Afe]Ee 9 "I Zo] HY, $&7], £33
71, &F7], ATHARZ. L7, SL7], Be7], BFHoR o] FH
ok ZEu Ale]lE 3 7]E] BAfolE e zo)He FHIE T

FEUolE EREL otmiole] ulgo] B ¥aEvlel o] ugo]

o ¥stlow Uolxin, Ea ¥dE7|E HWS FEshA o,
Eote> AL7IE AYH A swAE AdsA Ha ALVIE A E

Evaporator

|
Regenerator

Expansion
Valve

Condenser

Figure 3-13 Schematic Diagram of the Kalina Cycle
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Figure 3-14 T-h Curve of Amonia
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3.3.3 Aty d3s]|gitd & ZEY Alo]E9] &FAA
Figure 3-156% AutH|E3]dd 8 22y Alol&& YERAY. Figure
3-159 A& AFE3 A3, 675kWe HHIEH 13.51%9 Alo]lE =&

Turbine

Evaporator

Condenser

ar Pump Pump
VA WF CW
353 ‘ *35.6 e 2 e
bar Regenerator bar 5 bar Bar
Q-103 Q-102

Figure 3-15 Diagram of the Kalina Cycle

Table 3-10 Conditions of the Kalina Cycle

Turbine Inlet 145.0 3,500 2.626
Turbine Outlet 72.69 600 2.626
Mixer Outlet 60.67 600 12.50
Condenser Outlet 40.0 570 12.50
WF Pump Outlet 40.33 3,560 12.50
Regen’tor Outlet 112.0 3,530 12.50
Evaporator Outlet 145.0 3,500 12.50
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Table 3-102 Figure 3-159] Zrg|u} Alol=e] F0o 7} Bio 2%,

b= FE YUeldT. FoA BE vlel o] SFU|E s & o
HyolE E3Eo AHAAGFH 12.50kg/solA 2.626kg/se] EZE=7|w

=
HuoR FY8a YA 4FRAE 972 FHEE 2

o
1k
o
o

Table 3-11 Figure 3-159] Zrg|yAjo]lEoA #8719 A< =
To odryoly ZgEo FANE Yetdt 39F o] By 4
M dREYokE H[Eo] 5.5 AW, VA 759 EslST]AME

wensl ve grvebt o wel Fwstel 0.915:0.085¢) S

olN

e

& EYol HjEE B, AAH S50 x| Fg-ol= 0.387:0.615

Temperature[ C] 145.0 | 145.0 145.0
Pressure[kPal] 3,500 3,500 3,500
Mass Flowl[kg/s] 12.50 2.626 9.874
Amonia

[Mole Fraction] 0.5 0.915 0.3863
Water

[Mole Fraction] 0.5 0.085 0.6137
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3.3.4 YEUYoLE EFEY AU W& Alo]E 54
grol- EFE R HFH EFERA T 54 o &

ot oldl A aste] ta W8l = Figure 3-18014 A% A
e D3 B ey Abel el dEYokE ERE =AW W

Table 3-12-2 Figure 3-159] ZE|y Alo]&9 R YolE 2= %
Al wE AlolE A ZAyE Yehdt, dRYokE T3tEe A H]
7} 52:48 o)A AHASole HEHAEE Ao ZIAVE SRS AL,

38:62 £4d¥] olstilM = TH=e] EsF=LF o] st LS 7]7)

%
Aol 50:509] v &3 e A Al 48:52, 46:54, 44:56, 42:58, 40:60
o] ZAJn|o A At AT
Figure 3-16<2 4R UYolhE E3tEo] ZAH|d wE Futr] $57],
A

Ao &= R

_38_



iy
2
il
3

rlr
o
X
Wl

Waste Heat[kW]

Total Turbine
Power [kW]

Working Fluid
Pump [kW ]

Cooling Water
Pump [kW ]

Condenser
Duty[kW]

Regenerator
Duty[kW]

Separtor Vapor
Mass Flow[kg/s]

Separtor Liquid
Mass Flow[kg/s]

Cycle
Efficiency[%]

Net
Efficiency[%]

4250

2.626

9.874

13.51

12.40

4277

550.7

53.98

4450

2.162

10.34

12.99

11.71

3552

436.6

53.41

4650

1.699

10.8

12.29

10.77

2823

317.8

52.85

4849

1.237

11.26

11.26

9.37

0.445

1941

5047

0.7755

11.72

9.55

7.02

1349

81.08

51.74

0.334

1320

5245

0.3155

12.18

6.01

2.15
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Figure 3-16 Diagram of the Kalina Cycle’s Heat Exchanger
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4 A -.— Cycle Efficiency L 200 E

() Net Efficiency
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50:50 4852 46:54 4456 4258 40:60

Amonia : Water

Figure 3-17 Diagram of the Kalina Cycle Efficiency
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Table 3-13+ Wz 2% W30 wE Zgy Alo] &9 A

& eI

Table 3-13 Results of a Closed Cycle according to the Cooling

Water Temperature

Waste Heat[kW]

Total Turbine
Power [kW]

Working Fluid
Pump kW]

Condenser
Duty [kW]

Cooling Water
Pump [kW ]

Cooling Water
Mass Flow[kg/s]

Cycle
Efficiency[%]

Net
Efficiency[%]

4999 4,999 4,999 4,999
674.7 6747 6747 6747
~\IMf 2.,
37.19° 37.19 L37.19 - 37.19
4361 2361 4361 | 4361
1
4499 5404 6763  9.030
168.7 202.5 253.2 337.8
1350 1350 1350 13.50
12.66 12.64 12.62 12.57

37.19

4361

13.57

507.4

13.50

12.48

4,999

674.7

37.19

4361

27.28

1019.0

13.50

12.21
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Figure 4-1 Schematic Diagram of Basic WHRS

_46_



Vaporizer Preheater Condenser
Duty 895.9 [ kw Number of Sides | 2 \ Number of Sides | 2 |
Tube Side Feed Mass Flow | 0.8600 | kg/s Exchanger Cold Duty | 998.5 | kW Exchanger Cold Duty | 1653 | kw/
Shell Side Feed Mass Flow 8.030 | kg/s
Tube Inlet Temperature 1400 | C
Tube Outlet Temperature 1368 (C
Shell Inlet Temperature 1210 | C
Shell Outlet Temperature 1220 (C
b Reserve
Q108 _ 19.81 *3 bar 17 14 TK
*3.4 bar bar Central bar
Heat bar Vaporizer Cooler
Exchanger oo Central Cooler
Turbine Duty 1658 | kW
Heat Exchanger Turbine Feed Temperature 4215(C
buty 1894 Powar 2529 | KW Y | Product Temperature | 36.00 | C
" Feed Temperature 1319 53 [g 1 Condenser
3-4 [ Product Temperature | 140.0 St Feed Pressure 19:81 | bar = |
ar Product Pressure | 3.000 | bar 1 K bar
Q-105
[ Heat Flow | 2.0776-002 [ kW | Q-100
Heat Flow | 4.164
Pump Pum|
P
HW s CW
= *20 bar 28 :2—
%32 bar bar
bar Q-102
Q-105 Q-0
Vaporizer Preheater Condenser
Duty 895.9 [ kw Number of Sides \ 0. \ Number of Sides 2 |
Tube Side Feed Mass Flow | 0.8600 | ka/s Exchanger Cold Duty | 998.5 | kW Exchanger Cold Duty | 1653 | kW
Shell Side Feed Mass Flow 8.030 | kag/s
Tube Inlet Temperature 1400 [ C
Tube Outlet Temperature 1368 [ C
Shell Inlet Temperature 121.0 (C
Shell Outlet Temperature 1220 (C
Reserve
Q=103 =122 65.56 4215 36 K
140 [o4 c c Central c
Heat c Vaporizer Cooler
Exchanger a5 Central Cooler
Turbine Duty 1658 | kW
Heat Exchanger Tormine Feed Temperature 4215 | C
buty 1894 | kW L Pawer 2520 | kW ¥ | Product Temperature | 36.00 | C
1 Feed Temperature 1319 | C @ o = |: ? Carntlenser
1319 [ Product Temperature | 1400 C : T2 : Foid Bressare 1981 | ber TR Jl
ADJ-1 Product Pressure | 3.000 | bar HC
Heat Fi C;:Jgi 002 | kW | i
[t Pow [ 2077e:002 [0V}
Pump WF Pum
P
HW = P
& 40.87 -
— *40 *36
131.9 c ¢
(o] Q-102
Q-105 Q-100

Figure 4-2 Simulation of Basic WHRS
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Table 4-12 Figure 4-29] XMulg|d3]4dbd A|xdHe Fo FAQ
A120& e gue) grEya 3 o
)

=
7] BET FYAE A AT FA M A8

S Ay HA eI " 2
FAeF T w3 Hx 2 {4 gAl =35 @Y. Figure 4-3
Alskel A 266.6kWe] ERIE= 2 13.32%9] Alo]lE 3 &2 95 & 9

Aot
Table 4-1 Conditions of Basic WHRS Cycle

Turbine Inlet 122.0 1.981 8.03
Turbine Outlet 65.56 300 8.03
Condenser Outlet 40 280 8.03
WF Pump Outlet 40.87 2,000 8.03
Preheater Outlet 121 1,982 8.03
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Vaporizer Superheater Preheater Condenser
Duty 8977 | kW Duty 1213 | kW Number of Sides \ 2 \ MNumber of Sides | 2 \
Tube Side Feed Mass Flow | 0.7800 [ kg/s | | Tube Side Feed Mass Flow | 8.030 | kg/s | |Exchanger Cold Duty | 9824 | kW Exchanger Cold Duty | 1747 [ kW
Shell Side Feed Mass Flow 8.030 | kais Shell Side Feed Mass Flow | 0.1000 | kg/s
Tube Inlet Temperature 1400 | C Tube Inlet Temperature 1214 | C
Tube Outlet Temperature 1368 | C Tube Qutlet Temperature 1320 | C
Shell Inlet Temperature 1200 | C Shell Inlet Temperature 1400 | C
Shell Outlet Temperature 1214 | C Shell Outlet Temperature 1378 | C

140 36
Cc Cc
Reserve
*{32 4249 K
SuperhBater C Central Cc
Cooler
Exchanger Central Caoler
Turbine Duty 1751 | kW
Feed Temperature 4249 | C
Heat Exchanger Turbine Prod CITD m 3600 | C
1 i 5B Fower 266.6 | KW ,g i roduct Temperature 3
ondenser
1169C | Feed Temperatre | 1159 | C 1 Feedfressre | 900 [boy [%] |
Product Temperature | 1400 |G| “1P0C 1368¢ Bogutpessae | S000 | ter i
[ Q105 Ty — G102 Q100
[ Heat Flow | 2.093e-002 | KW | 2087 LS Heat Fiow | 4164
ump
Pump WF
HW E%ﬂp
0 =
C Cc
Q-102
Q-105 Q-100
Vaporizer Superheater Preheater Condenser
Duty 2776 | kW Duty 1213 | kW Number of Sides \ 2 \ MNumber of Sides \ 2 \
Tube Side Feed Mass Flow | 0.7800 | ko/s | | Tube Side Feed Mass Flow | 8030 |kg's | | Exchanger Cold Duly | 1877 [ kW Exchanger Cold Duty | 1747 | kW
Shell Side Feed Mass Flow 8.030 | kg/s Shell Side Feed Mass Flow | 0.1000 | kg/s
Tube Inlet Temperature 1400 | C Tube Inlet Temperature 1214 | C
Tube Cutlet Temperature 1380 | C Tube Outlet Temperature 1320 | C
Shell Inlet Temperature 1215 | C Shell Inlet Temperature 1400 | C
Shell Outlet Temperature 1214 | C Shell Outlet Temperature 1378 | C

Exchanger
Heat Exchanger
‘[ DUTY 2001
*34 bar | Feed Temperature 1159 | C
Product Temperature | 1400 | C
Q-105

[ Heat Flow [ 2.093e-002 [KW |

Pump

HW

Q108

Reserve
19.7 *1.7 bar 14 TK
Superh@ater bar Central bar
Cooler
Central Cooler
Q-104
Turbine Duty 1751 | kW
Turbine Feed Temperature 4249 | C
Power 266.6 | kW .| Product Temperature | 36.00 | C
| Feed Pressure 19.70 | bar [g% Condenser
82 s Product Pressure | 3.000 | bar Y
r ar
| a0
104w |
Preheater]
Pump
CwW
58 =
bar bar
Q-102
Q-100

14
bar

Figure 4-3 Simulation of WHRS added a Superheater
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Table 4-2 Conditions of WHRS Cycle added a Superheater

Turbine Inlet 132.0 1,970 8.03

Turbine Outlet 77.54 | 300 8.03
IR =

Condenser Outlet 40.0 | 280 8.03

WF Pump Outlet 40.87 2,000 8.03

Preheater Outlet 120.0 1,982 38.03

Vaporizer Outlet 121.4 19,81 8.03
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4.1.3 #<&7] F7F AF v

Table 4-3< Figure 4-2¢} Figure 4-3¢ A4l ZA3tE el
gh ol 75 Frrete] e fAs HGddle o Ay SR
3to] ElNlZ o] 252.9kWell Al 266.6kW= 5.42% 453+t

=

o,

Table 4-3 Results of Simulation

Heat Exchanger[kW] 1,894 2,001
Turbine Power [kW] 252.9 266.6
Superheater Duty [kW]_ AN 1 0 121.3
Vaporizer Duty [kW] S | ¥ 895 ¢ 897.7
|
Preheater Duty[kW] 998.5 982.4
X NVt

Condenser Duty[kW] 1,653 1,747
Working Fluid Pump[kW] 11.83 11.83
Cooling Water Pump[kW] 4.164 4.164
Cycle Efficiency[%] 13.35 13.32

Net Efficiency[%] 12.51 12.52
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Figure 4-4+= Table 4-32] A4t A3} gk <ol
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WHRS System Simualtion
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Figure 4-4 Results of Heat Exchangers Duty

_52_



Figure 4-5+ Figure 4-2¢} Figure 4-39 Alo]ZFa&y Avga&S

Ueldith, AlolEFas2 7ZHzF 13.35%, 13.32%S JEMQ T, Anad
S 47 12.51%, 12.52%2) X2 F Alo]& Alolo] & & =ol= ¢l
Aot

16

Bl Cycle Efficiency
14 - 1 Net Efficiency
12 -

—
o
1

Efficiency[%]
(0"

O T T
fig.4-2 fig.4-3

WHRS System Simulation

Figure 4-5 Results of Efficiency
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Figure 4-7-& Table 4-49] SF&H]E W3lo] wa ALk Aol A

Hd7], SV, AL o8 Fe HEkdt a9y} o] o

o oajr ddfHo] TaHoR, Hgr|e Fur)e g2o dhb|Hs)
#k

= WAE Bela oare 2 dAT

-

Table 4-4 Results of Simulation according to the Heat Source

Ratio

Heat Exchanger kW] 2,051 | 2,028 2,005 1,967 1,926

Turbine Power [kW] 272.9  270.0 267.1 262.1 256.7

Superheater Duty[kW] — 35.66 76.84 117.3 142.7 165.9

Vaporizer Duty [kW] 1,033 O St | 905.4 841.8  778.1

[
!
|
N 194 A/
|

Preheater Duty[kW] 982.4 982.4  982.4 982.4 982.4

— 4

Condenser Duty[kW] 1,790 1,770 1,754 1,717 1,682

Working Fluid

Pump [kW]
Cooling Water

Pump[kW]
Superheater Outlet[C] 136.8 134.6 132.4 128.7 124.8

11.83 11.83 11.83 11.83 11.83

4.164  4.164 4.164 4.164  4.164

Cycle Efficiency[%] 13.31 13.31 13.32 13.32 13.33

Net Efficiency[%] 12.53 12.52 12.52 12.51 12.50
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Figure 4-7 Results of Heat Exchangers Duty
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Figure 4-9 Dynamic Simulation of WHRS
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Vaporizer Superheater Preheater ‘
Duty 4502 | kW Duty 1189 [ kW Exchanger Cold Duty | 1875 [ kW |
Tube Side Feed Mass Flow | 0.7800 | kg/s Tube Side Feed Mass Flow | 8.030 | kg/s
Shell Side Feed Mass Flow 8030 | ka's Shell Side Feed Mass Flow | 0.1000 | kg/s Condenser
Tube Inlet Temperature 1400 | C Tube Inlet Temperature 1212 | C Exchanger Cold Duty ‘ 1762 | W |
Tube Qutlet Temperature 1368 |C Tube Outlet Temperature 1320 | C
Shell Inlet Temperature 1214 | C Shell Inlet Temperature 1400 | C
Shell Qutlet Temperature 1213 | C Shell Qutlet Temperature 1378 | C
100A=150A 250A=200A
g';, 100A=150
bar
Q-100
34 ﬂ: bar Superheater _
bar Tee Q-107 Turbine
Vaporizer K Rower | 2514 -
Turbine b‘T T
ar
Sz bar Condenser
*3]3 bar
278 40A-100A
7 Q-102 —’2—
19.8 bar L[] Heat Flow | 14.20 Hai
Q-106 Preheater] 1B 98 Pump
98 200A-40A WE oA
4@ Y
bar G
*3.4b Q-103
Mixer 34 bar Q102

Figure 4-10 Simulation of the Piping Loss in WHRS

Vaporizer

Condenser

perheater

Turbine

Pump
Preheater

Figure 4-11 Diagram of WHRS Layout
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Figure 4-11& wjz Ax ¢
=5 YERAT
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Figure 4-109] &2 Alsle] ARE-#

P
ApP= kg

2
o 71 A,
AP = Pressure drop
p = Density
v = Velocity
K=D+BXf,
o] 71 A,

D = Constant, also known as velocity head factor

B = Constant, also known as #

fr = Fully turbulent friction factor
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Table 4-5% vj¥#EA 11y ofFo] w2 Alo]E +
=M e ¥ AkelE et 7] M, Casels Hij
A eSS WY AtelE A Fholil, CaseZv WiHEAS 1SS

we) gk e

g

Casel otiH] A 0.10%°A FHiL 0.40%<] *}o] 3k
2 YEhliE A2 st

AANH o7 7]+

Table 4-5 Results of the Piping Loss

Turbine Inlet 1,970 | 1,967 0.15
Condenser Inlet 300 | 298.6 0.47
WF Pump Inlet 280 280 0.00
o\ @ . e /. 9%
Preheater Inlet 2,000 ; 1,998 0.10
SH OF
Vaporizer Inlet 1,982 1,978 0.20
Superheater Inlet 1,981 1,973 0.40
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24 st

1) Material Ballance

d(p)
Tp_ﬂﬂi_ﬁépo (4-3)

o714,

F, = flow rate of the feed entering the bank
p;, = density of the feed entering the bank
F, = flow rate of the product exiting the tank

p, = density of the feed entering the bank
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2) Component Balance

d(V)
s BT E G TRV (4-4)

o 71 A,
j = component
j’L

C.. = concentration of j in the inlet stream

C. = concentration of j in the outlet stream

0

<

R; = reaction of rate of the generation of component ]

V = volume of the fluid

3) Energy Balance

%[(wkwﬂ = Fp;(w; +k,+&;) = Fop,(u, +k,+2,) (4-5)
+Q+ @ —(w+F.P,— FF)
o 71 A,

u = internal energy (energy per unit mass)

= kinetic energy (energy per unit mass)

k
¢ = potential energy (energy per unit mass)
V' = volume of the fluid

w = shaft work done by system (energy per unit mass)

P, = vessel pressure (energy per unit mass)

_62_



|

Figure 4-12% Figure 4-119]4 AAksk wjad&d 3HS a8 ste] 3
d7|E F713 AlolEY FEA ALY A4S yERdY. O™
AtolZe] YoM ¢ ws& =ol7] 3l AE

)
S
S F7F sklal, Bl Aol Hule 2¥& £dsr] §% PID =

—
140
Cc
I - N
=i & 1319 T 132.1 77.49
140 Superheater G VLV:101 c c
C
TEE-100 4
Q-104
2 = Turbine
it 39.93
PID-1 [oF
Turbine

Power 2656 [ kw E-100

Feed Pressure 19.83 | bar

Product Pressure | 3.012 | bar ‘(':36

é .62
Preheater 2'-,3 62
Pump
WF
—

—
135.7
c 44.53 g
-_— ¢ 5 4362
Iss7 ! c
MIX-100 = < — lr

VLV-100 fo

Figure 4-12 Dynamic Simulation of WHRS

Table 4-6 Paramerters of PID Controller

Set Point[kW] 265.6kW
Process Variable Max.[kW] 255.0kW
Process Variable Min.[kW] 275.0kW

Output Target Object Valve-101
Precess Variable Source Turbine Power
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Figure 4-13 Dynamic Simulation of WHRS according to the Heat

Source Temperature(Increase)
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Figure 4-15 Dynamic Simulation of WHRS According to the

Cycle Mass Flow
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Figure 4-17 Simulation of WHRS Using the Solar System
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Table 4-7< Figure 4-33} Figure 4-17¢ AAF 23S Vel
YA A" A FFEHE 259 25+ Y ko wt WHEA &

= As ayste], 56 Tl 60CT7HA F 57HA] 2ol st ATE

Table 4-7 Results of WHRS Simulation using the Solar System

.
Temperature[C] i}g—u; " 56 57 58 59 60

Heat Exchanger[kW] 2,001 1,955 1,947 1,939 1,931 1,923

Turbine Power [kW] 266.6  266.6 1 266.6 266.6 266.6 266.6

M M W~

- 121.3 7450 66.72 5893 51.14 43.41
S
|

897.7 944.3 952.1 959.8 967.6 975.4

Superheater Duty [kW]

Vaporizer Duty[kW]

_— mn A .

Preheater Duty[kW] 982.4 935.8T 928  920.3 912.5 904.7
Preheater_2 Duty[kW] 0 46.79 54.58 62.37 70.16 77.89

Condenser Duty[kW] 1,747 1747 1747 1747 1747 1747

Working Fluid
Pump [kKW]
Cooling Water
Pump [kW]

11.83 11.83 11.83 11.83 11.83 11.83

4.164 4.164 4.164 4.164 4.164 4.164

Cycle Efficiency[%] 13.32 13.64 13.69 13.75 13.81 13.86

Net Efficiency[%] 1252 12.82 12.87 12,92 1298 13.03
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Figure 4-20 Simulation of WHRS using the Air Cooler Waste Heat
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Table 4-8 Figure 4-37 Figure 4-20¢] A4t A3 yepdivh &
¢k o]l F7IH#e air cooler HEE ol&st= ALVIE AHA|EH

55.13kW9] air cooler HI< 3548 & AL},

Table 4-8 Results of WHRS Simulation using the Air Cooler Waste Heat

Heat Exchanger[kW] 2,001 1,948
Turbine Power [kW] 266.6 266.3
Superheater Duty [kW] | Wi 5 67.52
Vaporizer Duty[kW] rﬁ 897.777”7 952.6
Preheater Duty[kW] J- ;8;4 = 927.5
', NN,

Preheater 1 Duty kW] 0 55.13
Condenser Duty[kW] o 1,747 1,748
Working Fluid Pumpl[kW] 11.83 11.83
Cooling Water Pump[kW] 4.164 4.164
Cycle Efficiency[%] 13.32 13.67
Net Efficiency[%] 12.52 12.85
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2 AollME 3 Fg AFE vE S =2 Table 3-19] 13,000TEU
Adlolxe] F7]38el 12S90ME-C9.2 Relo] HIAAHHE o] &&to], Aty
A3]bd Alz=Ele] AX] 9 gl mE Aol st 4] kqleh i

3 = Tl AR
A& WAE ] ko] H A3 AlaEe] dughlelq w77k Augk
S 200C7HA dckar 7Fg3kRS wl, 4,998.52kW €S 4 At o] 3
dS H37] T composite type boilerE A slo] A el A 3|2
A

|2~8 2 A FFEE 700kPa, 170CY Z718 AA st 1 7143

Table 5-12 AWtA<Ql AHo|HYMoA 7] el 7+ heater ¥
Aol AREH = 587 S7IAREZR] 2.0ton/h} 37 S71AHE
=<l 1.8ton/hs #33tdd, composite type boilerdl ¥w3& & A
el cascade tank®] HFE9Q 50CAA 170C7HA] &5 54

3 dFS W 5 Autgdsedde] AREE & s dA

Table 5-1 Table of Waste Heat According to the Season

Winter 4,998.52 2.0ton/h [1,450kW] 3,048.52

Summer 4,998.52 1.8ton/h [1,305kW] 3,693.52
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Table 5-2+= Table 5-10A] AXkgE MutH|ds|4abde] &4, a4
719 o] & 713t wAolUA el 3 AFI AlolE T M ¥
G285 YE Figure 3-59 "HEAto]E9 Araa¢l 12.52%5 W
sto], Muts G| oA A7 g AES vEpdg. AdEE F
Alell 444.27kWek sFAlell 462.43kWe
Table 5-32 Ad§ 77] oz Wol] AR5+ MAN B&WALS
V28/32S el kWhd E8 IS vehdnh o] 2Eo] 750RPME 7
o8 sto] kWhd 8,420kJo] F@astal, thEduto A A-&ste= A9
gt gko]  9750kcal/kgdl WACHE Abg3ddta 7pAHshd, 1kWha
0.20626kg2] WACHE 2|l #holl dldEh of7]d Hd7] a8

96%= wotAl =W 1kWhe d=S AAakstr] $18) 0.21485kge] H#C
]_

o
Ty
1
o
ne
o
P
pacs
32
o

g 4

ofo
ol

[

A%E 9L & Yk

= Tt =

Jo

Table 5-2 Table of Power from WHRS

Winter 3,048.52 12.52 444.27

Summer 3,693.52 12.52 462.43

Table 5-3 Table of Marine Generator Engine Specification™?

Engine Speed 750rpm
kJ/kWh 8,420
Generator Efficiency 96%
Frequency 50Hz
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Figure 5-1 Price of Bunker Fuel Oil C(CST380)"7"
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Figure 5-3v @AY HA"HolYAH Av]x gld PCX : Pacific
China Express® =5 Yehldth. 8! o] 2= 354 3 A=
Faf ARl Fakel A ZaciARb s Ee 129, LS M= A A

e 119e] A8t

Table 5-4 Results of Saving Power by WHRS

Power from
44427 462.43
WHRS System[kW]
Saving Bunker
95.45 99.35
[kg/h]
Saving Price 64.94 66.86
[$/h] at $673/mt Nl '
Saving Price 57 56 5991
[$/h]at $603/mt ' '

Figure 5-2 Container Service line of PCX : Pacific China Express!*
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Table 5-5 Results of Saving Price by WHRS
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Saving Price
[$/year] at $673/mt

384,915.43

369,799.65

59.91

57.56

Saving Price
[$/h] at $603/mt

Saving Price
[ $/year 1 at $603/mt

344,878.00

331,336.08
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