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Abstract In order to recover the low grade waste heat and increase sys-
tem fuel economy for main engine 10S90ME-C9.2-TII(part load, exhaust gas
bypass) installed on a 10000 TEU container ship, a non-cogeneration and
single-pressure type of waste heat recovery system based on organic Rankine
cycle is proposed. Organic compound candidates appropriate to the system
are analyzed and selected. Thermodynamic model of the whole system and
thermoeconomic optimization are performed. The saturated organic com-
pound vapor mass flow rate, net electric power output, pinch point, thermal
efficiency and exergy efficiency varied with different evaporating tempera-
ture are thermodynamically analyzed. The results of thermodynamic and
thermoeconomic optimization indicate that the most appropriate organic
compound candidate is R141b due to its highest exergy efficiency, biggest
unit cost benefit and shortest payback time.

Keywords: Low grade waste heat; Organic Rankine cycle; Thermodynamic optimiza-
tion; Thermoeconomic optimization; Intelligent marine diesel engine
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ANCy
ANCINV
ANC,
ANCr

Ap
C'Tgl

C’Tg2
C:

Ein
Eout

ho
hs
th

ha
hs

U3
Vclin

Vclout

exergy loss cost, USD

original equipment cost, USD

annual operating cost, USD

annual total cost, USD

heat exchange areas outside of tubes, m>

heat exchange areas inside of tubes, m?

specific heat of exhaust gas at temperature Tg1, J/kgK

specific heat of exhaust gas at temperature Tg2, J/kgK

compensation factor for heat transfer piping

diameter of tube

exergy of exhaust gas at the inlet of exhaust gas boiler, W

exergy of exhaust gas at the outlet of exhaust gas boiler, W
gravitational acceleration, m/s?

overall heat transfer coefficient, W/m?K

specific enthalpy of organic compound at the outlet of condenser, kJ/kg
specific enthalpy of organic compound liquid at preheater inlet, kJ/kg
specific enthalpy of organic compound at the end of isentropic compres-
sion, kJ/kg

specific enthalpy of organic compound liquid at preheater outlet, kJ/kg
specific enthalpy of saturated organic compound vapor at specific ex-
haust gas boiler working pressure, kJ/kg

specific enthalpy of organic compound vapor at expander outlet, kJ/kg
specific enthalpy of organic compound vapor at the end of isentropic
expansion, kJ/kg

fin height under staggered arrangement, m

specific enthalpy of exhaust gas at boiler inlet, kJ/kg

specific enthalpy of exhaust gas at pre-heater inlet

specific enthalpy of exhaust gas at boiler outlet, kJ/kg

exergy loss of system, W

mass flow rate of exhaust gas, kg/h

mass flow rate of cooling water(sea water), kg/h

mass flow rate of organic compound, kg/h

total flow resistance of the circulating pipelines in condenser, Pa

total flow resistance of the circulating pipelines in boiler, Pa

Nusselt number

mass flow rate of organic compound, kg/h

Prand]l number

fouling resistance inside of tubes, m?K/W

fouling resistance outside of tubes, m*K/W

entropy, kg/(kg °C)

fin spacing under staggered arrangement, m

temperature

system total power output, W

exhausted power output, W

total power output of expander-generator, W

kinematic coefficient of viscosity, m?/s

specific volume of organic compound at the outlet of condenser, m®/kg
specific volume of organic compound at the outlet of pump, m? /kg
specific volume of cooling water at the inlet of condenser, m®/kg
specific volume of cooling water at the outlet of condenser, m>/kg
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Greek symbols

o —  convection heat transfer coefficient, W/m?K

Qout,tp — two-phase convection heat transfer coefficient of organic compound

which happens in condenser outside of tubes, W/(m?K)
Qout,sp — single-phase convection heat transfer coefficient of organic compound
outside of tubes, W/(m?K)

r — condensation heat transfer, W

nB — exhaust gas boiler efficiency considering the radiation loss, %

Ng — efficiency of expander-generator, %

Nm — mechanical efficiency, %

NPs — isentropic compression efficiency of pump, %

nTs — isentropic expansion efficiency of expander, %

Npump —  compression efficiency of pump, %

Nel,pump —  efficiency of cooling water pump, %

s — coefficient of kinetic viscosity, Pas

A —  coefficient of heat conductivity, W/mK

v —  vapour

by — total sum
Subscripts

c —  convective heat transfer

cl — cooling water

n — inlet

nb  — nucleate boiling

out — outlet

tp — convective boiling

1 Introduction

With the increasingly highlighted requirement of fuel economy, reliabil-
ity and stringement on emission regulations, a large two-stroke intelligent
marine diesel engine has been the best choice as a 10000 TEU container
ship’s main engine and waste heat recovery (WHR) has been one of the
most promising methods to improve ship’s performance of energy-saving
and emission-reduction. However, traditional waste heat recovery equip-
ment onboard, which mainly adopting exhaust gas boiler to yield saturated
steam for heating service, could not extract heat energy effectively from
exhaust gas and other waste heat sources (such as jacket water and scav-
enge air) for their low temperatures. Distinguishing characteristics of large
two-stroke intelligent marine diesel engine is its very low exhaust gas tem-
perature after turbochargers (about 250°C at normal continuous rating,
NCR) which has brought a dilemma to install traditional steam turbine
cogeneration systems onboard even though the total enthalpy of exhaust
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gas is tremendous [1]. How to recover waste heat effectively onboard has
been one of the state of the art issues in shipbuilding industry.

One effective method is to adopt thermo efficiency system (TES) de-
veloped by MAN B&W [2]. After main engine’s specially redesigned for
waste heat recovery, TES could redistribute the exhaust gas heat from
high amount/low temperature to low amount/high temperature so that
it could recover waste heat more easily. However, the cost specific fuel
oil consumption (SFOC) increases from 0.0% to 1.8% compared with the
standard main engine version before redesigned. Ma and Yang [3] designed
three conceptual waste heat recovery systems, i.e., TES (which uses wa-
ter as working fluid), TES-ORC (which uses organic fluid as working fluid)
and TES-SEG (which uses a screw expander-generator instead of the steam
turbine-generator), and numerical results indicated that the above three
systems were more feasible than traditional steam turbine cogeneration sys-
tems. Though the total power yield of TES-ORC was the highest, TES and
TES-SEG were more advantageous for their system simplicity and safety.

Another promising method is to employ organic Rankine cycle (ORC).
ORC can give a better performance to recover low grade waste heat on-
board, and there are several advantages for economical utilization of en-
ergy resources, small system applications and environmental impacts [4].
Durmusoglu et al. [5] theoretically designed an energy saving and power
solution using ORC for a container ship and proposed three performance
analysis criteria. However, they did not discuss appropriate organic com-
pounds for marine ORC use and did not do thermodynamic optimization
and thermoeconomic analysis. Yue et al. [6] designed an ORC based waste
heat recovery system for a marine diesel engine which employed isopentane
as working fluid, presented first law and second law results and designed
the most important components for ORC system-steam turbine. However,
they did not identify how to choose the optimum evaporating tempera-
ture. Yang and Ma [7] designed two conceptual waste heat recovery steam
turbine cogeneration systems which used Rankine cycle (RC) and ORC, re-
spectively. They found that the very low exhaust gas temperature brought
a dilemma to install traditional steam turbine cogeneration systems on-
board for intelligent marine diesel engine without adopting TES.

In the published literatures, not much is reported on the thermody-
namic and thermoeconomic optimization of ORC WHR systems onboard.
Also, the designed WHR systems employing RC and ORC are traditional
cogeneration systems and use forced circulation exhaust gas boiler. In this
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paper, a non-cogeneration ORC WHR system which uses natural circula-
tion exhaust gas boiler is proposed to recover waste heat of main engine
10S90ME-C9.2-T1I (part load, exhaust gas bypass) on a 10000 TEU con-
tainer ship to increase fuel economy. Thermodynamic and thermoeconomic
optimization models based on first law and second law are formulated. Ef-
fect of evaporating temperature on mass flow rate of the saturated organic
compound vapor, net electric power output, pinch point, thermal efficiency
and exergy efficiency are thermodynamically analyzed. In addition, pay-
back time analysis has also analysed.

2 Main diesel engine and organic Rankine cycle
waste heat recovery system

Effects of engine load on mass flow rate and temperature of the exhaust gas
after turbochargers of 10S90ME-C9.2-T1II (part load, exhaust gas bypass)
type marine diesel engine which is forseen to be equipped to a 10000 TEU
container ship are shown in Figs. 1 and 2, respectively. MAN B&W pointed
out that it is probably more realistic to use the ISO ambient temperatures
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Figure 1: Effect of engine load on mass flow rate of the exhaust gas after turbochargers.

as the average ambient temperatures in worldwide operation [2]. There-
fore, design point of ORC WHR system can choose main engine’s normal
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continuous rating point (90%SMCR) under the International Organization
for Standardization (ISO) ambient conditions, i.e., the mass flow rate and
temperature of the exhaust gas after turbochargers are 431500 kg/h and
266.8°C, respectively. In addition, the ISO ambient conditions refer to
a standard state where the ambient air suction temperature and cooling
water temperature are both 25°C.
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Figure 2: Effect of engine load on temperature of the exhaust gas after turbochargers.

For operational safety and cost-savings, natural circulation exhaust gas
boiler has been chosen. What’s more, in order to design a relatively
more simple WHR system and take into account the correspondingly in-
volved higher risks for soot deposits and fires of the exhaust gas boiler [8],
a non-cogeneration and single-pressure type of ORC WHR system has been
adopted. Non-cogeneration means that the exhaust gas boiler only yield
saturated or superheated organic steam for power output while the needed
saturaed water vapor for daily heating service should be produced by the
auxiliary boiler. Mago et al. [9] found that ORC WHR system which
makes saturated steam expand in steam turbine could achieve a satisfying
performance so that there was no need to superheat organic compound.
Thus, saturated organic compound vapor is adopted. Non-cogeneration
and single-pressure type of ORC WHR system diagram for main engine
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Figure 3: Non-cogeneration and single-pressure type of ORC WHR system.

10S90ME-C9.2-T1I (Part load, Exhaust Gas Bypass) on a 10000 TEU con-
tainer ship is shown in Fig. 3. Non-cogeneration and single-pressure type
of ORC WHR system consists of an exhaust gas boiler system, a vapour
turbine-generator system, a condenser system, organic compound pump,
hot well and control system.

3 Thermodynamic modeling and optimization

Temperature vs. entropy (7-s) diagram of the exhaust gas and organic
compound in the non-cogeneration and single-pressure type of ORC WHR
system for main engine 10S90ME-C9.2-T1I (part load, exhaust gas bypass)
on a 10000 TEU container ship is shown in Fig. 4. The exhaust gas enters
the evaporator at T}, then enters the preheater at Ty and leaves the boiler
at ng.

3.1 Organic compound candidates

In this paper, detailed thermodynamic and thermoeconomic optimization
models have been formulated based on the first and the second law of ther-
modynamics. The organic compound selection has been proven to be vital
to ORC plant efficiency and optimum performance [10-13]. Pre-selection of
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Figure 4: Temperature vs. entropy (7-s) diagram of the exhaust gas and organic com-
pound in the non-cogeneration and single-pressure type of ORC WHR system.

organic compound is performed according to the following criteria: (1) the
organic compound should have a critical temperature T,; near the exhaust
gas temperature; (2) the standard boiling point Tj,; should be near the am-
bient air temperature; (3). It should be a well-known organic compound in
the ORC field, i.e., an organic compound that has been previously studied
in the scientific literature or organic compounds that are used in commer-
cial ORC power plants, such as solkatherm, n-pentane or R134a [14]. The
final selection of organic compound candidates are described in Tab. 1.

3.2 Heat exchanger model

The heat exchangers are modeled by means of the logarithmic mean tem-
perature difference (LMTD) method for counter-flow heat exchangers. The
exhaust gas boiler uses annular finned tubes with exhaust gas flowing tur-
bulently across staggered tube bundles to obtain better heat transfer effect.
Condenser is a fixed shell and tube heat exchanger which uses bare pipes.

According to the above assumption, exhaust gas boiler inlet tempera-
ture Tj; and outlet temperature 7,3 have been known, so that the mass
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Table 1: List of considered working fluids.

Candidate fluids | Teri, °C | Peri, MPa | Thos, °C |

R123 183.3 3.6618 27.97
R141b 204.5 4.212 32.20
R245ca 174.57 3.925 25.28
R245fa 154.16 3.651 15.29
n-pentane 196.70 3.370 36.21
isopentane 187.35 3.378 27.98

flow rate of organic compound could be calculated as follows:

:mgUB (thl — th3) (1)
hs — hs ’

With the same method, the specific enthalpy of exhaust gas at preheater

inlet hrg2 could be calculated as follows:

mpnp (ha — h3

hrga=higs + 22 s ®
mgnp

Suppose that the specific heat of exhaust gas at temperature Ty; equals to

the specific heat of exhaust gas at temperature Ty [15], i.e., Crg1 = Crg2,

the temperature of exhaust gas at preheater inlet Tj» could be calculated

as follows:

h i hy—h
TgQZ Tg3 + mRT,B( .4 3) ) (3)
Crg1 Crg1mygnB
The pinch point temperature difference AT}, could be calculated as follows:
ATy, =Ty —T5 . (4)

For exhaust gas boiler, the overall heat transfer coefficient Kpyier is calcu-
lated as follows [16-18]:

1
Kboiler:ﬁ . (5)

Qout ainAp

convection heat transfer coefficient can be calculated through Egs. (6)—(9)

Qout = 0.23C, P22 Sip(s (%)_0'54(2_2)—0-14(@)0,65 | @
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Nu = 0.023 Re% Pr04 | (8)

Qi tp = Max (e, pp) - 9)

For condenser, the overall heat transfer coefficient K opgenser i calculated
as follows [19]:

1 1 dout 1 dout
= 4+ Tout + T + , 10
Kcondenser Aoyt out zn( dm ) Qin,sp ( dzn ) ( )
1 2 1
AN-"73/ pn -3
Coutp = 1.51(7) ()\3,029) : (11)
1
A e /3y 014
Q@ =jg—|(—— — . 12
out,sp J De( Y ) (,uw) ( )
3.3 Expander-generator model
Isentropic expansion efficiency of expander
hs — he
Npg = ———— . 13
T hs — he, (13)
Total power output of expander-generator
Wr=mmgnrsngnm (hs — he) - (14)
3.4 Pump model
For refrigerant pump, isentropic compression efficiency is
h3, — h2
Nps = ———= . 15
P h3 — h2 (15)
Output power recoverd from exhausted gases is
mpr [P*od
Wp = 2t (16)

Tlpump
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p3 —p2 = (pevap - pcond) + Apr . (18)

Driving power of the cooling water pump is

3 Velin+0U
Ml clin 5 clout Apcf

Weipump = (19)
Tlclpump
System thermal efficiency
Wr —Wp —W
Nthermal = Q creny ) (20)
Q= Mg (th1 - th3) nB - (21)
System exergy efficiency
Ein—XI—F
nemergy == ot . (22)
Ein

3.5 Thermodynamic optimization

For cycle performance simulation, the assumptions are made as follows:
(1) temperature of exhaust gas is 266.8 °C, and the mass flow rate is
431500kg/h; (2) all the ORC WHR systems using different organic com-
pounds have the same exhaust gas boiler outlet temperature 165 °C; (3)
ambient temperature is considered to be 25 °C, and the ambient pressure
is considered to be 101.325 kPa; (4) pinch point temperature difference is
5 °C; (5) condensing temperature is 35 °C; (6) subcooling temperature at
condenser outlet is 0.5 °C; (7) sea water temperature at the inlet of con-
denser is considered to be 25 °C, and sea water temperature at the outlet
of condenser is considered to be 30 °C; (8) the whole system is assumed
to reach steady state, Apgrs = 0.6 MPa, Ap.;y = 0.3 MPa, 7p, = 0.8,
Npump = 0.6, Netpump = 0.8; My = 0.75; g = 0.98.

In this case, the only available degree of freedom is the evaporating
temperature. The thermodynamics properties of the organic compounds
were calculated by standard reference data REFPROP 8.0 [20]. Effect of
evaporating temperature on mass flow rate of the saturated organic com-
pound vapor, net electric power output, pinch point, thermal efficiency and
exergy efficiency are demonstrated in Figs. 5 to 9, respectively.

It is obvious that the higher evaporating temperature, the greater net
power output, the bigger thermal efficiency and exergy efficiency. The max-
imum of net power output, thermal efficiency and exergy efficiency occurs
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when the evaporating temperature is close to its critical temperature. It
is easy to find that organic compound R141b has the biggest net power
output, thermal efficiency and exergy efficiency while organic compound
R245fa has the smallest. However, the pinch point shows a reverse. Also,
the needed organic compound mass flow rate differs for different fluids. The
one needed for the organic fluid n-pentane is the smallest while for R123 is
the biggest.

m
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Figure 5: Effect of evaporating temperature on mass flow rate of the saturated organic
compound vapor.

It is observed that system performance is very susceptible to the evap-
orating temperature on the hypothesis that the main variables, i.e., the
condensing temperature and the sea water temperature at the outlet of
condenser, are fixed by experience. It is necessary to determine the opti-
mal operating parameters.

The thermal efficiency cannot reflect the ability to convert energy from
exhaust gas into usable work. Therefore, the thermodynamic optimization
aims at maximizing the exergy efficiency, which can evaluate the perfor-
mance for waste heat recovery. The exergy efficiency varies with three vari-
ables, i.e., evaporating temperature, condensing temperature and sea water
temperature at the outlet of condenser. It is assumed that the evaporat-
ing temperature varies from 100 °C to the critical temperature, condensing
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Figure 6: Effect of evaporating temperature on net electric power output.
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Figure 7: Effect of evaporating temperature on pinch point temperature difference.



I

www.czasopisma.pan.pl E\g www.journals.pan.pl

POLSKA AKADEMIA NAUK

Z. Ma, J. Wu and Y. Zhang

Thermal Efficiency [%]
(€a]

8r —e—R123 i
—=—R141b
——R245ca

7 —»— R245fa 1

—&— n-pentane
—¥—isopentane
T

B 1 1 i 1
100 120 140 160 180 200 220
Evaporating Temperature [° C]

ke

Figure 8: Effect of evaporating temperature on thermal efficiency.

30 T T T T T

[
(=3}
T

[N
o
T

N
=
T

N
N
T

Exergy Efficiency [%]

R

20 —=—RI141b
—¢—R245¢ca
18 ——R245fa ]

—&—n-pentane
—¥—isopentane

100 120 140 160 180 200 220
Evaporating Temperature [° C]
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www.czasopisma.pan.pl P N www.journals.pan.pl

=
~—
KADEMLA NAUK

Performance optimization of organic Rankine cycle. .. 17

temperature varies from 35 °C to 50 °C and sea water temperature at the
outlet of condenser varies from 30°C to 45 °C. The results of this optimiza-
tion are presented in Tab. 2. According to Tab. 2, the maximum of exergy
efficiency is found at 197.0 °C when the ORC WHR system uses organic
fluid R141b while the minimum is found at 149.4 °C when the ORC WHR
system uses organic fluid R245fa. In addition, all of the optimal exergy
efficiencies pccur at the fixed condensing temperature 35 °C and the fixed
sea water temperature at the outlet of condenser 30 °C. What’s more, it
is obvious that all the optimal evaporating temperatures are close to their
critical temperatures.

Table 2: Performance of considered working fluids.

Candidates fluids | Teyap, °C ‘ Teri, °C ‘ Nex, %0

Nthermal s % Wneu kW

R123 177.8 183.68 26.34 10.490 1290
R141b 197.0 204.35 29.24 11.960 1471
R245ca 167.3 174.42 24.39 9.600 1180
R245fa 149.4 154.01 22.24 8.423 1036
n-pentane 193.7 196.55 26.70 10.730 1320
isopentane 184.7 187.20 25.54 10.090 1241

4 Thermoeconomic modeling and optimization

The goal of this section is to propose an alternative optimization for the
ORC WHR working conditions: instead of the exergy efficiency, the selected
objective function for this optimization is the unit cost benefit (UCB) ex-
pressed as follows:

(23)
ANC7 is the annual total cost of ORC WHR system. ANCp consists of
three parts, i.e., the annual operating cost, ANC,, the exergy loss cost,

ANCY7, and the original equipment cost, ANCyyy[21]:

ANCp = ANC,+ ANC;+ ANCinv . (24)
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AN B is the annual net profit and is expressed as
ANB = ANI — ANC, . (25)

ANT is the value of electricity recovered by ORC WHR system annually
and is expressed as
ANI =EPW,u D , (26)

where: EP — price of electricity in Chinese RMB, [0.5CNY,/(kWh)], D —
annual operating time [8000 h].
ANC, is calculated according to [22]:

ANC, = 0.1ANCy . (27)

ANCT is calculated by
ANCt = krlgysD , (28)

where: k; — per cost of exergy loss, [0.5CNY,/(kWh)], I,s — total exergy
loss of ORC WHR system [kW].
ANCipny is calculated according to [23]:

15
ANCiny = - > Cinvi s (29)
1

where: n — normal service life of ORC WHR system, [15 years|, Crny,; —
original cost of different equipments, [CNY].

Crnv,1 is the original cost of exhaust gas boiler, Crny,2 is the original
cost of expander, Cryy3 is the original cost of generator, Ciny4 is the
original cost of condenser, Cryv,5 is the original cost of refrigerant pump
and Crnv,e is the original cost of cooling water pump. Cryvy,; are calculated
respectively:

Crvva = 1161253 (UA)RS + (UA)S, ] | (30)

Crnve = 4627.6 x (81.05 + 21.1872Y + 34.1785Y 2~
22.6463Y3 + 5.54694Y 4 + 0.334884Y " + 0.165157Y 6+ (31)
0.007602Y7) |,

Y = In(Wiet/100) | (32)
Crnva = 21052.8W2:28 (33)

Crnva = 1106.6 A" (34)
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C = 493W 38 (35)
INV,5 P >
0.8
Cinve = 493W e pump - (36)

where U A, — heat transfer area of the preheater, m?, U Acpap — heat trans-
fer area of the evaporator, m?, W, — net system power output, kW, A,
— heat transfer area of the condenser, m?, Weipump — power ultilized by
cooling water pump, kW.

For the thermoeconomic optimization, assumptions are made: (1) de-
tailed structure parameters of the ORC WHR system have been carefully
determined, which means that the thermoeconomic optimization is only re-
lated to thermodynamic parameters; (2) condensing temperature is 35°C
and the sea water temperature at the outlet of condenser is 30°C.

Therefore, the only available degree of freedom is the evaporating tem-
perature. The results of this optimization are presented in Tab. 3. Accord-
ing to Tab. 3, the maximum of UCB is found at 195.3°C when the ORC
WHR system uses organic compound R141b while the minimum happens
at 147.9°C when the ORC WHR system uses organic compound R245fa.
It is easy to find that the optimal evaporating temperature value for the
UCB does not coincide with the optimal evaporating temperature value for
the exergy efficiency.

Table 3: Results of the thermoeconomic optimization.

Candidates fluids | Teyap, °C ‘ UCB ‘ ANB 1067¥/year ‘ Nea , %0 ‘ Whet, kW

R123 176.0 0.2976 3.867 26.32 1292
R141b 195.3 0.3909 4.690 29.22 1472
R245ca 165.9 0.2468 3.364 24.37 1182
R245fa 147.9 0.1885 2.712 22.22 1038
n-pentane 192.5 0.3121 4.001 26.69 1321
isopentane 183.5 0.2758 3.646 25.53 1242

The payback time of ORC WHR system is expressed as
c
_ I8 cranoy (37)
lg(1+1)

where: ¢ — payback time of ORC WHR system [year|, C' — annual saved
fuel cost [USD/year], i — annual interest rate [8%)].
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For the payback time simulation, assumptions are made as follows:
(1) mass flow rate and pressure of the needed saturated steam (water vapor)
which is produced by the auxiliary boiler for heating service is 3834 kg/h
and 0.7 MPa; (2) thermal efficiency of the auxiliary boiler is 0.93; (3) ther-
mal efficiency of the diesel generators is 0.9; (4) the specific fuel oil con-
sumption (SFOC) of diesel generators is 185 g/(kW h);(5) lower calorific
value (LCV) of the fuel is 42700 kJ/kg.

The variation of average price of fuel with different time is shown in
Fig. 10 [24]. The optimal evaporating temperatures in different ORC WHR
systems are decided by the thermoeconomic optimization. The variation of
payback time with price of fuel is illustrated in Fig. 11. Suppose the price
of fuel oil is still high in a long time, to install such ORC WHR system
on large or ultra-large merchant ships will be a great benefit to the ship
owners in the long-period service of the ship (normally 25 years).

oo T T T T T

Average Price of Fuel [USD/t]
= & o 2
a [ [ [

[ ]
=
o

100 1 1 1 1 1
2000 2002 2004 2008 2008 2010 2012

Time [Year]

Figure 10: Variation of the average price of fuel with different years.

5 Conclusion

Thermodynamic and thermoeconomic optimization of a non-cogeneration
and single-pressure type of ORC WHR system are performed in this paper.
The most appropriate organic compound candidate is R141b for the main
engine 10S90ME-C9.2-T1I (part load, exhaust gas bypass) on a 10000 TEU
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Figure 11: Variation of the payback time with the price of fuel.

container ship due to its highest exergy efficiency, biggest unit cost benefit
and shortest payback time. Further, operation performance under part
load conditions and system arrangement design onboard of such concept
ORC WHR system will be done.
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