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a b s t r a c t

Aiming to reduce fuel consumption and pollutant emission, a new kind of waste heat recovery system
(WHRS) is proposed to recycle the waste heat of marine engine. In the proposed system, steam and
organic Rankine cycles are combined to convert the waste heat of the exhaust gas and jacket cooling
water of marine engine into mechanical energy. A portion of the jacket cooling water is used as the
working fluid for the steam Rankine cycle subsystem to efficiently utilize the heat of jacket cooling water
and avoid increased ship weight caused by the extra water. The performance of the proposed system for
recovering the waste heat of a 14-cylinder two-stroke marine engine was simulated and compared to
performance of the WHRSs based on a single steam Rankine cycle (SSRC) and a dual pressure organic
Rankine cycle (DPORC). The results show that the proposed system could improve the thermal efficiency
of engine by 4.42% and reduce the fuel consumption by 9322 tons per year at an engine load of 100%,
while a WHRS based on a SSRC and a DPORC can only increase the thermal efficiency by 2.68% and 3.42%,
respectively. In addition, effects of evaporation pressure, the degree of superheat and engine load on the
output work, the exergy destruction rate, and the thermal and exergy efficiency of the proposed system
were analyzed to provide information for system optimization.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The volume of world trade is rapidly increasing, and most of
volume is transported through ship (Mondejar et al., 2018). Heavy
fuel consumption is required to provide power for the ships, which
greatly contributes to the oil crisis (Shu et al., 2013) and environ-
mental pollution (Corbett et al., 2007). Currently, approximately
half of the heat from fuel combustion in a marine engine is dis-
charged into the environment along with exhaust gas (EG) and
jacket cooling water (JCW), etc. (Shu et al., 2013). If this portion of
the heat can be recovered, the thermal efficiency of marine engine
can be increased and fuel consumption and pollution emission can
be reduced.

There are two ways to reduce the fossil fuel consumption and
environmental pollution. One way is to develop renewable energy
sources like biofuel (Liu et al., 2019a), geothermal energy (Parikhani
et al., 2019), solar energy (Liu et al., 2019b), and cleanworking fluid
(Liu et al., 2019c). Another is to recover the waste heat during the
energy conversion process utilizing technology such as organic
Rankine cycle (ORC) (Zhang et al., 2018), absorption refrigeration
(Liu et al., 2019d), and Kalina cycle (Ghaebi et al., 2018). An earlier
publication (Singh and Pedersen, 2016) reviewed different types of
technologies for marine engines. These technologies including
steam Rankine cycle (SRC) (Theotokatos and George, 2013), ORC
(Ng et al., 2019), Kalina cycle (Larsen et al., 2014), absorption
refrigeration (Salmi et al., 2017), and their combinations (Patel
et al., 2017). They have been utilized to convert the waste heat of
marine engines to electrical energy, heat energy or mechanical
energy. SRC is awell-established technology (Mondejar et al., 2018),
but its thermal efficiency is very lowwhen it is driven by heat lower
than 200 �C. Compared to SRC, ORC better utilizes waste heat at
lower temperatures (Jankowski et al., 2019). Therefore, consider-
able effort has been put into developing WHRS based on ORC to
recover the waste heat of EG, scavenge air, JCW, and lubricating oil
of marine engines. Baldasso et al. (2019) studied the effect of the
equipment for nitrogen oxide emission reduction with respect to
power generation, heat exchanger volume, and cost of a WHRS
based on ORC for a feeder ship. Zhu et al. (2018) optimized the
parameters of a WHRS based on the ORC for EG of marine engine
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Nomenclature

h Enthalpy (kJ$kg�1)
t Temperature (�C)
T Temperature (K)
W Work (kw)
Q Heat load (kw)
I Exergy destruction rate (kw)
m Mass flow rate (kg$s�1)
cp Isobaric specific heat capacity (kJ$kg�1$K�1)
s Entropy (kJ$kg�1$K�1)

Abbreviations
SRC Steam Rankine cycle
ORC Organic Rankine cycle
WHRS Waste heat recovery system
SSRC WHRS based on single SRC
DPORC WHRS based on dual pressure ORC
SORC WHRS designed in this work
JCW Jacket cooling water
EG Exhaust gas

Greak symbols
h Efficiency

ε Isentropic efficiency

Subscripts
eg Exhaust gas
w1 JCW for SRC
w2 JCW for preheater
he1 Heat exchanger 1
he2 Heat exchanger 2
ave1 Average temperature of EG in Heat exchanger 1
ave2 Average temperature of EG in Heat exchanger 2
tu Turbine
cn Condenser n
pn Pump n
ex Expander
E Exergy
OF Working fluid for ORC
0 Ambient condition
SRC Steam Rankine cycle
ORC Organic Rankine cycle
cw Cooling water
in Input
out Output
pre Preheater
ds Degree of superheat
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considering the thermodynamic and economic performance. Yang
and Yeh (2015) investigated the thermodynamic and economic
performance of a WHRS based on the ORC for marine engine, and
R1234yf showed the best performance among the six working
fluids. Shu et al. (2017) presented an operational profile for evalu-
ating the thermodynamic and economic performance of a WHRS
based on the ORC for marine engine to utilize the heat of EG. Girgin
and Ezgi (2017) used a WHRS based on the ORC with a generator to
utilize the heat of EG of a naval ship, and seven working fluids
containing R123, R141b, isopentane, n-pentane, n-hexane, ben-
zene, and toluene were tested. Soffiato et al. (2015) compared the
thermodynamic performance of WHRS based on the ORC, the re-
generated ORC, and a dual pressure ORC for recycling the waste
heat of the engine of liquefied natural gas carrier. Yang (2016) used
a WHRS based on a transcritical ORC to utilize the waste heat of a
marine engine. Six working fluids containing two HFOs, three HFCs
and R290 were tested. Andreasen et al. (2017) compared the per-
formance of a dual pressure SRC and an ORC for recovery of waste
heat of EG, scavenge air and JCW of marine engine. Uusitalo et al.
(2019) used the heat of EG of a cruise ship to provide steam,
which was utilized to heat consumers and generate electrical en-
ergy by the SRC and the ORC.

For some ships, the temperature of EG from their engine is
above 250 �C where SRC has better performance than ORC. In this
case, ORC can be combined with SRC to achieve greater efficiency of
EG heat usage. Nielsen et al. (2014) developed a WHRS containing
SRC and ORC to recover the heat of EG from a two-stroke diesel
engine. Choi and Young (2013) proposed a dual loop WHRS inte-
grating SRCwith ORC to utilize the heat of EG of 6800 TEU (Twenty-
foot Equivalent Unit) container ship.

JCW from a marine engine has a large amount of low temper-
ature waste heat, which is not easily recovered. As reviewed by
Mondejar et al. (2018), previous publications only used a single ORC
or SRC to recover the waste heat of JCW, or together with that of EG.
The results show that the recovery efficiency of high- or low-
temperature waste heat is relatively low. Combining the ORC
with the SRC to gradually recover the waste heat of JCW and EG can
overcome this problem, however, no studies on this method have
been discovered. The EG first provides heat to the evaporator of the
SRC and then continues to provide heat to the evaporator of the
ORC, indicating that the heat distribution between the two cycles
has an important effect on the cycle performance, however, no
optimization work has been performed.

In order to improve the degree of utilization of the waste heat of
marine engines, a new WHRS is proposed in this paper, which
combines the SRC and the ORC to gradiently utilizes the heat of the
EG and JCW. In the proposed system, a portion of the JCW is used as
theworking fluid of the SRC subsystem to efficiently utilize the JCW
heat and avoid increased shipweight caused by the extrawater. The
thermodynamic performance of the proposedWHRS for recovering
the waste heat of a two-stroke marine engine is analyzed.

2. The new waste heat recovery system

Fig. 1 is a schematic diagram of the newWHRS (SORC) proposed
herein. It contains an SRC subsystem and an ORC subsystem. The
SRC and ORC subsystems are used to recover the high and low
temperature heat of the EG, respectively, while they recover the
heat of the JCW by using it as working and preheating fluid,
respectively. In the SRC subsystem, a portion of the JCW from the
marine engine is heated to become superheated steam by the high-
temperature EG discharged from the engine. The superheated
steam enters the turbine to output work, which drives the gener-
ator to generate electrical energy. It then enters Condenser 1 to be
condensed into liquid water. Because the amount of JCW is very
large, the SRC subsystem cannot fully utilize all of it. Thus, the
working fluid for the ORC is preheated by a portion of the JCW from
the engine, with the intent to utilize the waste heat of the JCW to
improve the ORC output work efficiency. The working fluid is then
heated further by the EG in Heat Exchanger 2. JCW from the pre-
heater and Condenser 1 are blended and cooled in Condenser 3.
Then the JCW enters the engine to absorb heat. The temperature of
the JCW must be higher than 60 �C before entering the marine
engine. If the temperature of the JCW is too low, the cylinder and



Fig. 1. Schematic diagram of the proposed WHRS.
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combustion temperature will be low and the output work of the
engine will be reduced. A deaerator is used to remove the non-
condensable gases from the JCW before entering the engine.

Thermodynamic properties of working fluid have an important
influence on the performance of the ORC (Uusitalo et al., 2018).
Based on the previous results (He et al., 2011), cyclopentane is
chosen as the working fluid for the ORC subsystem. The discharge
temperature of EG at the outlet of Heat Exchanger 2 was set to a
minimum of 140 �C, because the acid dew point temperature of
approximately 130 �C can have a negative impact on the equipment
and needs to be taken into consideration.
3. Thermodynamic model of the new waste heat recovery
system

In order to clearly describe the thermodynamic process of the
working fluids in the newWHRS, the temperature-entropy diagram
is shown in Fig. 2. To simplify the simulation, the following as-
sumptions were made: (1) the systemwas in a steady state and (2)
the pressure drop and heat loss in heat exchangers and pipes was
Fig. 2. T-s diagram of the proposed WHRS.
negligible.
3.1. Thermodynamic model of steam Rankine cycle subsystem

After the JCW comes out from engine, it is pressurized by pump.
The electrical power consumed by the Pump 1 (Wp1) and exergy
destruction rate (Ip1) caused by the Pump 1 are calculated by

Wp1 ¼ mw1ðh2 � h2aÞ
εp1

(1)

Ip1 ¼ mw1T0ðs2 � s2aÞ (2)

where εp1 is the isentropic efficiency of Pump 1; mw1 is mass flow
rate of the JCW in the SRC; h2 and h2a are the enthalpies of the JCW
at Point 2 and Point 2a, respectively; s2 and s2a are the entropies of
the JCW at Point 2 and Point 2a, respectively; T0 is environment
temperature. mw1 can be obtained by

megcp;egðTA� TDÞ¼mw1ðh3 �hFÞ (3)

where meg is mass flow rate of EG; cp,eg is the isobaric specific heat
capacity of EG, TA and TD are temperatures of EG at Point A and
Point D, respectively; h3 and hF are the enthalpies of the JCW at
Point 3 and Point F, respectively. TD can be obtained by pinch point
temperature and TF.

In Heat Exchanger 1, the JCW absorbs heat from EG and evap-
orates into steam, which is an isobaric process. The temperature of
the JCWat the inlet of Heat Exchanger 1 is equal to the temperature
of the JCW at the outlet of the engine. The JCW at the outlet of Heat
Exchanger 1 is in a superheated state. The heat absorbed by the JCW
(Qhe1) and the exergy destruction rate (Ieg1) of EG during the heat
exchange process are calculated by

Qhe1 ¼ mw1ðh3 � h2Þ (4)

Ieg1 ¼ Qhe1

�
1� T0

Tave1

�
(5)

where h2 is the enthalpy of the JCW at Point 2. Tave1 is the average
temperature of EG in Heat Exchanger 1, which is calculated by
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Tave1 ¼ TA � TB
ln TA

TB

(6)

The exergy destruction rate of the JCW in Heat Exchanger 1 (Iw1)
is

Iw1 ¼mw1ðh2 �h3 � T0ðs2 � s3ÞÞ (7)

where s2 and s3 are the entropies of the JCW at Point 2 and Point 3,
respectively.

The exergy destruction rate of Heat Exchanger 1 (Ihe1) is

Ihe1 ¼ Ieg1 þ Iw1 (8)

At the outlet of Heat Exchanger 1, the water becomes high-
temperature and high-pressure steam and goes into the turbine
to output work (Wtu), which is calculated by

Wtu ¼ mw1ðh3 � h4sÞεtu ¼ mw1ðh3 � h4Þ (9)

where εtu is the isentropic expansion efficiency of the turbine; and
h4s is the enthalpy of the JCW at the turbine outlet when an isen-
tropic expansion process is proceeding.

The output work of the SRC subsystem (WSRC) is calculated by

WSRC ¼ Wtu �Wp1 (10)

The exergy destruction rate of turbine (Itu) is calculated by

Itu ¼ mw1T0ðs4 � s3Þ (11)

where s4 is the entropy of the JCW at Point 4.
The steam from the turbine outlet enters Condenser 1 and is

condensed into a liquid state. The heat released from the steam
during the condensation process (Qc1) is calculated by

Qc1 ¼ mw1ðh4 � h1Þ (12)

The exergy destruction rate in Condenser 1 (Ic1) is

Ic1 ¼ mcw1
�
hcw1;in � hcw1;out � T0

�
scw1;in � scw1;out

�þmw1ðh4
� h1 � T0ðs4 � s1Þ Þ

(13)

where hcw1, out and hcw1, in are the enthalpies of cooling water at the
outlet and inlet of Condenser 1, respectively; scw1, out and scw1, in are
the entropies of coolingwater at the outlet and inlet of Condenser 1,
respectively; and mcw1 is the mass flow rate of cooling water. The
thermal efficiency (hSRC), the exergy destruction rate (ISRC), and the
exergy efficiency (hE,SRC) of the SRC subsystem are calculated by

hSRC ¼ WSRC

Qhe1
(14)

ISRC ¼ Ip1 þ Ihe1 þ Itu þ Ic1 (15)

hE;1 ¼ WSRC

WSRC þ ISRC
(16)
3.2. Thermodynamic model of organic Rankine cycle subsystem

In the preheater, the heat exchange amount (Qpre) and exergy
destruction rate (Ipre) are calculated by
Qpre ¼ mw2ðh6 � h7Þ ¼ mOFðh3’ � h2’Þ (17)

Ipre ¼ mw2ðh6 � h7 � T0ðs6 � s7ÞÞ þmOFðh2’ � h3’ � T0ðs2’ � s3’Þ
� Þ

(18)

wheremOF andmw2 are the mass flow rate of cyclopentane and the
JCW through the preheater, respectively; h6 and h7, are the en-
thalpies of the JCWat points 6 and 7, respectively; h2’ and h3’ are the
enthalpies of cyclopentane at points 20 and 30, respectively; s6 and
s7 are the entropies of the JCW at points 6 and 7, respectively; and
s2’ and s3’ are the entropies of cyclopentane at points 20 and 30,
respectively.

The amount of heat exchange in Heat Exchanger 2 (Qhe2) is

Qhe2 ¼ mOFðh4’ � h3’Þ (19)

where h4’ is the enthalpy of cyclopentane at point 4’. The heat ex-
change process in Heat Exchanger 2 meets eq. (20), therefore mOF
can be calculated by eq (21).

megcp;egðTA’ � TD’Þ¼mOFðh4 ’ �hF’Þ (20)

mOF ¼
megcp;egðTA’ � TD’Þ

h4’ � hF’
(21)

where TA’ and TD’ are temperatures of the EG at points A0 and D’; hF’
is the enthalpy of cyclopentane at point F’. TA’ equals the temper-
ature of the EG at the outlet of Heat Exchanger 1. The exergy
destruction rate in Heat Exchanger 2 (Ihe2) is calculated by

Ihe2 ¼ Qhe2

�
1� T0

Tave2

�
þmOFðh3’ � h4’ � T0ðs3’ � s4’ÞÞ (22)

where s4’ is the entropy of cyclopentane at point 4’. Tave2 is the
average temperature of the EG in Heat Exchanger 2.

The output work (Wex) and the exergy destruction rate (Iex) of
the expander are calculated by eq (23) and eq (24).

Wex ¼ mOFðh4’ � h5’Þ ¼ mOFεexðh4’ � h5’sÞ (23)

Iex ¼ mOFT0ðs5’ � s4’Þ (24)

where h5’ and s5’ are the enthalpy and entropy of cyclopentane at
point 50, respectively; h5’s is the enthalpy of cyclopentane at the
outlet of the expander when an isentropic expansion process is
proceeding; εex is the isentropic expansion efficiency of the
expander.

The heat exchange amount of Condenser 2 (Qc2) is calculated by

Qc2 ¼ mOFðh5’ � h1’Þ (25)

where h1’ is the enthalpy of cyclopentane at point 1’.
The exergy destruction rate of Condenser 2 (Ic2) is calculated by

Ic2 ¼ mcw2
�
hcw2;in � hcw2;out � T0

�
scw2;in � scw2;out

�þmOFðh5’
� h1’ � T0ðs5’ � s1’Þ Þ

(26)

where mcw2 is the as the cooling water enters into Condenser 2;
hcw2, out and hcw2, in are the enthalpies of the cooling water at the
outlet and inlet of Condenser 2, respectively; scw2, out and scw2, in are
the entropies of the cooling water at the outlet and inlet of



Table 1
The mass flow rate and temperature of EG from engine under different loads.

Engine load/% Engine power/kW Mass Flow rate of EG/(kg$s�1) Temperature of EG/�C

110 92,708 223.4 287.4
100 84,280 202.0 284.0
95 80,066 191.3 282.5
90 75,852 180.6 281.0
85 71,638 170.1 279.2
80 67,424 159.5 277.3
75 63,210 148.9 275.1
70 58,996 138.4 273.2
65 54,782 127.9 271.0
60 50,568 117.5 268.6
55 46,354 107.1 266.3
50 42,140 96.9 263.2
45 37,926 86.6 259.6
40 33,712 76.4 256.8
35 29,498 66.2 253.2
30 25,284 56.1 248.1

Table 2
Parameters of SORC.

Parameter Value

Condensation temperature of SRC 46 �C
Condensation temperature of ORC 38 �C
Ambient temperature 25 �C
Pinch point temperature in heat exchanger 1 25 �C
Pinch point temperature in preheater 6 �C
Isentropic efficiency of pump 0.8
Isentropic efficiency of expander and turbine 0.8
Temperature of cooling water 25 �C
Pinch point temperature in condenser 1 and condenser 2 6 �C
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Condenser 2, respectively; s1’ is the entropy of cyclopentane at
point 1’.

The power consumed by Pump 2 (Wp2) is calculated by

Wp2 ¼ mOFðh2’ � h1’Þ
εp2

(27)

where εp2 is the isentropic efficiency of Pump 2. The exergy
destruction rate caused by Pump 2 (Ip2) is calculated by

Ip2 ¼ mOFT0ðs2’ � s1’Þ (28)

The output work of the ORC subsystem (WORC) is calculated by

WORC ¼ Wex �Wp2 (29)

The exergy destruction rate of ORC subsystem is calculated by

IORC ¼ Ipre þ Ihe2 þ Iex þ Ic2 þ Ip2 (30)

The thermal efficiency (hORC) and exergy efficiency (hE,ORC) of
the ORC subsystem is calculated by

hORC ¼ WORC

Qhe2 þ Qpre
(31)

hE;ORC ¼
WORC

WORC þ IORC
(32)

The total output work of the SORC (WSORC) is calculated by

WSORC ¼WSRC þWORC (33)

The thermal efficiency of the SORC (h) is calculated by
h ¼ WSORC

Qhe1 þ Qhe2 þ Qpre
(34)

The exergy efficiency of the SORC (hE) is calculated by

hE ¼
WSORC

WSORC þ ISRC þ IORC
(35)
4. Analysis of thermodynamic performance of waste heat
utilization system

In this paper, a two-stroke marine engine MAN
B&We14K98ME-C7.1-TII was selected as the research object to
evaluate the thermodynamic performance of the SORC. The tem-
perature of the JCW at the engine outlet is 85 �C, which does not
change under different loads. However, the temperature of the EG
from the engine changes significantly under different engine loads.
Table 1 gives the temperature andmass flow rate of the EG from the
engine under different engine loads, which is calculated by the
method provided in the MAN B&W K98ME-C7.1-TII manual (2014).

Using the thermodynamic model established above, the ther-
modynamic performance of the SORC under different working
conditions was calculated and analyzed. The calculation is carried
out using the program written in MATLAB. Table 2 shows some
recommended system parameters used during the calculation
process (Andreasen et al., 2015; Song et al., 2015).

The evaporation pressure of the SRC subsystem has an impor-
tant influence on the thermodynamic performance of the SORC.
The output work, thermal and exergy efficiencies of the SRC sub-
system, and the ORC subsystem under different evaporation pres-
sures of the SRC subsystem at the engine load of 100% were
calculated and are shown in Fig. 3. Pinch point temperature in heat
exchanger 2, EG discharge temperature, and the degree of super-
heat are set to 10 �C, 140 �C, and 25 �C, respectively. Fig. 3(a) il-
lustrates that as the evaporation pressure of the SRC subsystem
increases, the output work of the SRC subsystem first rises and then
falls; it reaches a maximumvalue when the evaporation pressure is
around 0.55 MPa. This is because when the evaporation pressure of
the SRC subsystem increases, the water at the outlet of heat
exchanger 1 is at a higher temperature. Therefore, the thermal ef-
ficiency of the SRC subsystem increases, but the heat of the EG input
into the SRC subsystem decreases. Meanwhile, additional heat of
the EG is input into the ORC subsystem as the evaporation pressure
of the SRC subsystem increases, which results in increased output



Fig. 3. Variations of thermodynamic performance of SORC at different evaporation pressures of SRC subsystem.
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work of the ORC subsystem. The output work of SORC increases first
and then decreases slightly with the increase of the evaporation
pressure of SRC subsystem. It is caused by that the thermal effi-
ciency of the SORC increases first and then decreases slightly with
the increase of the evaporation pressure of the SRC subsystem, as
shown in Fig. 3(d), which is determined by that as the evaporation
pressure increases, the heat absorbed by the SRC decreases and the
output work decreases rapidly, and the heat absorbed by the ORC
cycle increases, but the ORC efficiency remains lower than the SRC.
Fig. 3(b) shows that the exergy destruction rate of the SRC sub-
system decreases when the evaporation pressure increases, while
the exergy destruction rate of the ORC subsystem exhibits an
opposite trend. This can be explained by the smaller temperature
difference in Heat Exchanger 1 and the larger temperature differ-
ence in Heat Exchanger 2. The exergy destruction rate of the SORC
decreases initially and then slightly rises with the increase of the
evaporation pressure of the SRC subsystem. The minimum value
occurs when the evaporation pressure of the SRC subsystem is
between 1.7 and 2.3 MPa. Fig. 3(c) and (d) show that the thermal
and exergy efficiencies of the SORC have similar trends with output
work as the variations of evaporation pressure.

Fig. 4 shows the effect of the evaporation pressure of the ORC
subsystem on the thermodynamic performance of the SORC with
TB ¼ 210 �C and TB’ ¼ 140 �C. Evaporation pressure and degree of
superheat of SRC subsystem are set to 2.1 MPa and 25 �C, respec-
tively. It is evident that the change in the ORC evaporation pressure
only affects the performance of the ORC subsystem and the SORC.
As shown in Fig. 4(a), when the evaporation pressure of the ORC
subsystem increases, the output work of the ORC subsystem and
the SORC rises first and then decreases. There are two reasons for
this: (1) as the evaporation pressure of the ORC subsystem in-
creases, the temperature of the ORC working fluid from heat
exchanger 2 increases, which causes higher thermal efficiency of
the ORC subsystem; because the thermal efficiency of the SRC has
no change, the higher thermal efficiency of the ORC subsystem
results in a higher thermal efficiency of the SORC as shown in
Fig. 4(d), therefore the output works of the ORC subsystem and the
SORC firstly increase; when the extra output work caused by the
increment of thermal efficiency is less than the output work loss
caused by the decrement of the heat input into the ORC subsystem
as the evaporation pressure of the ORC subsystem increases, the
output works of the ORC subsystem and the SORC decrease. The
output work of the ORC subsystem and the SORC reachesmaximum
values at a pressure of approximately 0.75 MPa. In addition,
Fig. 4(b) and (c) show that the exergy distribution rates of the ORC
subsystem and the SORC decrease as the evaporation pressure of
the ORC subsystem rises. This is because as the evaporation pres-
sure of the ORC subsystem increases, the temperature difference in
heat exchanger 2 decreases, which means a lower exergy distri-
bution rate of the ORC subsystem. The exergy efficiencies of the ORC
subsystem and the SORC show rising trends with the increase of
evaporation pressure of the ORC subsystem. This is because the
exergy distribution rate of the ORC subsystem falls faster than the
output work of the ORC subsystem.

Fig. 5 illustrates the effect of the degree of superheat of the SRC
(tds) on the SORC performance when the evaporation pressure of
the SRC is 1.7 MPa, and the pinch point temperature in heat
exchanger 2, the EG discharge temperature and the degree of



Fig. 4. Variations of thermodynamic performance of SORC at different evaporation pressures of ORC.
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superheat are 10 �C, 140 �C, and 25 �C, respectively. As can be
observed from Fig. 5 (a), the output work of the SRC tends to
decrease when the degree of superheat increases, however it is
negligible. Whereas the output works of the ORC and SORC have
the opposite tendency. The explanation for this is as the degree of
superheat of the SRC increases, there is only a slight increase in the
enthalpy of steam at point 3 in the SRC and the combined tem-
perature point (TB) as shown in Fig. 5 (c). Therefore, the heat input
into the SRC has a slight decrease and the heat input into the ORC
has a slight increase. The thermal efficiencies of the SRC, ORC and
SORC also have minimal increases as shown in Fig. 5(d). As shown
in Fig. 5(b), the exergy destruction rates of the SRC and the SORC
show a very slight decrease as the degree of superheat of the SRC
increases, and the exergy destruction rate of the ORC subsystem
shows a very slight increase. It is caused by the higher degree of
superheat of the SRC resulting in a smaller temperature difference
between the EG and water in heat exchanger 1 while the higher TB
results in a larger temperature difference between the EG and
cyclopentane in heat exchanger 2, and the larger temperature dif-
ference means a larger exergy destruction rate. Correspondingly,
the exergy efficiencies of the SRC and the SORC show very slight
increases as the degree of superheat of the SRC increases, while that
of the ORC subsystem shows a very slight decrease.

The degree of superheat of the ORC subsystem only affects the
performance of the ORC subsystem, so the performance of the ORC
subsystem and the SORC has the same trend as the degree of su-
perheat of the ORC changes. Therefore, only the effect of the degree
of superheat of the ORC subsystem on the performance of the ORC
subsystem was studied. Fig. 6 shows the performance of the ORC
subsystem under different degrees of superheat with TB of 215 �C
and evaporation pressure of 1.3 MPa, pinch point temperature in
heat exchanger 2 of 10 �C, respectively. As the degree of superheat
increases, the output work and the exergy destruction rate of the
ORC subsystem has a significant reduction, which is shown in
Fig. 6(a) and (b). The reason is that as shown in Fig. 6(c), as the
degree of superheat increases, so does the EG discharge tempera-
ture, while the temperature difference between the EG and cyclo-
pentane in Heat Exchanger 2 decreases. Therefore, there is less heat
input into the ORC subsystem, and a lower exergy destruction rate
of Heat Exchanger 2 in the ORC subsystem. As shown in Fig. 6(d),
when the degree of superheat of the ORC increases, the thermal
efficiency of the ORC subsystem shows a slight increase initially and
then a slight decrease. This observation has been noted in other
literature (Roy et al., 2011). Because the output work decreases
faster than the exergy destruction rate as the degree superheat of
the ORC increases, the exergy efficiency of the ORC shows a
decreasing tendency, as illustrated in Fig. 6(e).

Using the parameters in Table 2, the maximum output work of
the SORC and the contribution of each subsystem under different
engine loads with the EG discharge temperature of 140 �C are
calculated as shown in Fig. 7. The output work of the ORC subsys-
tem, SRC subsystem and SORC, as well as the contribution of the
SRC subsystem to the output work of the SORC are observed to
increase as the EG temperature increases which is caused by the
increased engine load. As such, it can be deduced that the higher
the EG temperature, the more heat input into the SORC, which is
mainly input into the SRC subsystem.

Fig. 8 shows the best TB where the SORC gives the maximum
output work as a function of engine EG temperature. The best TB
increases as the temperature of the EG increases, and the increasing



Fig. 5. Effect of the degree of superheat of SRC on SORC performance.
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Fig. 6. Effect of degree of superheat of ORC subsystem on the performance of ORC subsystem.
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Fig. 7. ORC and SRC contribution ratio in SORC output work.

Fig. 8. Effect of EG temperature on the optimal. combined temperature of SRC and
ORC.

Fig. 9. Schematic diagram of DPORC.

Fig. 10. Comparison of engine waste heat utilization system.

Fig. 11. Comparison of the effects of waste heat utilization systems on the engine
thermal efficiency.
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speed becomes significantly slower at approximately 232 �C. This is
dependent upon whether the ORC or the SRC subsystem contrib-
utes more to the output work.

In order to evaluate the thermodynamic performance of the
SORC, the improvements in the output work and the thermal effi-
ciency of the engine from the SORC were compared to those from a
single SRC (SSRC) and a dual pressure ORC (DPORC, which is shown
in Fig. 9) under different engine loads as shown in Figs. 10 and 11,
respectively. The DPORC that was utilized in this comparison is
similar to the system designed by Li et al. (2018). In Figs. 10 and 11,
the optimized results for SSRC and DPORC are used. It can be
determined from Fig. 10 that the output work of the SORC is more
than 60% and 27% greater than that of the SSRC and the DPORC,
respectively, when the engine load is within the range of 30%e
110%. This shows that the SORC recovers more waste heat of the EG



X. Liu et al. / Journal of Cleaner Production 265 (2020) 121502 11
than the SSRC and the DPORC. Additionally, as shown in Fig. 11, the
SORC has more than a 60% and 27% in the improvement in thermal
efficiency of the engine higher than the SSRC and the DPORC,
respectively.

If the ship is in operation 300 days per year under an engine load
of 100%, the SORC can generate 52.98 � 106 kWh of electrical po-
wer. If the generator efficiency is 176 g$kWh�1, it can save 9322
tons of fuel, which equates to a savings of $10.25 million USD per
year based on a fuel price of $1100 USD$ton�1. It should be noted
that due to the complexity of the WHRS studied, the findings are
more applicable for large ships.
5. Conclusion

This paper proposed a new type of WHRS based on the SRC and
ORC to utilize the heat of the EG and the JCW of marine engines. A
MAN B&We14K98 ME/MC marine engine was utilized to evaluate
the thermodynamic performance of the WHRS. The main conclu-
sions are as follows:

(1) The output work of the SORC can be improved by decreasing
degree of superheat of the ORC subsystem and selecting
proper evaporation pressures of ORC subsystem and SRC
subsystem. The degree of superheat of the SRC subsystem
has no significant effect on the output of work of the SORC.
(2) The output work of SORC increase as engine load in-
creases, which makes the improvement from the SORC on
the engine thermal efficiency greater. The best TB which
makes SORC output the maximum work increases as the
temperature of EG increases, and the increasing speed be-
comes significantly slower at approximately 232 �C.

(3) The proposed system can more efficiently utilizing the heat
of the EG and JCWof marine engine compared to the existing
system. In addition, a portion of the JCW is used as the
working fluid of the SRC subsystem, which averts a weight
increase of the ship caused by extra water. It is worth
mentioning that the proposed system is more applicable for
large ships to provide electric power, future work on co-
generation system can be conducted to meet the different
remands on ship as well as make better use of waste heat.
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