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Abstract: AbstractsAs carbon dioxide emissions arising from fossil energy consumption and fossil
fuels are gradually increased, it is important for the low-carbon operation of ships to recover diesel
engine waste heat. A newly developed dual-loop organic Rankine cycle (ORC) system to recover
waste heat from a marine main engine (M/E) was designed in this paper. The exhaust gas (EG)
heat was recovered by the high-temperature (HT) loop. The jacket cooling water (JCW) heat and
the condensation heat of the HT loop were recovered by the low-temperature (LT) loop. Toluene,
cyclohexane, benzene, R1233zd (E), R245fa, and R227ea were selected as the working fluids. The
influence of the condenser thermal parameters on the LT loop was analyzed using the pinch point
method. The performance of the dual-loop ORC was investigated under various working fluid
combinations. The maximum net power of the HT loop can reach 253.4 kW when using cyclohexane as
the working fluid, and the maximum thermal efficiency of the HT loop can reach 18.5% with benzene
as the working fluid. Meanwhile, higher condensation temperatures and levels of condensation
heat of the HT loop have a positive effect on the performance of the LT loop. However, in most
conditions, the HT loop condensation heat could not provide enough heat for the LT loop’s working
fluid to start the boiling process. The total net power of the dual-loop ORC system was 410.6 kW
with Cyclohexane in the HT loop and R1233zd (E) in the LT loop, resulting in a 10.9% improvement
in the marine main engine thermal efficiency.

Keywords: marine main engine waste heat; organic Rankine cycle; dual loop; working fluid;
net power

1. Introduction

Recent developments in the field of the low carbon operation of ships have led to a
renewed interest in marine main engine waste heat recovery. The combustion efficiency of
marine main engines can reach 48-51%, while the rest releases into the environment [1].
Waste heat recovery is an indirect way to reduce carbon emissions [2]. Organic Rankine
cycle (ORC) technology has gained attention due to its simple structure [3] and its ability
to recover waste heat effectively. There is evidence that the ORC plays a crucial role in
recovering waste heat. Bertrand et al. [4] reviewed the use of the ORC for power gener-
ation. They pointed out that ORC was becoming the premier technology for converting
heat sources into power. Sylvain et al. [5] studied the economic applications of the ORC
and concluded that the ORC was well suited to recover decentralized low-volume waste
heat. Singh et al. [6] compared technologies in marine waste heat recovery. They sug-
gested that the ORC technology was characterized by higher thermal efficiency and lower
operating temperatures.

The heat of the exhaust gas (EG) and jacket cooling water (JCW) account for more than
60% of the marine waste heat [6], which is the most valuable waste heat to be recovered.
Ma et al. [7] designed a basic ORC with the JCW and the EG as the heat source. Yang et al. [8—
10] developed two independent basic ORC systems to recover the EG and JCW waste heat.
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According to their designs, seawater was the coolant. However, a primary concern of
marine waste heat recovery is that a large amount of condensation heat is absorbed by the
seawater, and is not recovered.

Recently, in addition to recovering waste heat using basic ORC techniques, researchers
have shown an increased interest in the dual-loop ORC, which could recover the condensation
heat. Ge et al. [11] analyzed the thermodynamic performance of the dual-loop ORC for
ICE; the results show that the net power output is mainly influenced by HTL working
fluid. Zhang et al. [12] designed a dual-loop ORC system for a marine main engine. It was
concluded that the shaft power produced by the marine main engine increased by 14-16%
at high loads and 38-43% at low loads. Yang et al. [13] developed a dual-loop ORC model
for the CNG engine and analyzed the thermodynamic and economic performance. They
discovered the negative impact of higher evaporation pressures and lower condensation
temperature on the system. Abbas et al. [14] analyzed six alkanes with low GWP, and thirty-
one organic work fluids were discussed with thermal efficiency as a performance indicator.
Among the six alkanes, Cyclohexane was superior and provided high thermal efficiency to
the cycle. Ping et al. [15] analyzed the thermodynamic performance of a dual-loop ORC
for a CNG engine, which achieved a thermal efficiency of 14.27% and a net power of 37.1
kW. Wang et al. [16] discussed the thermodynamic selection criterion of the working fluid.
The results showed that the critical temperature of the working fluid could be used as an
essential indicator of the thermodynamic economy. Zhi et al. [17] analyzed the parameters of
a transcritical and subcritical dual-loop ORC. The maximum net power was 97.95 kW, with
an increase of 6.52-19.78% compared to the pure working fluid. Shu et al. [18] presented
the potential of pumps to enhance the capabilities of a dual-loop ORC. Sciubba et al. [19]
compared single loop and dual-loop ORCs designed explicitly as a bottom for marine engines
in different power ranges. As a result, the net power could be raised significantly, to a
maximum of 8.11%, using R245fa and R600 in the LT loop. In addition, R245fa is preferred
over R600 since it allows for the production of the same power considering lower values for
the cycle top pressures. Ge et al. [20] analyzed the dual-loop ORC using zeotropic mixtures
for ICE. When compared to a system using pure working fluids with an engine exhaust gas
temperature of 573.15-623.15 K, the system net power output relative increment rates of the
mixture systems are 2.5-9.0% and 1.4-4.3%, respectively.

Recently, investigators have examined the effects of the combination of heat sources,
working fluid selection, operating parameters, and thermo-economic performance on the
dual-loop ORC. Although extensive research has been carried out on dual-loop ORC, no
single study considers the thermal parameters of the condenser of the HT loop in the
dual-loop ORC. Since the condenser of the HT loop is one of the evaporators of the LT
loop, it is an important component in the dual-loop ORC system and plays a key role in
recovering condensation heat. It is not yet clear what impact the heat load and dew point
of the condenser of the HT loop have on the system’s performance.

This paper describes the design and implementation of a dual-loop ORC system
for recovering waste heat from a marine main engine. There are two primary parts of
a dual-loop ORC: an HT loop for EG waste heat recovery, an LT loop for JCW and the
condensation heat of the HT loop waste heat recovery. Several environmentally friendly
organics were used as working fluids. With the net power as the optimal target, the
thermal performance of the dual-loop ORC was investigated under different working fluid
combinations. This study aims to contribute to the growing body of research into marine
main engine waste heat recovery by investigating the effects of the condenser thermal
parameters of the HT loop on the system performance. This paper is divided into five
parts. The first part offers a system description, the second discusses the thermal model,
the third addresses the methodology, the fourth offers the results and discussion, and the
fifth presents the conclusions.
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2. System Description
2.1. Marine Main Engine

A diagram of the WARTSILA 5RT-flex35 marine main engine is presented in Figure 1.
The EG outlet temperature must be controlled above 375 K to avoid acid corrosion [21]. The
actual measurements were taken, and the recorded operating parameters of WARTSILA
5RT-flex35 at its daily working load (86%) are shown in Table 1. The fuel energy conversion
diagram is shown in Figure 2, with 54.8%, 2.5%, 8.4%, 31.3%, and 3.1% shaft power output,
lubricating oil cooler, jacket water cooler, exhaust gas, and heat radiation, respectively.

Figure 1. Physical picture of Wartsilas5rt-flex35.

Table 1. The recorded operating parameters of WARTSILA 5RT-flex35.

Category Unit Value

Maximum continuous power kw 4350
Load 86.20%

Shaft output power kW 3750

Numbers of cylinders 5

Rotation speed per min (RPM) r/min 155
The inlet temperature of the EG K 578.15
The outlet temperature of the EG K 378.15

The mass flow rate of the EG kg/h 26,766.79

Average specific heat capacity of the EG kJ/ (kg K) 1.05
The inlet temperature of the JCW K 338.15
The outlet temperature of the JCW K 363.15
The mass flow rate of the JCW kg/h 19,760

Average specific heat capacity of the JCW KJ/ (kg K) 4.19
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Figure 2. The fuel energy conversion diagram.

2.2. The Dual-Loop ORC System and Working Fluids

A schematic diagram of a dual-loop ORC system is presented in Figure 3. The HT loop
contains the following components: evaporator 1, expander 1, a generator, condenser 1, and
pump 1. First, the working fluid is pumped to evaporator 1, where it absorbs the EG heat.
Second, the working fluid expands and works toward producing electricity in expander
1. Third, it is cooled to a liquid. Finally, it is drawn in and compressed by pump 1, and
the process is repeated to create a cycle. The LT loop comprises evaporator 2, evaporator
3, expander 2, a generator, condenser 2, and pump 2. The HT and LT loops couple with a
heat exchanger.

The selection of organics is an important step in designing a dual-loop ORC. Thermal,
physical, environmental, and safety impacts should be considered when selecting working
fluids. The ideal working fluid should have the following properties: high density; high
specific heat; a critical temperature and pressure compatible with the heat source; low
viscosity; low GWP and ODP; high heat of vaporization; additionally, it must be non-toxic
and non-flammable. In addition, fluids with GWP values above 2500 were banned by
the European Parliament regulation on fluorinated gases. CFC and HCFC fluids were
prohibited by MARPOL Annex VI Regulation-12 [22]. Based on the above requirements,
the primary principles for selecting candidate fluids in this paper are: low GWP, zero ODP,
and suitable critical temperature and pressure with the heat source. Toluene, benzene, and
cyclohexane, which have low global warming potential (GWP), were selected for the HT
loop since they have been proven in the literature [23-25] to have superior performance
in marine main engine EG waste heat recovery. R1233zd (E), R245fa, and R227ea were
chosen for the LT loop based on their suitable critical temperatures and working pressures
for low-temperature sources [26-28]. R1233zd (E) has a low GWP value and is considered
a replacement for R245fa [29]. The T-s diagrams of the six working fluids are shown in
Figure 4. The properties of the working fluids are listed in Table 2.
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Figure 4. T-s diagram of the working fluids.

Table 2. Properties of the working fluids.

Evaporator 1

Expander |

Expander 2

‘.

Name Chemical Formula GWP obDP Normal Boiling Point (K) Critical Pressure (kPa)
Toluene CyHg 3 0 383.75 4126.30
Benzene CeHg ~20 0 353.22 4907.30

Cyclohexane Ce¢H1o ~20 0 353.87 4080.50
R1233zd (E) C3H,ClIF3 7 0 291.47 3570.90

R245fa CF;CH,CHF, 1030 0 288.29 3651.00

R227ea CF;CHFCEF; 3500 0 256.81 2925.00
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3. Thermal Model

The Organic Rankine Cycle (ORC) is a heat-to-power conversion technology, which
is performed by expanders, heat exchangers, and pumps. In order to conduct a proper
comparison, different powers must be analyzed [30]. In this paper, mechanical and power
generation losses were ignored. For the expander, the expansion is assumed to be adiabatic;
therefore, the adiabatic power is equal to the mechanical as well as to the electrical power.
For the pump, assuming that the fluid is incompressible, the hydraulic power is used as
the ideal power, which is equal to the isentropic as well as the electrical power. Based
on the combination of these powers, the isentropic efficiency can be defined as adiabatic
power/isentropic power.

3.1. HT Loop System

The T-s diagram of the HT loop is shown in Figure 5. The theoretical thermal process is
composed of 1-2-3-4-5-6-1, which consists of the boiling (6-1), expansion (1-2), condensation
(2—4), pumping (4-5), and preheating (5-6) processes.

A

Exhaust gas
Working fluid HT
Working fluid LT

Pinch point
temperature

Temperature(K)

v

Entropy(kJ/kg-K)

Figure 5. T-s diagram of the HT loop.

Point 6 identifies the starting point for the boiling of the working fluid. Points 2" and
5 show the actual thermal process state points. Points 7-9 indicate an EG heat transfer
process under constant pressure. The pinch point occurs at point 8. When the cooling fluid
flows into the condenser, there are two situations: boiling (a) and unboiling (b).
The heat transferred by the EG can be calculated according to Equation (1):
Qgas = mgas " CP,gas (Tgas,7 - Tgas,9) 1)
The evaporator is divided into the preheating and boiling areas. The boiling process
(point6—1 in Figure 5) can be described as follows:

QpoiLHT = Mywint - (h1 T — Mo uT) )

The heat released by the EG during phases 7-8 can be calculated as follows:

ans7—8 = mgas *CP,gas ° (Tgas,7 - Tgas,S) (3)
Tgas,s = Tour + TppT 4)

where Subscript PPT is the pinch point temperature.
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The expansion process (1-2) can be described as follows:

Wexp HT = Mgt * (ho,1T — M, 47)

hyat — hoHr

Hexp,HT = 7—————F——
P hy, it — hout

The condensation process (2—4) can be described as follows:

QeonHT = Mwtut - (houT — hapr)

The pumping process (4-5) can be described as follows:

WoumpHT = Myenr * (hs,ut — hanT)

hsur — hau

Npump HT =
prmp hs, 1t — haur

The preheating process (5-6) can be described as follows:
QpreHT = Myt - (heHt — hsyHT)

an58—9 = Mgas * CP,gas * (Tgas,S - Tgas,9)

The net power of the HT loop can be calculated as follows:

Wnet,HT = Wexp,HT - Wpump,HT

The thermal efficiency of the HT loop can be calculated as follows:

_ Wnet,HT
Tthe HT =
ans

©)

(6)

@)

®)

©)

(10)

(11)

(12)

(13)

The back work ratio (BWR) of the HT loop refers to the ratio of pump work required
and expander work.

3.2. LT Loop System

The T-s diagram of the LT loop is shown in Figure 6. Nevertheless, there are two waste
heat sources in the LT loop system.

Temperature(K)

Jacket cooling water
Working fluid LT
Sea water

Working fluid HT

Entropy(kJ/kg-k)

Figure 6. T-s diagram of the LT loop.

The heat released by the JCW can be calculated as follows:

Q'w = Miw " CPjw * (Tw,7 - Tw,9)
] ] ] ) )

(14)
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where subscript jw is the jacket cooling water.
The evaporation process (5-1) can be described as follows:

Qevarr = Myerr - (Mt — hsiit) (15)

According to the first law of thermodynamics:

Qeva,LT = ij + Qcon,HT (16)

The expansion process (1-2) can be described as follows:
Wexp,LT = M1 - (h2rir — h1,17) (17)

: (hZI,LT - hl,LT) (18)

The condensation process (2—4) can be described as follows:

Wexp LT = m ir

Qeonit = M1t - (Mot — har) (19)

The pumping process (4-5) can be described as follows:

Wpump Lt = Mg+ (hsir — harr) (20)
hsyr — hyrr

= I5L1 7 MLT 21

Tpump LT hsy LT — hg T @

The net power and thermal efficiency of the LT loop can be calculated as follows:

Wnet,LT = Wexp,LT - Wpump,LT (22)
Whet,LT

ThelT = 5" (23)
Qeva,LT

3.3. Dual-Loop System

The total net power and thermal efficiency of the system can be calculated as follows:
Wnet,tot = Wnet,HT + Wnet,LT (24)

Whet tot
_ _Vnettot 25
Mthe,tot Qgas + ij (25)

4. Materials and Methods

According to the critical temperature range of the working fluids, Toluene, Benzene, and
Cyclohexane were selected as the working fluids for the HT loop. R227ea, R245fa, and R1233zd
(E) were chosen as the working fluids for the LT loop. Nine combinations, such as Toluene-
R227ea, Toluene-R245fa, Toluene-R1233zd (E), Cyclohexane-R227ea, Cyclohexane-R245fa,
Cyclohexane-R1233zd (E), Benzene-R227ea, Benzene-R245fa, and Benzene-R1233zd (E), were
built. The simulation was built in the SIMULINK and REFPROP 9.0 software environment.
Before the simulation, several assumptions were made, as follows:

(1) The EG outlet temperature was above 375 K.

(2) The heat exchanger pinch points were set at a temperature difference of 6 K [31] or more.
(38) The isentropic efficiency was 0.8 for the expander and the pump.

(4) The condensation pressure in the HT Loop was 102 kPa to avoid sealing difficulties.
(5) The resistance loss of the pipeline and all kinds of heat transfer loss were ignored.
(6) A condensation temperature of 308.15 K was set in the LT loop.
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As mentioned above, when the cooling fluid flows into the HT loop condenser, there
are two cases: boiling (a), in which the pinch point occurs in the LT loop evaporator 2;
unboiling (b), in which the pinch point happens in the LT loop evaporator 3. The T-s
diagram of the LT loop in case a is shown in Figure 7.

Jacket cooling water
Working fluid LT
——— Sea water

Working fluid HT

Toluene

Benzene Cyclohexane

Temperature(K)

Entropy(kJ/kg-k)

Figure 7. T-s diagram of the LT loop in case a.

In the case of a, the Pey, 17 and Tppt need to be set first. The LT loop working fluid heat
absorption process can be divided into two stages: the preheating and boiling areas. The
energy balance equations for the preheating and boiling areas can be obtained as follows:

Qprewi,LT = Mt * (he, LT — hs17) (26)
Qpre,jw,LT = Thjw “Cpjw - (Teva,LT + Tppt — Tjw,9) (27)
Qpre,wf,LT = Qpre,jw,LT (28)
QboiwiLT = Mygrr - (B — herr) (29)
Qboi,jw,gas = Qcon,HT + Thjw *Cpjw - (Ti'w,7 - Teva,LT - Tppt) (30)
Qboi,wf,LT = Qboi,jw,gas (31)
Define: 0

F = boi,jw,gas (32)

Qpre,jw,LT
E = Oboi,wf,LT (33)

Qpre,wf,LT

where Fj is the ratio of the heat released by the heat source in the boiling area to the
preheating area. F, is the ratio of the heat absorbed by the working fluid of the LT loop in
the boiling area to the preheating area. If F; is greater than F,, the evaporation pressure
should be increased further. The opposite is true. The calculation processes should end up
with an equal ratio between them.

The calculation process for the evaporation pressure of the LT loop in case a is listed
in Figure 8.
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][] Fort] ] [
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Figure 8. Flow chart of the Pey, T calculation in case a.

The T-s diagram of the LT loop in case b is shown in Figure 9. In the case of b, the
Pevar and Tppt need to be set first. The heat absorption process of the LT loop can be
classified as two evaporators: evaporator 2 and evaporator 3. The energy balance equation
within evaporator 2 and evaporator 3 can be obtained as follows:

QevaS = mwf,LT : (hl - hT‘W,7—Tppt) (34)

J

Qeva2 = Thwf,LT : (thw,7_Tppt - h5/) (35)

where it .1, is the entropy of the working fluid at the outlet of the evaporator 2.

Jacket cooling water
Working fluid LT
Sea water

Working fluid HT

Toluene

~_ ﬁ
=)

g Benzene Cyclohexane
=

=

|5}

o,

£ )
= 5 2

2
L 3
11
10

v

Entropy(kJ/kg-k)

Figure 9. T-s diagram of the LT loop in case b.

Define:
F3 _ Qcond,HT (36)
ij
QevaB
F, = 37
! QevaZ ( )

where Fj3 is the ratio of the condensation heat of the HT loop to the heat of the JCW. Fy is
the ratio of the heat absorbed in evaporator 3 (HT loop condenser) to the evaporator 2. If F3
is greater than Fy, the evaporation pressure should be increased further. The opposite is
true. The calculation processes should end up with an equal ratio between them.
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The calculation flow for Pey, 11 in case b is listed in Figure 10.

PEW.LT
! ! I
|Tmnﬂ.m_Tm,I.T_TPl’l‘<0| | Teatirr = oy ~Toyr >0 | |]:>0nd.l-l'l‘_chnJ,T_TPl’l‘:0|
wrong [r<n] [E=f] [A>R] [m<n] [E2E]
@El oulput |Pcva,LT+| |Pm,l.'l‘_| oultput
Poarx Feair

Figure 10. Flow chart of the Pey, 1T calculation in case b.

The optimum thermal parameters for a dual-loop ORC system can be found through
the above calculation processes.

5. Results and Discussion
5.1. HT Loop

Toluene, benzene, and cyclohexane were selected as the working fluids for the HT loop.
Because the condensation pressure in the HT loop was 102 kPa, the first set of analyses
examined the impact of the ratio between evaporation pressure and critical pressure (RECP)
on the thermal performance of the HT loop.

Figure 11a provides the variation of the EG outlet temperature with the RECP of
the HT loop. There is a clear increasing trend between the EG outlet temperature and
RECP. For cyclohexane, however, it decreases first and then increases. When the RECP
of the HT loop is 0.072 (toluene), 0.061 (benzene), or 0.073 (cyclohexane), the EG outlet
temperature was 393.6 K (toluene), 360.4 K (benzene), or 351.5 K (cyclohexane). Meanwhile,
at an RECP of 0.605 (toluene), 0.509 (benzene), or 0.612 (cyclohexane) in the HT loop, the
EG outlet temperature was 515.4 K (toluene), 422.5 K (benzene), or 393.9 K (cyclohexane).
Considering the acid dew point (375 K), one interesting finding is that it would clearly be
possible to meet the EG outlet temperature limit for toluene. At the same time, a higher
evaporation pressure would be required for cyclohexane and benzene.

From Figure 11b above, we can see that the heat of condensation for cyclohexane
was reported to be significantly higher than that of the other two working fluids. With an
RECP of 0.072 (toluene), 0.061 (benzene), or 0.073 (cyclohexane) in the HT loop, the heat of
condensation was 1337.8 kW (toluene), 1574 kW (benzene), or 1639.9 kW (cyclohexane).
Furthermore, at an RECP of 0.605 (toluene), 0.509 (benzene), or 0.612 (cyclohexane) in the
HT loop, the heat of condensation was 409.9 kW (toluene), 996.9 kW (benzene), and 1202.2
or (Cyclohexane). What is striking about the data in this figure is that the condensation
heat is a significant heat source in the LT loop. At a condensation pressure of 102 kPa, a
lower evaporation pressure is required to produce as much condensation heat as possible.
Compared to Figure 11a, the most crucial relevant finding is that there will be an optimum
evaporation pressure of the HT loop that both allows the EG outlet temperature limit to be
met, and produces a higher amount of condensation heat.
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Figure 11. Thermodynamic parameters of the HT-loop ORC system. (a) this is the variation of the EG
outlet temperature with the RECP of the HT loop. (b) this is the variation of the heat of condensation
with the RECP of the HT loop. (c) this is the variation of the back work ratio as the RECP increases.
(d) this is the trend in the net power increasing and decreasing with RECP. (e) this is the variation of
the thermal efficiency with the RECP of the HT loop.

Figure 11c shows the variation of the back work ratio as the RECP increases. The back
work ratio at an RECP of 0.072 (toluene), 0.061 (benzene), or 0.073 (cyclohexane) in the HT
loop was 1.04% (toluene), 0.92% (benzene), or 1.11% (cyclohexane). Additionally, at an RECP
of 0.605 (toluene), 0.509 (benzene), or 0.612 (cyclohexane) in the HT loop, the back work
ratio was 3.88% (toluene), 3.43% (benzene), and 4.02% (cyclohexane). The most interesting
aspect of this figure is the trend of rapid growth in the back work ratio with increasing RECP.
During isentropic compression, the pump discharge pressure rises in parallel with the increase
in evaporation pressure, while the thermal parameters of the pump inlet remain constant.
Cyclohexane has the highest back work ratio at the same RECP.

Figure 11d presents the trend in the net power increasing and decreasing with RECP.
At an RECP of 0.072 (toluene), 0.061 (benzene), or 0.073 (cyclohexane) in the HT loop,
the net power was 103.8 kW (toluene), 126.3 kW (benzene), or 130.4 kW (cyclohexane).
Meanwhile, at an RECP of 0.605 (toluene), 0.509 (benzene), or 0.612 (cyclohexane) in the HT
loop, the net power was 83 kW (toluene), 225.7 kW (benzene), and 245.7 kW (cyclohexane).
Further analysis showed that the maximum net power in the HT loop with toluene as the
working fluid was 160.3 kW at an RECP of 0.242. Similarly, when using Benzene as the
working fluid in the HT loop, the maximum net power was 238 kW at an RECP of 0.336.
Furthermore, in the HT loop, with cyclohexane as the working fluid, the maximum net
power was 253.4 kW at an RECP of 0.428. This result may be explained by the fact that, due
to the increase in the evaporation pressure, the power in the expander increases while the
mass flow rate decreases. Therefore, an optimal evaporation pressure can be obtained. At
the same evaporation pressure, cyclohexane has the highest net power of 253.4kW, followed
by benzene and toluene.



Energies 2022, 15, 8365

15 of 22

The results obtained from the preliminary analysis of thermal efficiency are set out in
Figure 11e. When at an RECP of 0.605 (toluene), 0.509 (benzene), or 0.612 (cyclohexane) in
the HT loop, the thermal efficiency is 16.9% (toluene), 18.5% (benzene), or 17% (cyclohex-
ane). These relationships may partly be explained by the fact that the heat of the EG does
not change much with increasing RECP, while the net power rises and the pump power
increases less markedly. Furthermore, the growth of the thermal efficiency slows down as
the RECP increases. Benzene has the highest thermal efficiency at the same RECP, followed
by cyclohexane and toluene.

5.2. LT Loop and Dual Loop

R227ea, R245fa, and R1233zd (E) were selected as the working fluids for the LT loop. The
condenser of the HT loop is the connection point for the dual loop. When the working fluid of
the LT loop flows into the HT loop condenser, there are two cases: unboiling (a), and boiling
(b). However, the heat exchange process must satisfy two requirements: (1) the evaporation
temperature of the LT loop must not exceed the temperature difference limit; (2) the condenser
of the HT loop must provide sufficient heat for the working fluid of the LT loop to complete
the heat exchange process. The performances of the LT loop and the dual loop are discussed
separately when cyclohexane, benzene and toluene are used in the HT loop.

5.2.1. Cyclohexane as the HT Loop’s Working Fluid; R227ea, R245fa, or R1233zd (E) as the
LT Loop’s Working Fluid

Figure 12 compares the net power of LT loop with cyclohexane as the HT loop’s
working fluid. It is interesting to note that, when the working fluid of the LT loop flows into
the HT loop condenser, it is boiling, and the pinch point occurs in the LT loop evaporator 2.
When the condensation heat load of the HT loop is 1574.4 kW, the maximum net power of
the LT loop is 169.5 kW (R227ea), 175 kW (R245fa), or 176.6 kW (R1233zd (E)). This result
may be explained by the fact that, when cyclohexane is used as the working fluid in the HT
loop, the condensation pressure and temperature in the HT loop are 102 kPa and 354 K,
respectively. On the other hand, the inlet temperature of the JCW is 363.15 K. As such,
the evaporation temperature of the LT loop must be limited to below 348 K. The heat of
condensation in the HT loop is another key factor that has an impact on the performance of
the LT loop. Because the condensation heat of the HT loop drops along with the increase in
the evaporation pressure in the HT loop, there is a reduction in the total heat in the LT loop.
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Figure 12. Net power of the LT loop with cyclohexane as the HT loop’s working fluid.
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Figure 13 provides the total net power data for the dual loop. With the increase in
condensation heat load in the HT loop, the total net power tends to increase and decrease,
and there is an optimum value. The simulation results show that, when the evaporation
pressure of the HT loop is above 1800 kPa, the EG outlet temperature will be above the acid
dew point of 375 K. Further analysis showed that, when the evaporation pressure of the
HT loop is above 1800 kPa, and the condensation heat load is above 1388.2 kW, the total
net power shows a decreasing trend. The maximum net power of the dual-loop system
is 410.6 kW at an HT evaporation pressure of 1800 kPa and an LT evaporation pressure
of 580 kPa. With the combination of cyclohexane-R1233zd (E), the total net power of the
dual-loop ORC system could reach 410.6 kW.
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Figure 13. Total net power of the dual-loop system with cyclohexane as the HT loop working fluid.

5.2.2. Benzene as the HT Loop’s Working Fluid, R227ea, R245fa, R1233zd (E) as the LT
Loop’s Working Fluid

As can be seen from Figure 14, the net power of LT loop with R1233zd (E) as the LT
loop working fluid was shown to be significantly higher than when the other two working
fluids were used. However, the current study found that, when the cooling fluid flows into
the HT loop condenser, it is boiling, and the pinch point occurs in the LT loop evaporator 2.
A possible explanation for this might be that the thermal parameters of the condenser of the
HT loop have a strong influence on system performance. First, the condenser temperature
of HT loop (Benzene) is 353.4 K, which means that the evaporation temperature of the
working fluid in the LT loop could not exceed 347.4 K. Second, the inlet temperature of the
JCW is 363.15 K, which provides the necessary requirements for boiling in evaporator 2 of
the LT loop. Third, the heat of condensation in the HT loop is not enough for the working
fluid in the LT loop to start the boiling process. When the heat of condensation in the HT
loop is 1459.2 kW, the maximum net power of the LT loop is 158.2 kW (R227ea), 163.5 kW
(R245fa), or 165.1 kW (R1233zd (E)). With the decrease in the HT loop condensation heat,
the net power of the LT loop showed an increasing trend. The net power of R1233zd (E) is
always higher than that of both R245fa and R227ea.
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Figure 14. Net power of the LT loop with benzene as the HT loop’s working fluid.

Figure 15 illustrates the trend in the total net power of the dual loop. When the
condensation heat of the HT loop is 1268 kW, the maximum total net power is 378.5 kW
(R227ea), 383 kW (R245fa), or 384.5 kW (R1233zd (E)). Considering the EG temperature
limit (375 K), it was discovered from the simulation that the condensation heat of the
HT loop must be less than 1370 kW. The maximum total net power is 384.5 kW with the
combination of Benzene-R1233zd (E).
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Figure 15. Total net power of the dual loop with benzene as the HT loop’s working fluid.
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5.2.3. Toluene as the HT Loop’s Working Fluid; R227ea, R245fa, or R1233zd (E) as the LT
Loop’s Working Fluid

Figure 16 explains the decay trend in the net power of the LT loop with toluene as the
HT loop’s working fluid. The pinch point of R227ea and R1233zd (E) is located in the LT
loop evaporator 2. It is surprising that the pinch point of R245fa is located in the HT loop
condenser when the condensation heat of the HT loop is 1337-1287.5 kW. At 1287.5-715.2
kW, the pinch point is located in the LT loop evaporator 2. Another possible explanation
is that a higher evaporation pressure for the working fluid could be selected. When the
toluene condensation temperature is 383.9 K, the maximum evaporation temperature is
376.9 K. When the heat of the JCW is certain, the HT loop condensation heat is sufficient
to provide enough heat for the LT loop working fluid to start the boiling process, and
the pinch point can be located in the HT loop condenser. On the contrary, if the HT loop
condenser cannot provide sufficient heat for the LT loop to start the boiling process, the
pinch point only occurs in the LT loop evaporator2.
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Figure 16. Net power of the LT loop with toluene as the HT loop’s working fluid.

Figure 17 shows the trend in the total net power of the dual loop. The net power of the
dual loop tends to increase and decrease, and an optimum value exists. In the combination,
R227ea is the largest and R1233zd (E) is the smallest.

According to these data, we can infer that higher condensation temperatures and
levels of condensation heat of the HT loop are beneficial to the net power of the LT loop,
but not to the HT loop. Due to the limitations of the exhaust gas outlet temperature, higher
condensation temperatures and heat levels are unavailable. Table 3 shows the optimal
numerical setup for a dual-loop ORC.
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Figure 17. Total net power of the dual loop with toluene as the HT loop’s working fluid.

Table 3. The optimal numerical setup for a dual-loop ORC.

Dual-Loop ORC HT Loop LT Loop HT Loop LT Loop HT Loop LT Loop
Working fluid Cyclohexane R1233zd (E) Benzene R1233zd (E) Toluene R227ea
Peya (kPa) 1800 580 1300 569 700 1850
Peon (kPa) 102 182 102 182 102 608
Mass flow (kg/s) 2.76 8.99 2.82 8.68 2.72 14.2
Tgas,out (K) 375.3 393.9 410.7
Absorbed heat load (kW) 1583 1913.1 1497.7 1843 1306.8 1730
Net power (kW) 253.4 157.2 234.8 149.6 154.4 186
Max total net power (kW) 410.6 384.4 340.4
Thermal efficiency 0.16 0.082 0.156 0.081 0.118 0.107

6. Conclusions

A dual-loop ORC system was designed for recovering waste heat from a WARTSILA
5RT-flex35 marine main engine. The high-grade waste heat (EG) was recovered by the
HT loop, and the low-grade waste heat (JCW and condensation heat) was recovered by
the LT loop. The energy conversion of the marine main engine was measured at an 86%
load. According to the critical temperature range of the working fluids, six working fluids,
such as toluene, cyclohexane, benzene R1233zd (E), R245fa, and R227ea, were selected. The
thermodynamic model of the dual-loop ORC system was established, and a simulation
analysis of the performance of the system was carried out. The main conclusions obtained
from this study are listed as follows:

In the HT loop, the maximum net power of the HT loop can reach 253.4kW with
cyclohexane as the working fluid, and the maximum thermal efficiency of the HT loop can
reach 18.5% with benzene as working fluid. It would clearly be possible to meet the EG
outlet temperature limit for toluene at evaporation pressures of 300-2500 kPa. In addition,
at a condensation pressure of 102 kPa, higher condensation temperatures and levels of
condensation heat in the HT loop have a positive effect on the performance of the LT loop.
Due to the EG outlet temperature limitation, higher condensation temperatures and heat
levels are unavailable.
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In the LT loop, the thermal states of the LT loop working fluid flowing into the HT
loop condenser were analyzed in two cases, using the pinch point method. When the HT
loop working fluid is either cyclohexane or benzene, the pinch points of R227ea, R1233zd
(E), and R245fa are located in LT loop evaporator 2. However, with toluene as the HT loop
working fluid, the pinch point of R245fa is located in the HT loop condenser at evaporation
pressures of 300-500 kPa and in the LT loop evaporator 2 at evaporation pressures of
500-1800 kPa. Notably, the findings reported here shed new light on the fact that, in most
conditions, the HT loop condensation heat could not provide enough heat for the LT loop’s
working fluid to start the boiling process.

With the combination of cyclohexane-R1233zd (E), the total net power of the dual-loop
ORC for marine main engines could reach 410.6 kW, which would improve the thermal
efficiency of the marine main engine by 10.9%, when comparing the simulation results of
the nine working fluid combinations.

Although the current study was based on a 4350KW diesel engine, the results show the
great potential and value of a dual-loop organic Rankine cycle for waste heat recovery. It is
strongly recommended that further techno-economic studies are carried out to investigate
and experiment with dual-loop organic Rankine cycle technology.
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Nomenclature

Acronyms

ORC organic Rankine cycle
M/E marine main engine

EG exhaust gas

JCW jacket cooling water

HT high temperature

LT low temperature

GWP global warming potential
OoDP ozone depletion potential
RECP ratio between evaporation pressure and critical pressure
Subscripts

gas exhaust gas

jw jacket cooling water

PPT pinch point temperature
boil boiling process

wif working fluid



Energies 2022, 15, 8365 21 of 22

exp expander
pump pump
con condenser
pre preheating process
net net
the thermal
eva evaporation process
tot total
Nomenclature
Q heat load (kW)
1 mass flow rate (kg/s)
h specific enthalpy (k] /kg)
Cp specific heat capacity (kJ/ (kg K))
T temperature (K)
144 power (kW)
P pressure (kPa)
Greek symbols
n efficiency
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