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The aim of this research is to comparatively evaluate the thermodynamic performance of three differ-
ent systems, namely the organic Rankine cycle (ORC), trilateral flash cycle (TFC), and organic flash
cycle (OFC), for the purpose of recovering waste heat on ships. To analyze their performance, simu-
lations were conducted using specific working fluids with favorable thermophysical properties, namely
n-butane (R600), i-butane (R600a), n-pentane (R601), i-pentane (R601a), and toluene. The results in-
dicate that, within the operating parameters considered in this study, the ORC system achieves higher
thermal efficiency compared to the TFC and OFC systems. However, the TFC system exhibits the
advantage of a lower specific volume of the working fluid at the end of the heat addition process (ex-
pander inlet) since it remains in a liquid state. This characteristic allows for the use of smaller-sized
expanders, making the TFC system particularly appealing for marine applications. Furthermore, it was
observed that all the selected working fluids outperform R245fa in terms of power generation within
the ORC system. In the case of the TFC and OFC systems, only R601, R601a, and toluene surpass the
performance of R245fa.
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Nomenclature.

Q̇: Heat transfer rate (kW).
s: Entropy (kJ/kgK).
T: Temperature (K).
v: Specific volume (m3/kg).
x: Quality.
h: Specific enthalpy (kJ/kg).
ṁ: Mass flow rate (kg/s).
p: Pressure (bar).
Ẇ: Power (kW).

Greek symbols.
η: Isentropic efficiency.
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ρ: Density (kg/m3).

Subscripts.
cond: Condenser.
evap: Evaporator/Heater.
exp: Expander.
f : Fluid.
p: Pump.
th: Thermal.

1. Introduction.

Traditional marine propulsion systems encounter challenges
related to energy and environmental issues, specifically the im-
perative to decrease air pollution and carbon emissions. To
tackle these concerns, waste heat recovery (WHR) systems are
considered a viable solution. Notably, the organic Rankine cy-
cle (ORC), a proven technology for converting low-grade heat
into usable power, has garnered interest for recovering waste
heat from marine diesel engines. Studies have demonstrated
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that implementing ORC systems on ships can lead to fuel sav-
ings of at least 3%, with a payback period of approximately 4
years (Konur et al., 2022).

The majority of prior research on waste heat recovery (WHR)
power systems in marine settings primarily concentrated on the
organic Rankine cycle (ORC) due to its established and ma-
ture status as a technology for extracting energy from low-grade
heat sources (Bounefour, 2021). However, there have been in-
vestigations into other WHR power systems as well (Larsen et
al., 2014; Zhang et al., 2022). For a more comprehensive un-
derstanding, interested readers can consult review papers that
delve deeper into this subject (Shu et al., 2013; Singh and Ped-
ersen, 2016; Mondejar et al., 2018; Konur et al., 2022).

In contrast, the trilateral flash cycle (TFC) and the organic
flash cycle (OFC) have received relatively less attention in the
context of marine applications. Choi and Kim (2013) proposed
a waste heat recovery system that integrates a trilateral cycle
and an organic Rankine cycle on a 6800 TEU container ship.
The results demonstrated a propulsion efficiency improvement
of 2.824% compared to a baseline engine. Rijpkema et al.
(2019) conducted simulations for fifty different working flu-
ids and four WHR cycles, both with and without a recupera-
tor, including an ORC, a TRC, a TFC, and an OFC. These sys-
tems were simulated using various heat sources from a heavy-
duty diesel engine. The results highlighted significant perfor-
mance variations among the simulated scenarios. The maxi-
mum power output was achieved by harnessing heat from the
charge air cooler, exhaust, and EGR cooler using ORC and
TRC systems with working fluids such as acetone, methanol,
cyclopentane, ethanol, or isohexane.

The aforementioned literature underscores the predominant
focus on ORC-based power cycles for waste heat recovery from
marine engines, while relatively few studies have specifically
compared ORC-based configurations like TFC and OFC. There-
fore, this paper conducts a thermodynamic comparison of ORC,
TFC, and OFC systems to identify the optimal choice for waste
heat recovery from marine engines.

2. Methodology.

2.1. The marine engine.

Figure 1 illustrates a cross-sectional view of the engine ana-
lyzed in this study, along with its corresponding specifications.
The engine in question is a two-stroke marine diesel engine
with 14 cylinders, capable of generating a maximum power out-
put of 84.28 MW at a rotational speed of 104 rpm (Man, 2014).

2.2. Description of the systems.

Figure 2 displays the schematics and corresponding cycles,
depicted on T-s (temperature-entropy) diagrams, for the three
waste heat recovery (WHR) power systems examined in this
study: ORC, TFC, and OFC.
All three systems share a common initial phase in the cycle,
which involves the compression of the liquid by the pump (1-
2) and the process of isobaric heat addition (2-3). The point

Figure 1: Cross section and specifications of the engine used.

Source: Authors.

of differentiation between the systems arises when the working
fluid reaches the high-pressure saturated liquid state (3).
In an ORC system, the expansion of the working fluid com-
mences from the high-pressure saturated vapor state (3-4). In
contrast, in a TFC system, the expansion begins directly from
the high-pressure saturated state, leading to a low-pressure two-
phase state (3-4). As for the OFC system, prior to expansion,
the working fluid undergoes a flashing process, transitioning
to an intermediate pressure and separating into saturated liq-
uid (4L) and saturated vapor (4V). The saturated vapor then
expands to generate useful work (4V-5). Simultaneously, the
saturated liquid undergoes a throttling process (4L-6) and sub-
sequently mixes with the expanded fluid (7). Finally, the work-
ing fluid is condensed back to a saturated state (7-1) to initiate
a new cycle.

Figure 2: Schematics and corresponding T-s diagrams of the
three power cycles studied.

Source: Authors.

Due to their favorable thermophysical characteristics, specif-
ically high critical pressure and temperature, low specific vol-
ume, and latent heat, n-butane (R600), i-butane (R600a), n-
pentane (R601), i-pentane (R601a), and toluene have been cho-
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sen as the working fluids for the system under investigation.
These fluids, as indicated in Table 1, are expected to deliver op-
timal performance due to their excellent properties. It is impor-
tant to note that all of the selected working fluids are considered
dry fluids.

Table 1: Properties and classification of the working fluids stud-
ied.

Source: Authors.

2.3. Thermodynamic modeling.

The thermodynamic models employed in this study were
established based on the following assumptions:

• All systems analyzed operate under steady-state condi-
tions.

• Variations in kinetic and potential energy of the working
fluid are disregarded.

• Pressure and heat losses are not taken into consideration.

• The performance of turbines and pumps is determined
using isentropic efficiencies.

To develop the models, each component of the system is
treated as a control volume, and mass, and energy balance equa-
tions are applied. With the aforementioned assumptions in mind,
the mass and energy balance equations are formulated as fol-
lows: ∑

ṁin =
∑

ṁout (1)

∑
ṁinhin +

∑
Q̇ =
∑

ṁouthin +
∑

Ẇ (2)

where, ṁ denote for the mass flow rate, h the enthalpy, Q̇the
heat transfer and Ẇis the mechanical power transfer. The sub-
scripts in and out refer to the inlet and outlet of the control
volume respectively.

Final expressions for mass and energy balance equations for
each component of the systems are listed in Table 2.

Table 2: Energy balance equations.

Source: Author.

where ρ4v is the vapor density at the condensation pressure
and x4 is the vapor quality at the nozzle exit.

The nozzle and rotor efficiencies have been developed tak-
ing into account the main influencing parameters for different
working fluids (Welch and Boyle, 2009; Hays, 2010).

3. Results and Discussions.

This section focuses on comparing the performance of three
power cycles: the basic organic Rankine cycle (ORC), the trilat-
eral flash power cycle (TFC), and the organic flash power cycle
(OFC). Simulations were conducted under predetermined oper-
ating conditions, which are presented in Table 3. To facilitate
the analysis, a program was developed using Engineering Equa-
tion Solver (EES) (Klein and Nellis, 2012), taking into account
the established model and assumptions described above.

The performances of the three systems are graphically pre-
sented in Figure 3, considering different working fluids. The
comparisons are made based on three key factors: mechanical
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Table 3: Operating conditions.

Source: Authors.

power generated, mass flow rate of the working fluid, and ther-
mal efficiency.

The ORC system demonstrates the highest heat input to the
system due to the heating, vaporization, and superheating of the
working fluid. However, within the specified operating parame-
ters, the ORC system achieves the highest power output ranging
from 80.55 kW to 89.30 kW.

Following that, the TFC system yields a power output rang-
ing from 30.21 kW to 35.01 kW, and the OFC system produces
power ranging from 27.09 kW to 27.95 kW, as depicted in Fig-
ure 3(a).

Consequently, in terms of thermal efficiency, the ORC sys-
tem outperforms both the TFC and OFC systems, as illustrated
in Figure 3(c).

Notably, in the case of the ORC system, all of the selected
working fluids result in higher power output compared to R245fa.
However, for the TFC and OFC systems, only R601, R601a,
and toluene surpass the performance of R245fa.

Within the considered operating conditions of this study, the
ORC system exhibits lower mass flow rates of the working fluid
compared to the TFC and OFC systems. Conversely, the TFC
and OFC systems demonstrate similar mass flow rates across
all the considered working fluids.

The TFC system, with its working fluid remaining in a liq-
uid state, results in a lower specific volume at the end of the
heat addition process (expander inlet). On the other hand, the
OFC system, with its working fluid undergoing flashing to an
intermediate pressure and separation into saturated liquid and
vapor, exhibits a significantly higher volume of working fluid
flowing through the expander.

Consequently, the TFC systems require smaller-sized ex-
panders compared to the OFC systems. This reduced system
size holds significant importance for marine applications. Aside
from the space-saving benefits onboard ships, a smaller-sized
system substantially decreases material costs.

Figure 3: Performance comparison among systems: (a) Power
output; (b) Mass flow rate; (c) Thermal efficiency.

Source: Authors.

Conclusions.

A comparative analysis of three waste heat recovery tech-
nologies, namely ORC, TFC, and OFC, was conducted in terms
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of power output, thermal efficiency, and volumetric mass flow
rate supplied to the expander. Simulations were carried out us-
ing different working fluids, including R245fa, butane, isobu-
tane, pentane, isopentane, and toluene. The main conclusions
drawn from this study are summarized as follows:

• The ORC system demonstrates superior performance com-
pared to both the TFC and OFC systems.

• With the exception of butane and isobutane, which ex-
hibit slightly lower performance than R245fa, the other
working fluids (pentane, isopentane, and toluene) consis-
tently deliver better performance across all systems.

• Due to the TFC system’s working fluid remaining in a
liquid state, there is a reduced specific volume at the end
of the heat addition process (expander inlet). As a result,
TFC systems require smaller-sized expanders in compar-
ison to OFC systems. This characteristic makes TFC sys-
tems particularly advantageous for marine applications.
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