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Abstract:

The increasing global energy demand and environmental concerns have intensified the need for efficient waste
heat recovery technologies. Organic Rankine Cycles (ORCs) are widely used for converting low-grade thermal
energy into power; however, their performance strongly depends on both the working fluid and cycle
configuration. In this study, a reheat-regenerative ORC (RR-ORC) is analysed and optimized to enhance
energy recovery from low-temperature heat sources. A Multi-System Particle Swarm Optimization (MS-PSO)
approach is employed to simultaneously evaluate multiple working fluids while preserving their individual
thermodynamic constraints. Five representative fluids—Isobutane, Pentane, cis-2-butene, R245fa, and
R1336mzz(Z)—are considered. The optimization framework maximizes thermal efficiency by tuning key
operating variables, including pump outlet pressure, expander inlet temperature, reheating pressure and
temperature, condenser conditions, and pinch-point temperature differences. The results show that the
proposed MS-PSO method ensures stable convergence and enables consistent comparison among working
fluids. Scenario analysis reveals that a configuration with high cognitive and social coefficients and low inertia
weight provides the best optimization performance. Among the evaluated fluids, cis-2-butene achieves the
highest thermal efficiency (19.36%), as well as superior exergetic efficiency (57.27%) and specific net power
output (97.80 kJ/kg). A sensitivity analysis indicates that the most influential operating parameters depend
strongly on the selected working fluid, with expander inlet temperature, reheating temperature, and pump outlet
pressure playing dominant roles. Additionally, an economic assessment based on heat exchanger design
highlights the trade-off between thermodynamic performance and system cost. Overall, the optimized RR-
ORC configuration demonstrates improved thermo-economic performance, supporting its potential for efficient
and cost-effective low-grade waste heat recovery.
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1. Introduction

Growing global energy demand, together with increasing environmental concerns, is driving the development
of more efficient and sustainable energy conversion technologies. In many industrial sectors, a significant
share of the supplied energy is still rejected as medium- and low-temperature waste heat, resulting in reduced
overall efficiency and unnecessary emissions. Therefore, the recovery and effective utilization of waste thermal
energy represent an important strategy for improving process sustainability and reducing primary energy
consumption [1].

Previous studies [2, 3] have shown that the thermophysical properties of the working fluid (WF), such as critical
temperature and molecular structure, strongly affect the thermal and exergetic performance of Organic
Rankine Cycles (ORCs). For this reason, parametric thermodynamic analyses have been widely adopted to
identify suitable operating conditions for different working fluids (WFs) [4]. In this context, Rad et al. [5] pointed
out that the optimal fluid selection is closely related to the match between the heat-source temperature and
the fluid critical temperature. On this basis, the present study considers Isobutane, Pentane, cis-2-butene,
R245fa, and R1336mzz(Z), representing hydrocarbon, hydrofluorocarbon, and hydrofluoroolefin families.

In addition to working-fluid selection, several studies have investigated system-level modifications aimed at
enhancing ORC performance. Pei et al. [6], for example, showed that the adoption of an internal heat
exchanger (IHX) can increase thermal efficiency by about 5%. Similarly, Liao et al. [7], through combined
energy and exergy analyses, found that regenerative ORC configurations generally outperform simple cycles
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by preheating the WF with the IHX. Using a genetic algorithm (GA), Gimelli et al. [8] optimized a regenerative
ORC layout and reported a thermal efficiency of 18.9%.

Other contributions have focused on the influence of operating parameters and more advanced cycle
architectures. Hemadri and Subbarao [9] investigated the effects of reheating pressure and turbine inlet
temperature on mass flow rate and cycle efficiency. Di Genova et al. [10] analyzed reheat-regenerative ORC
(RR-ORC) configurations with multiple reheating stages, assuming a constant pinch-point temperature
difference of 10 K. Since this parameter has a strong impact on both heat-exchanger sizing and cycle
performance, it is treated as an optimization variable in the present work.

In parallel, metaheuristic optimization techniques have gained increasing attention in ORC research due to
their ability to efficiently explore complex multidimensional design spaces with relatively low computational
cost. Among these methods, Particle Swarm Optimization (PSO) has shown particularly promising
performance, often outperforming genetic algorithms in the search for optimal ORC configurations. For
instance, Bornatico et al. [11] reported faster convergence and improved optimization results when applying
PSO to a solar thermal building system, while Chagnon-Lessard and Gosselin [12] used PSO to optimize the
heat cascade in an ORC. However, PSO performance is strongly influenced by the choice of its control
parameters, namely the inertia weight and the cognitive and social coefficients, which govern the balance
between exploration and exploitation. Inappropriate parameter settings may lead to premature convergence
or excessive computational effort [13]. Moreover, in many existing approaches, the optimization is performed
for one WF at a time, which increases the overall computational burden.

Although previous studies have investigated working-fluid selection, advanced ORC layouts, and PSO-based
optimization, these aspects have often been addressed separately. In particular, limited attention has been
devoted to the simultaneous optimization of multiple WFs in reheat-regenerative ORC (RR-ORC) systems
while preserving fluid-specific feasibility constraints. In many existing approaches, each WF is optimized
independently, which increases computational effort and may limit the consistency of the comparison among
candidate fluids. Moreover, despite the recognized importance of PSO parameter tuning, its influence on the
optimization of RR-ORC systems with different WFs has not yet been sufficiently clarified.

To address these gaps, the present study adopts a modified particle swarm optimization strategy, referred to
as Multi-System PSO (MS-PSO), which maintains independent feasible search domains for each WF while
enabling their simultaneous evaluation within a unified optimization framework. In this way, the proposed
approach combines three main elements of novelty: first, it extends PSO-based optimization to the multi-fluid
assessment of a RR-ORC configuration with superheating; second, it explicitly investigates the sensitivity of
the optimization results to the PSO control parameters; third, unlike previous RR-ORC studies assuming a
fixed pinch-point temperature difference, it includes this parameter among the decision variables, thereby
accounting more realistically for its effect on both cycle performance and heat-exchanger sizing. In addition,
an economic analysis based on the thermal design of the system is performed to identify ORC solutions that
are not only thermodynamically efficient, but also economically viable.

The remainder of this manuscript is organized as follows. Section 2 describes the RR-ORC layout and the
thermodynamic model and the optimization methodology, including the MS-PSO approach and the selected
decision variables. Section 3 discusses the results of the parametric and sensitivity analyses, together with the
comparison among the considered WFs. Finally, Section 4 summarizes the main findings and draws the
conclusions of the study.

2. Methodology

This section describes the methodological framework adopted in the present study. First, the RR-ORC system
configuration is introduced. Then, the thermodynamic and economic models are presented, followed by the
formulation of the optimization problem. Finally, the Multi-System Particle Swarm Optimization (MS-PSO)
approach and the corresponding computational settings are described.

2.1. RR-ORC system description

The system investigated in this work is a reheat-regenerative Organic Rankine Cycle (RR-ORC) for waste heat
recovery. The plant converts thermal energy into electricity through eight thermodynamic states, as shown in
Figure 1. The main processes are: first-stage expansion in the high-pressure turbine (1-2), reheating (2-3),
second-stage expansion in the low-pressure turbine (3—4), precooling in the regenerator (4-5), condensation
(5-6), pumping (6—7), preheating in the regenerator (7—8), and evaporation and superheating in the evaporator
(8-1).

A constant mass flow of the heat-transfer fluid (HTF), Therminol VP1, enters the evaporator and reheater at
Ths = 200°C, while cooling water enters the condenser at Tes = 25°C, in agreement with values commonly
adopted in the literature [14]. Five candidate WFs are considered within the optimization framework, namely
Isobutane, Pentane, cis-2-butene, R245fa, and R1336mzz(Z). These fluids are representative of low- to
medium-temperature ORC applications and provide a suitable balance between thermophysical performance,
operational feasibility, and environmental acceptability. Their main physical, safety, and environmental



properties are summarized in Table 1. Figure 1 illustrates the RR-ORC configuration by means of the
schematic layout, the corresponding T-s diagram, and the T-Q diagram of the evaporator.

Expander
Stage 1

o
2
=
)
o
—
=
]

=

Entropy, J/kg-K

(b)

| 1 I ]
Regenerator 7 6 Condenser
(a) Pump

200 ‘W VHTF

— WF

Temperature, °C

2500 3000 3500

0 500 1000 1500

2000
Q, kw

(c)
Figure. 1. (a)Schematic diagram, (b) T-s diagram, (c) T-Q diagram of the evaporator for the RR-ORC.

Table 1. Physical, safety and environmental data of the selected fluids.

Fluid Physical properties Safety data® Env. Data
MM, g/mol Top, Ter, P, ODP GWP
°C °C kPa
Isobutane [15] 58.12 -11.7 134.7 3629 A3 0 ~20
Pentane [15] 72.15 36.1 196.6 3368 A3 0 ~20
Cis-2-butene [16, 17] 56.11 3.72 162.6 4226 — 0 2
R245fa [15] 134.05 15.1 153.86 3651 B1 0 1050
R1336mzz(Z) [18] 164.06 33.45 171.35 2903 Al 0 2

@ Safety classification: A=lower toxicity; B=higher toxicity; 1=no flame propagation; 2=lower flammability; 3=higher flammability.

2.2. Thermodynamic and economic model

The RR-ORC system is analysed under steady-state conditions by means of a thermodynamic model based
on the First and Second Laws of Thermodynamics, coupled with an economic assessment of the main
components. Heat losses to the surroundings are neglected, as are variations in kinetic and potential energy.
In addition, chemical exergy is not taken into account according to Wang et al. [19].

The thermophysical properties of the WFs are evaluated using REFPROP [20], while those of the heat-transfer
fluid are obtained from CoolProp [21]. The operating and economic input parameters adopted in the
simulations are listed in Table 2.

Table 2. Operating conditions and economic input parameters.

Parameter and unit Value Reference
HTF mass flow rate, kg/s 25 [22]
Maximum cooling water outlet temperature, °C 40 [23]
Expander isentropic efficiency, % 85 [24]
Pump isentropic efficiency, % 85 [25]
The operating time, h 8000 [26]
Life cycle time, yr 20 [26]
Annual loan interest rate 0.05 [26]

Grid electric price, $/MWh 150 [26]




The economic model is based on the methodology proposed by Zhang et al. [26] and the payback period (PP)
is also evaluated. Heat-transfer coefficients are calculated by applying the Taborek formulation of the Bell—
Delaware method for shell-side heat transfer [27, 28], whereas the Gnielinski correlation is used for the tube
side [29]. For phase-change heat transfer, the Gungor—Winterton correlation [30, 31] and the Shah correlation
[32] are employed. Pressure drops are estimated according to the correlations reported by Zhang et al. [26].

This modelling framework allows the evaluation of thermal and exergetic performance indicators together with
heat-exchanger sizing and the corresponding economic implications, thus providing a consistent basis for the
subsequent optimization.

2.3. Optimization problem formulation
The optimization objective is to maximize the thermal efficiency of the RR-ORC system, whose expression is

given below:
Wn
n = a! (1)

To this end, the optimization problem is formulated by selecting eight operating variables that govern the
thermodynamic behaviour of the cycle:

= pump outlet pressure, P7, which affects the heat-addition process;

= first expander inlet temperature, T4, which determines the superheating level before the first expansion;

* reheating pressure, P2, which defines the intermediate pressure level between the two expansion stages;
= second expander inlet temperature, Ts, which sets the reheating level before the second expansion stage;

= second expander outlet pressure, P4, which influences the end of the second expansion process and affects
both net power output and condensation conditions;

= condenser inlet temperature, Ts, which determines the thermal state of the WF entering the condenser and
affects heat recovery in the regenerator;

= evaporator pinch-point temperature difference, ATpe, Which influences both thermal feasibility and heat-
exchanger area;

= condenser pinch-point temperature difference, ATpc, which plays an analogous role on the cold side.

Operational and thermodynamic constraints are imposed to ensure physically feasible and stable cycle
operation. In particular, the condensation pressure is maintained above atmospheric pressure in order to avoid
vacuum conditions, while the evaporation pressure is kept below the critical pressure to guarantee subcritical

operation. Moreover, AT, in both the evaporator and the condenser are constrained within the range of 5-10

K. The optimization problem is solved independently for each WF, while maintaining a common formulation in
terms of objective function, decision variables, and algorithmic settings.

2.4. Multi-System PSO approach

Particle Swarm Optimization (PSO) is a stochastic population-based optimization method inspired by the
collective behaviour of natural swarms [33, 34, 35]. In PSO, each particle represents a candidate solution and
moves within the search space according to its own experience and the information shared by the swarm,
progressively converging toward promising regions.

In the present work, a Multi-System PSO (MS-PSO) strategy is adopted in order to extend the conventional
PSO framework to a multi-fluid optimization problem. The main rationale for this choice is that each WF is
characterized by different thermodynamic limits and feasibility constraints. As a consequence, the direct use
of a single global best solution for all fluids may drive some particles toward regions of the search space that
are not admissible for the corresponding fluid.

To overcome this limitation, the proposed MS-PSO framework assigns an independent swarm to each WF. In
this way, each subsystem explores only its own feasible domain, and information exchange is restricted to
particles belonging to the same fluid-specific swarm. At the same time, identical PSO control parameters are
adopted for all subsystems in order to ensure methodological consistency and enable a fair comparison among
the candidate fluids.

This strategy makes it possible to evaluate multiple fluids within a unified optimization framework while
preserving fluid-specific admissibility conditions and avoiding cross-fluid convergence toward infeasible
solutions.

2.5. PSO settings and computational procedure

In each swarm, the particle velocity and position are iteratively updated according to the standard PSO
equations:

Vit +1) = w - v (t) + ¢; -rand, - (pi(t) — x; (1)) + ¢z - rand, - (g(t) — x; (1)), (2)



xi(t + 1) = xl-(t) + Ui(t + 1), (3)
where v; is the particle velocity, x; is the particle position, p; is the personal best position, g is the best position

identified by the swarm, w is the inertia weight, and c1 and c2 are the cognitive and social acceleration
coefficients, respectively.

According to the ranges suggested in the literature, the inertia weight is selected within (0.5 < w < 1), while the
acceleration coefficients satisfy (c1 + c2 < 4) [36, 37, 38]. The PSO algorithm is implemented using 20 particles
[38] and a maximum of 1000 iterations [12]. To investigate the influence of the control parameters on the
optimization performance, nine different hyperparameter scenarios are considered by combining three values
of c1=c2 and three values of w, as reported in Table 3. Each scenario is executed ten times for each WF, and
the reported results correspond to the average of the best thermal efficiencies obtained over the ten runs.

Table 3. PSO hyperparameter values considered in the sensitivity analysis.

Scenarios Hyperparameter values

C1, C2 w
1 1.000 [40] 0.5000 [41]
2 1.000 [40] 0.7298 [42]
3 1.000 [40] 0.8000 [43]
4 1.496 [12] 0.5000 [41]
5 1.496 [12] 0.7298 [42]
6 1.496 [12] 0.8000 [43]
7 2.000 [44] 0.5000 [41]
8 2.000 [44] 0.7298 [42]
9 2.000 [44] 0.8000 [43]

3. Results and discussion

This section presents and discusses the main outcomes of the optimization analysis. First, the effect of the
PSO hyperparameters on the optimization performance is examined to identify the most suitable parameter
combination for the considered RR-ORC problem. Then, the optimized thermodynamic performance of the
selected WFs is compared. The corresponding optimal operating conditions are subsequently analysed in
order to clarify the physical reasons behind the observed trends. Finally, the economic performance of the
optimal solutions is assessed, and the main results are discussed in light of the available literature.

3.1. Effect of PSO hyperparameters on optimization performance

Table 4 reports the thermal efficiencies obtained for the nine PSO hyperparameter scenarios considered in
this study, for each of the selected WFs. The results show that the choice of the PSO control parameters has
a noticeable effect on the optimization outcome, although the magnitude of this effect depends on the WF.

Table 4. Thermal efficiency per scenario and WF.

Scenarios WF
Isobutane Pentane Cis-Butene R245fa R1336mzz(2)

1 16.86 16.63 18.37 16.88 15.20
2 17.52 17.17 18.78 17.13 15.20
3 17.51 17.05 18.38 17.17 15.55
4 17.73 17.81 19.23 17.43 15.66
5 17.29 17.68 18.62 17.25 15.68
6 17.20 17.49 18.31 16.71 15.46
7 17.60 17.85 19.36 17.49 16.00
8 16.60 16.63 18.20 16.64 15.31
9 16.62 16.81 18.03 16.32 15.21

For Pentane, cis-2-butene, R245fa, and R1336mzz(Z), the highest thermal efficiency is obtained under
Scenario 7, corresponding to c1=c2=2.0 and w=0.5. This result suggests that, for these fluids, a relatively strong
attraction toward the personal and swarm best positions combined with a limited inertia term provides an
effective balance between exploration and exploitation, thus favouring convergence toward high-quality
solutions. By contrast, Isobutane achieves its maximum thermal efficiency under Scenario 4, while Scenario 7
yields a slightly lower value. This indicates that the most suitable hyperparameter combination is not identical
for all fluids, and that the optimization performance remains dependent on the characteristics of the
corresponding feasible search domain.

A comparison among the scenarios also highlights some general trends. For most fluids, the best results are
obtained when relatively high values of the acceleration coefficients are adopted. In addition, lower inertia
weights appear to be more effective than higher ones, as scenarios with w=0.8 generally lead to lower thermal



efficiencies. This behaviour can be attributed to the fact that an excessively large inertia term may favour
exploration at the expense of convergence, thereby reducing the algorithm’s ability to refine the search around
promising regions of the solution space.

Overall, the results confirm that PSO tuning plays a relevant role in the optimization of RR-ORC systems.
Although Scenario 7 can be regarded as the most suitable general configuration for the present application,
the behaviour observed for Isobutane suggests that fluid-specific differences should also be taken into account
when interpreting the optimization performance. On this basis, Scenario 7 is selected as the reference case
for the subsequent comparison of the thermodynamic performance of the investigated WFs, while the deviation
observed for Isobutane is discussed in relation to its optimal operating conditions in the following sections.

3.2. Optimal thermodynamic performance of the selected working fluids

Table 5 summarizes the main performance indicators obtained for the optimal scenario for each WF. Overall,
the results show that the selected fluids exhibit markedly different thermodynamic and thermo-economic
behaviours, confirming the importance of working-fluid selection in RR-ORC applications.

Among the investigated candidates, cis-2-butene provides the best overall thermodynamic performance. It
achieves the highest thermal efficiency, equal to 19.36%, together with the highest exergy efficiency, 57.21%,
and the highest specific net power output, 97.80 kJ/kg. These results indicate that cis-2-butene is the most
effective fluid for exploiting the available heat source under the considered operating conditions.

Table 5. Performance indicators of the WFs for optimal scenario.

Performance WF

Indicator Isobutane Pentane Cis-Butene R245fa R1336mzz(Z)
N, % 17.60 17.85 19.36 17.49 16.00

ni, % 53.26 49.61 57.21 52.55 46.19

Whet, kKJ/kg 7411 83.83 97.80 42.99 34.16

ed, kJ/kg 56.60 69.76 63.01 31.47 32.93

mwr, kg/s 10.83 4.654 7.812 17.21 14.24

A, m? 1389 479.9 1137 1168 626.8

PP, yr 2.880 3.048 2.530 2.812 2.844

Pentane and Isobutane also show competitive thermal efficiencies, equal to 17.85% and 17.60%, respectively,
although their behaviour differs in terms of exergy efficiency, specific net power output, and required mass
flow rate. Pentane reaches the second-highest thermal efficiency and a relatively high specific net work,
whereas Isobutane combines good thermodynamic performance with a shorter payback period, despite
requiring a larger heat-transfer area.

R245fa and R1336mzz(Z) exhibit lower thermal efficiencies, equal to 17.49% and 16.00%, respectively.
R245fa maintains a relatively high exergy efficiency despite its lower specific net work, whereas R1336mzz(Z)
shows the lowest thermal and exergy efficiencies among the selected fluids. This suggests that, for the present
RR-ORC application, these two fluids are less effective than the hydrocarbon-based candidates and cis-2-
butene in converting the available waste heat into useful power.

The specific exergy destruction rate follows a different trend from the efficiency indicators. In particular, the
lowest values are obtained for R245fa and R1336mzz(Z), which also have the highest working-fluid mass flow
rates. This behaviour indicates that the ranking based on exergy destruction does not directly coincide with
that based on cycle efficiency, and that the comparison among fluids should account for multiple performance
indicators.

A further trade-off emerges when considering the heat-transfer area and the payback period. In general, larger
heat-transfer areas are associated with improved power generation and, consequently, shorter payback
periods. In this respect, cis-2-butene appears especially attractive, as it combines the highest thermodynamic
performance with the shortest payback period, equal to 2.530 years. By contrast, Pentane requires the smallest
heat-transfer area, 479.9 m2, but exhibits the longest payback period, equal to 3.048 years.

Overall, the results identify cis-2-butene as the most promising WF for the considered RR-ORC system, owing
to its superior thermal and exergetic performance as well as its favourable economic response. However, the
different trends observed for the other fluids indicate that the final ranking depends on the selected
performance indicator. For this reason, a more detailed analysis of the optimal operating conditions is required
in order to clarify the physical reasons behind the observed differences among the investigated fluids.

3.3. Sensitivity of thermal efficiency to the operating variables

Figures 2—6 provide further insight into the influence of the decision variables on the thermal efficiency of the
RR-ORC system for the investigated WFs. Overall, the results confirm that the relative importance of the



operating variables is strongly fluid-dependent, reflecting the different thermodynamic characteristics of the
candidate fluids and their different responses to pressure and temperature variations within the cycle.

For Isobutane, Figure 2 shows that Scenario 4 yields the highest thermal efficiency. This scenario is
characterized by high values of P7, T4, and P2, intermediate values of Ts, and low values of P4+ and Ts. A
comparison with Scenario 7 suggests that Isobutane is more sensitive to the inlet temperatures T4 and Ts than
to the pump outlet pressure P7. Moreover, the comparison between Scenarios 2 and 3 indicates that moderate
changes in P4 and Ts have only a limited effect on thermal efficiency. Therefore, for Isobutane, the most
influential variables are T1 and T3, followed by Pz, while P4, Ts, and P2 appear to play a secondary role.
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Figure. 2. Normalized thermal efficiency of Isobutane.

For Pentane, Figure 3 indicates that the highest thermal efficiency is obtained in Scenario 7, corresponding to
high values of T4, P2, and Ts, intermediate values of Pz, and low values of P4 and Ts. Scenario 4 also leads to
a relatively high thermal efficiency, despite a different combination of pressure levels, namely higher P7 and
lower P4 and Ts, which implies a greater expansion ratio. However, the lower values of T+ and Ts in this case
limit the achievable efficiency. This behaviour indicates that, for Pentane, the turbine inlet temperatures T1 and
T3 have a stronger effect on performance than the pressure-related variables P7, P2, and P4, as well as Ts.

1.04 Py
T
P2
0.81 E
Py
s
[ ]
0.6 N
0.4
0.2
0.0 : . : : : : : L :
N R
& N A A o I R

Figure. 3. Normalized thermal efficiency of Pentane.

A similar but not identical behaviour is observed for cis-2-butene. As shown in Figure 4, the maximum thermal
efficiency is obtained under Scenario 7, with high Pz and T4, intermediate Ts, and low P4 and Ts. Scenario 4,
although characterized by higher Pz and T1 and minimum values of Ts, P4, and Ts, results in a lower normalized
thermal efficiency, mainly because of the low reheating temperature Ts. Conversely, operating at the minimum
Pz, as in Scenario 2, causes a marked reduction in thermal efficiency even when T1 and Ts remain moderately
high. The comparison between Scenarios 1 and 6 also highlights the influence of P4, although its effect is less



pronounced than that of Ts. Overall, cis-2-butene appears to be mainly governed by Pz, followed by T1 and Ts,
whereas P4 and the associated value of Ts have a weaker influence.
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Figure. 4. Normalized thermal efficiency of cis-Butene.
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Figure. 5. Normalized thermal efficiency of R245fa.

For R245fa, Figure 5 shows that Scenario 7 again provides the highest thermal efficiency. This case is
associated with high values of Pz and T+, intermediate values of P2 and P4, and low Ts. Scenario 4 operates
with a lower normalized value of Pz and the minimum P4, resulting in lower overall expansion and a higher Ts,
which leads to a lower thermal efficiency. A comparison between Scenarios 2 and 3 further indicates that Pz
has a stronger influence than Ts, since the higher P7 in Scenario 3 compensates for the increase in condenser
inlet temperature. In addition, T1 has a major impact on system performance: when T1 exceeds approximately
0.80 in normalized terms, the thermal efficiency remains relatively high, whereas lower values of T1 are
associated with a marked performance deterioration. Therefore, R245fa is mainly sensitive to T1 and Pz,
followed by Ts and P4, while the effect of Ts appears less significant.

Finally, Figure 6 shows that R1336mzz(Z) reaches its maximum thermal efficiency in Scenario 7, characterized
by high P7, T4, and P2, intermediate Ts, and low P4 and Ts. The comparison between Scenarios 1 and 2
suggests that the combined effect of P7 and P4 is comparable to the effect of Ts. In contrast with the behaviour
observed for the other fluids, T+ and T3z appear to play a relatively minor role, as shown by Scenario 4, which
yields lower efficiency than Scenario 5 despite higher values of both temperatures. This indicates that the
performance of R1336mzz(Z) is governed primarily by pressure-related variables, especially Pz and Pa,
whereas Ts has an intermediate influence and the two inlet temperatures remain secondary.

In summary, the analysis of the normalized thermal efficiencies highlights that no single operating variable
dominates the system behaviour for all fluids. Instead, the relative importance of pressure levels and inlet
temperatures depends strongly on the thermophysical properties of the WF. Hydrocarbon-based fluids and
cis-2-butene tend to benefit more from higher turbine inlet temperatures and favourable pressure ratios,



whereas R1336mzz(Z) appears to be more strongly affected by pressure-related conditions. These differences
help explain the ranking observed in Table 5 and confirm that the optimization of RR-ORC systems requires a
fluid-specific analysis of the operating conditions.

1.04 P7
T
P
0.81 [E
Pa
Ts
-
0.6 ¥
0.4
0.2 1
0.0 = T . I I
5 Vv el D “ © A ) )
IS S & o o o & o
& of o o & o o o &

Figure. 6. Normalized thermal efficiency of R1336mzz(Z).

3.4. Economic performance, thermo-economic trade-offs, and comparison with
literature

In addition to thermodynamic performance, the economic behaviour of optimized RR-ORC solutions plays a
key role in the assessment of the most suitable WF. As shown in Table 5, the investigated fluids exhibit different
trade-offs between efficiency, specific net power output, heat-transfer area, and payback period. These results
confirm that the thermodynamically best solution does not necessarily correspond to the minimum investment
cost, and that the final selection should account for both energy performance and economic viability.

Among the analysed fluids, cis-2-butene provides the most favourable overall compromise. In fact, it achieves
not only the highest thermal and exergy efficiencies, but also the highest specific net power output and the
shortest payback period, equal to 2.530 years. Although the corresponding heat-transfer area is relatively
large, its superior power generation capability compensates for the higher capital cost, resulting in the most
attractive economic response among the selected candidates.

A different behaviour is observed for Pentane. This fluid requires the smallest total heat-transfer area, equal
to 479.9 m?, which would normally be associated with a lower equipment cost. However, Pentane also exhibits
the longest payback period, equal to 3.048 years. This result indicates that a reduced heat-transfer surface
alone is not sufficient to ensure the best economic performance, since the payback period is also strongly
influenced by the achievable power output and, consequently, by the annual economic return of the system.

Isobutane represents an intermediate case. Although its thermal efficiency is slightly lower than that of
Pentane, it achieves a shorter payback period despite requiring a significantly larger heat-transfer area. This
suggests that the higher energy performance of the optimized Isobutane-based cycle partly offsets the larger
heat-exchanger cost. Similarly, R245fa and R1336mzz(Z) show less competitive thermodynamic performance,
but their payback periods remain comparable to that of Isobutane, indicating that the overall economic ranking
is influenced by the combined effect of efficiency, mass flow rate, and component sizing.

These results highlight the existence of a clear thermo-economic trade-off. On the one hand, larger heat-
transfer areas generally improve heat recovery and power production, thus enhancing the economic return.
On the other hand, they also imply higher investment costs. The final outcome therefore depends on the extent
to which the gain in net power compensates for the increase in capital expenditure. In the present case, cis-2-
butene proves to be the most advantageous solution because it combines high thermodynamic performance
with a sufficiently strong economic return to offset the larger heat-transfer area.

From a broader perspective, the obtained thermal efficiencies are in line with the values typically reported in
the literature for advanced ORC configurations operating with low- to medium-temperature heat sources. In
particular, the optimized efficiencies obtained in this study are comparable to, or slightly higher than, the values
reported for regenerative ORC systems, confirming the potential of the reheat-regenerative layout combined
with suitable working-fluid selection and a dedicated optimization framework. Moreover, the present results
highlight that the simultaneous multi-fluid MS-PSO approach can support not only the identification of the most
efficient thermodynamic solution, but also the selection of configurations that remain attractive from an
economic point of view.



Overall, the combined thermodynamic and economic analysis indicates that cis-2-butene is the most promising
candidate for the investigated RR-ORC application. At the same time, the comparison among fluids confirms
that the optimal choice cannot be based on a single indicator alone. Rather, a consistent assessment should
simultaneously consider cycle efficiency, exergy performance, specific power output, component sizing, and
economic return. These findings further support the usefulness of the proposed optimization framework for the
design and comparative assessment of advanced ORC systems.

4. Conclusions

In this work, a reheat-regenerative Organic Rankine Cycle (RR-ORC) for low-grade waste heat recovery was
investigated through thermodynamic modelling, economic assessment, and optimization using a Multi-System
Particle Swarm Optimization (MS-PSO) framework. The proposed methodology enabled the simultaneous
evaluation of multiple working fluids while preserving fluid-specific feasibility constraints, overcoming
limitations associated with conventional single-fluid optimization approaches.

The results showed that PSO hyperparameters significantly affect the optimization outcome. In general, the
best performance was obtained with high acceleration coefficients and low inertia weight. Scenario 7
(c1=c2=2.000, w=0.5000) provided the best results for most WFs, while Isobutane achieved its optimum under
Scenario 4, highlighting the importance of proper PSO tuning for RR-ORC optimization.

Among the investigated WFs, cis-2-butene exhibited the best overall performance, achieving the highest
thermal efficiency (19.36%), exergy efficiency (57.21%), and specific net power output (97.80 kJ/kg). Pentane
and Isobutane also showed competitive results, whereas R245fa and R1336mzz(Z) presented lower
thermodynamic performance under the analysed conditions.

The analysis of the optimal operating conditions revealed that the influence of decision variables strongly
depends on the WF. Turbine inlet temperatures and pressure levels were particularly important for
hydrocarbons and cis-2-butene, while pressure-related variables had a greater impact on R1336mzz(Z2).
Economically, a trade-off between thermodynamic performance and component sizing was identified. Larger
heat-transfer areas improved power production and reduced payback periods, although they increased
investment costs. Cis-2-butene also achieved the best thermo-economic compromise, with the shortest
payback period of 2.530 years.

Overall, the proposed MS-PSO framework proved to be an effective tool for the comparative optimization of
RR-ORC systems considering multiple WFs and combined thermodynamic and economic criteria.
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Nomenclature

Letter symbols

A area, m?

c1 social acceleration coefficient

Cy cognitive acceleration coefficient

eq specific exergy destruction rate, kd/kg
) inertia coefficient

myr  mass flow rate, kg/s

P pressure, kPa

PP payback period, yr

Q heat, kW

T temperature, °C

w power output, KW

w specific power output, kJ/kg
Greek symbols

ATy pinch point temperature difference
n efficiency

Subscripts and superscripts

bp normal boiling point

c condenser

cr critical



cs cold source

e evaporator

hs hot source

I thermal

11 exergetic

in input

n net
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