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ABSTRACT

This study introduces a novel salinity gradient solar pond (SGSP)-
integrated power plant that combines a recuperative-regenerative
organic Rankine cycle (RR-ORC) and a thermoelectric generator (TEG)
for efficient low-temperature power generation. The RR-ORC,
featuring an internal heat exchanger and a feed heater, is selected for
its superior thermodynamic and economic performance compared to
conventional ORC configurations. A comprehensive energy, exergy, and
exergoeconomic (3E) analysis is performed, followed by multi-criteria
optimization using NSGA-1I and TOPSIS to enhance exergy efficiency
while minimizing system costs. The results indicate that under optimal
operating conditions, the system delivers a power output of 1987 kW,
with energy and exergy efficiencies of 10.3% and 14.36%, respectively,
and a system cost rate of $182.94 per hour. This study underscores the
potential of solar pond-based power plants as a sustainable and cost-
effective solution for renewable energy generation.

Keywords: Salinity Gradient, NSGA-II, Solar Pond, Thermoelectric Generator, ORC.

1. Introduction

With the depletion of fossil fuels and the
environmental challenges they pose, scientists
are increasingly exploring alternative energy
sources that can sustainably meet humanity's
energy needs. Renewable energy, particularly
solar energy, stands out as a plentiful and
inexhaustible resource. Among the various
solutions proposed for harnessing solar energy,
salinity gradient solar ponds (SGSPs) have
emerged as a promising option that offers the
dual benefits of energy storage and serving as a
heat source for low-temperature cycles. Salts
such as magnesium chloride, sodium chloride, or
sodium nitrite dissolve in water, creating a
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salinity gradient with concentrations ranging
from 30% at the bottom to 20% at the surface.
This gradient results in the formation of three
separate layers within the pond: the upper
convective zone (UCZ), the non-convective zone
(NCZ), and the lower convective zone (LCZ).
The UCZ and LCZ are homogeneous, with heat
transfer occurring predominantly within these
convective zones [1]. The LCZ, containing
saturated brine with nearly uniform salinity and
density, serves as the primary energy storage
layer [2]. SGSPs are effective systems for
harnessing solar energy for power generation,
desalination, and industrial heating applications.
Recent advancements focus on improving the
efficiency of SGSPs through hybrid system
integration [3].

Khalilian [4] conducted both experimental
and numerical studies on a square solar pond
with an area of 4 m? and a height of 1.1 m. His
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research also included modeling the effects of
sidewall shadows. The findings revealed that
the energy efficiency was 3.27% with shadow
effects and 3.65% without them. In another
study, El Mansouri et al. [5] performed transient
modeling of three heat exchangers for an SGSP
using exergy analysis. Their results identified
the vertical heat extraction technique as the
most efficient method for heat transfer from the
UCZ in terms of both energy and exergy
efficiency.

A wide range of studies have explored
various aspects of salinity SGSPs, each focusing
on specific characteristics of these systems.
Babaei et al. [6] analyzed the use of spiral pipes
with different flat axes to enhance solar pond
performance. Similar investigations have been
conducted by Dehghan et al. [7] Njoku et al. [8]
and Faqeha et al. [9]. In recent years, there has
been significant interest in integrating solar
ponds with low-temperature thermodynamic
cycles, leading to extensive research in this area.
In a study, Ziapour et al. [10] proposed a solar
pond-based power plant utilizing solar ponds as
the heat source to drive a basic ORC. Instead of
a conventional condenser, they integrated a
TEG into the system. The results showed that
the thermal efficiency of the proposed power
plant was 0.21% higher compared to the system
without the thermoelectric generator.

Damarseckin et al.[11] investigated an SGSP
integrated with parabolic trough collectors for
electricity and hydrogen generation. The
system, incorporating an ORC with n-butane,
utilizes waste heat for heating and preheated
water to enhance ORC performance. Analyzing
five mass flow rates, they found that lower flow
rates improve efficiency, with peak hydrogen
production reaching 534.32 g/day. The system's
maximum energy and exergy efficiencies were
reported as 13.77% and 5.79%, respectively.
Musharavati et al.[12] proposed a hybrid system
combining an SGSP with a proton exchange
membrane fuel cell (PEMFC) and a TEG for
efficient energy utilization. The PEMFC's waste
heat enhances the solar pond's performance,
while the TEG maximizes waste energy
recovery. Under base conditions, the system
achieves a net output of 2288.8 kW with energy
and exergy efficiencies of 11.26% and 13.17%,
respectively. Optimization further enhances
performance by over 50% with a minimal cost

increase, highlighting the system’s potential for
improved energy efficiency and sustainability.

Zeynali et al. [13] investigated a modified
ORC and a modified trilateral flash cycle (TFC)
coupled with a SGSP. Their results revealed that
the maximum power generation occurred at
mass flow rates of 0.1082 kg/s for the ORC and
0.1224 kg/s for the TFC. Musaffa and Farshi
[14] evaluated the feasibility of an SGSP-based
power system employing an ORC with a two-
pressure level and a zeotropic working fluid.
The system also utilized the cooling potential of
liquefied natural gas as a sink and showed an
efficiency of 20%.

Various studies on solar ponds have
demonstrated the potential to integrate different
thermodynamic systems to generate useful
energy products. Parsa et al.[15] conducted a
comprehensive thermodynamic and economic
analysis of an SGSP-based multi-effect
desalination system. Their findings
demonstrated that the proposed system could
produce 20,000 tons of fresh water annually,
with an estimated payback period of six years.
In another study, Manzoor et al. [16] examine
the incorporation of an SGSP with a direct
contact membrane distillation system under the
climatic conditions of Islamabad. The SGSP,
with a surface area of 4.65 m?, served as a heat
source to pre-warm brine for temperature-
driven desalination processes. Their findings
revealed that the DCMD system's performance
improved with greater temperature differentials,
achieving stable permeate flux and high salt
rejection, thereby highlighting the potential of
SGSP-extracted heat for efficient desalination
applications. El Mansouri et al. [17] present a
solar desalination system powered entirely by
solar energy, integrating an SGSP with an ORC
to drive reverse osmosis pumps. Through
theoretical modelling and genetic algorithm
optimization, the system achieves a specific
energy consumption of 2.1 kWh/m*® and an
exergy efficiency of 54% with a daily drinking
water production capacity of 2380.8 m>.

Several studies have explored the technical
and economic aspects of SGSP-based hybrid
systems. Li et al. [18] conducted a comparative
study on the performance of an SGSP for
hydrogen production using two thermodynamic
cycles: an absorption power cycle and an
organic Rankine cycle (ORC) with a zeotropic
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mixture. Through exergoeconomic analysis,
they found that the ORC outperformed the APC,
achieving higher energy (5.86%) and exergy
efficiency (29.48%) while reducing the unit cost
of the product to 47.27 $/GJ. Zoghi et al. [19]
conducted a comparative study of three
renewable energy systems—wind turbine,
SGSP, and ocean thermal energy conversion—
for  hydrogen  production using an
exergoeconomic approach. These systems are
integrated with a trilateral cycle and a TEG for
heat recovery, with hydrogen generated by a
PEM electrolyzer. The results show that the
wind-based system achieves the highest exergy
efficiency (5.8-10.47%) and the lowest total
cost rate (66.08 $/h), while the SGSP-based
system is the most economical for hydrogen
production, with a unit cost ranging from 42.78
to 44.31 $/GlJ.

Based on the reviewed literature, it is evident
that while SGSPs have been integrated with
basic ORCs and other low-temperature
thermodynamic systems, the combination of an
SGSP with an RR-ORC and a TEG remains
unexplored. This study proposes a novel
integrated configuration in which the SGSP
serves as the primary heat source for a hybrid
RR-ORC/TEG  system. The RR-ORC,
incorporating both a recuperator and a feed
heater, enables enhanced internal heat recovery,
leading to improved thermal efficiency over
conventional ORC layouts [20]. In parallel, the
TEG module utilizes the temperature difference
between the hot brine exiting the vapour
generator and cooling water from an external
circuit to generate direct current electricity,
offering an additional energy recovery pathway.
Furthermore, unlike previous studies that
typically emphasize either thermodynamic or
economic performance, this work presents
comprehensive energy, exergy, and
exergoeconomic analysis of the proposed
system. Moreover, key design parameters are
optimized to enhance efficiency and cost-
effectiveness. These innovations highlight the
unique potential of the proposed system as an
efficient, multi-output solution for sustainable
energy conversion using solar ponds.

The objectives of the present research are
listed as follows:

e Introducing a novel solar pond-based

system integrating RR-ORC and

thermoelectric modules to generate
power.

e Conducting energy, exergy, and
exergoeconomic (3E) analyses to
determine the system's cost rate.

e Performing a parametric analysis of
critical operating conditions.

Implementing multi-criteria optimization to

improve thermodynamic performance and
reduce system cost rate.

2. System description

Figure 1presents the schematic representation of
the SGSP integrated power plant. This setup
combines an RR-ORC with a TEG. The RR-
ORC includes key components such as a Vapor
Turbine (VT), Internal Heat Exchanger (IHE),
Feed Heater (FH), Condenser (COND), Vapor
Generator (VG), and Feed Pumps (FP-II and
FP-III). The cycle begins with hot brine exiting
the SGSP at State 1, which FP-I then pressurizes
to State 2 before entering the VG. Within the
VG, the thermal energy of the brine is
transferred to the organic working fluid (R123),
causing it to evaporate into high-pressure vapor
at State 7. The now-cooled brine exits the VG at
State 3 and is directed toward the TEG. The
high-pressure vapor expands in the VT to an
intermediate pressure at State 8, where a portion
is diverted to pre-warm the working fluid in the
FH. The remaining vapor continues to expand to
a lower pressure at State 9. This low-pressure
vapor then flows through the IHE, where it
transfers residual heat to the subcooled liquid
working fluid before entering the COND at
State 10. The external cooling circuit for the
condenser is represented by States 16—17. The
condensed liquid exits the condenser at State 11
and is subsequently pressurized by Feed Pump
II (FP-II) to State 12. It is then pre-warmed in
the IHE and blended with the separated vapor in
the FH at State 13. This combined stream is
further pressurized by Feed Pump III (FP-III) to
State 15 and returned to the vapor generator,
thus completing the cycle. Simultaneously, the
TEG utilizes the temperature gradient between
the cooled brine at State 3 and an external
cooling water circuit (States 5—6) to produce
additional electricity.
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Fig. 1. Layout of the SGSP integrated power plant.

3. Modelling

This part of the study begins by stating the key
premises considered for conducting the
simulation. It then presents the fundamental
equations and analytical methods employed for
assessing the system’s energy performance.
Additionally, it covers the formulation of
exergy and exergoeconomic models and
explains the strategy adopted for conducting a
multi-criteria optimization.

3.1 Input parameters
Tables 1 and 2 comprise control variables for

simulating the proposed SGSP integrated power
plant.

3.2 Energy and exergy analyses

The governing equations used for performing
the energy analysis of the SGSP integrated plant
are presented as follows [25]:

D= Y ity =0 (1)
D=y G, + (Y 6-) 0) @

+W =0

To determine the exergy destruction rate of the
proposed system, the exergy destruction rate of
each individual component is first calculated
using the exergy balance equation outlined in
Eq. (3). Subsequently, the exergy destruction
rates of all components are summed to obtain
the total exergy destruction rate for the entire
system[26].

Table 1. The control variables of the SGSP [21,22].

Parameters Value Unit
LCZ temperature 359.15-369.15 K
UCZ temperature 298.15 K
UCZ thickness 0.3 m
NCZ thickness 1 m
LCZ thickness 1.2 m
Pond surface area 100000 m?
Solar radiation 800 W/m?
UCZ’s salinity 5 %
LCZ’s salinity 25 %
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Table 2. The control variables of the RR-ORC and TEG [23,24].

Parameters Value Unit
Turbine isentropic efficiency 80 %
Pump isentropic efficiency 85 %
Working medium R123 -
VG outlet temperature 330-350 K
Condenser outlet temperature 300-308 K
Effectiveness of IHX 65 %
PPTD 5 K
Inlet water temperature of COND 298.15 K
Inlet water temperature of COND 303.15 K
Figure of merit 0.2-1.6 -
Thermoelectric material BiCuSeO -
Inlet condensate temperature 298.15 K
Outlet condensate temperature 303.15 K
Mass flow rate of R123 10-50 m/s

Epp =Epx+E i+ Epy 3) where, C is the cost flow rate in $/h and Z,, is

The exergy flow rate is evaluated by using
Eq. (4).
E = m[(h — hg) — To(h — 50)] “
The exergy balance equations for the system

elements of the SGSP integrated plant are listed
in Table 3.

3.3.Exergoeconomic analysis

The exergoeconomic analysis in this research
employs the specific exergy costing (SEPCO)
approach [28,29]. The cost rate is determined
using Eq. (5) [30]:

Z Coje *+ Cwork = Cheatk + Z Cox +Zy )
o i

the capital cost rate of the k*"* component which

is further calculated using the following relation
31]:

: ]_ PEC, X CRF X ¢ (6)

k- N

where, PEC}, is the purchase equipment cost,

which is calculated by using the relations given
in Table 4, N is the yearly operating hours (7446

hours), ¢ is the maintenance factor (1.06) [32]
and CRF is the capital recovery factor, which is
calculated by using Eq. (7) [33]:

_jxa+pn (7)

(@4 H)n -1

where, j represents the interest rate (12%) and n

denotes the operating life of the plant (20 years)
[28].

CRF

Table 3. The energy and exergy relations used for modelling.

System elements  Energy balance equations

Exergy balance equations

SGSP Qu = Qur — Que

FP-I Wep—y = mg(hy — hy)

FP-11 Wip_iy = ity (1 — hyq)

FP-111 Wep_iir = iy (hys — hig)

VG s (hy — hg) = m,.(h; — hys)

TEG mg(hy — hy) = 1y, (he — hs)

VT Wyr = 1,.(hy — hg) + 1ito (hg — hg)
IHE (hg = hyp) = (hy3 — hyy)

COND My (Ryo — hap) = 10y, (hyy — hyg)

E4+ Ep3 = By + Ep sgspi

El + Ezo = Ez + ED,FP—I

511 + 521 = E12 + ED,FP—II

El4— + Ezz = ElS + ED,FP—III

Ey+Eis =E, + Es+ Epyg
Es+Es=Eg+E, +Ejo+ Eprec
E;=Eg+Eg+ Eqg+ Epg + Eyy + Eya + Epyr
59 + E12 = ElO + E13 + ED,IHE

510 + E16 = Eu + E17 + ED,COND

Whetore + Wree
Qlu

Overall system Mot =

_ Whetore + Wree

€tot =
Eas
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The annual net cash flow (CF) of the system
is calculated using Eq. (8) [34].

CF =YKo — Kom (8)

where Y, is the net generated electricity, K,
is the electricity expenses (0.22 $/kWh) [35] and
K, is the operation and maintenance expenses
(= 6% of Zyora[34)).

Further, the overall expenditure (C,) is
evaluated based on Ref. [29]. Further, the
relations for evaluating the simple payback
period (SPP) [29] and payback period (PP) [36]
are given in Egs. (9) and (10), respectively.

__G (€]
SPP = ANCF
CF 10
PP = In (CF—ero) ( )
In(1+7)

where 1 denotes the discount rate (3%) [36].
The cost balance equations are listed in Table 4.

3.4. Multi-objective optimization

Multi-objective optimization refers to the
process of optimizing more than one objective

function simultaneously based on a defined set
of decision variables. Instead of a single optimal
point, this method generates a collection of
trade-off solutions, collectively forming the
Pareto frontier in a bi-objective space [38]. The
mathematical expression of the multi-objective
optimization problem tailored for the SGSP-
based integrated system is provided in Eq. (11)
[39].
x = (Tyez- M. T7. ZT))T (11)

T
f= (fl(gtot)-fZ(Csys))
gix)<0; Vji=12....j
359.15K < Tycz < 369. 15K
10m/s <m, £ 50m/s
330K<T, < 350K

02 < ZT, <16

Asseen in Eq. (11), the optimization framework
employs four decision variables for the analysis
of the proposed setup, namely:

o LCZ temperature (T ;cz)

e Mass flow rate of the R123 (m,.)

e Inlet temperature of the VT (T7)

o Figure of merit of the TEG (ZT,,)

Table 4. The cost balance equations and purchase equipment costs [12,20,37]

Components Cost balance equations PEC,
SGSP Cq + Coz + Zsgsp = €y 35 X Apona
C23 = 3600 X 1, x 0.04
FP-1 C1 + C20 + Zep_py = C2 3540 x W5/3
FP-1I C11 + 621 + pr n= C12 3540 x WF°p71,,
FP-II1 C14 + C22 + pr 0= C15 3540 x W3,
VG Cz +Cis + ZVG =C+C, 309.143 x Ay + 231.915
Cz E; =0 E2
TEG C3 +Cs + Zm; =C,+Cs+ Cpo 1500 X Wrgg
C,Es=C3E,
(€a=C3) _ (C6=Cs)
. (Ea—E3)  (Ee—Es)
Cs=0
VT Cr+Zyr = Cg+ Co+ Cig + Cop + Cor + Cp - 6000 X W0
C; Eg = (g E
C7 E9 = C9 E7
C:lS Ezo = C_zo E:18
C18 E21 = Cz1 E18
C18 E22 - CZZ E18
IHE C9 + Cip + Ziyp = Ci3 + Cy 1.3(190 + 310 X A;y5)
C9 ElO - ClO E9
COND C1o + Ci + ZCOND =C;+Cpy 1773 X m,,

C10 E11 = Cy; Ep
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The bounds assigned to the decision
variables, as outlined in Eq. (11), are established
based on Ref. [12]. In this study, the chosen
objective functions are the overall exergy
efficiency (€;,;) and the system cost rate (Csys).
The optimization aims to enhance exergy
performance while simultaneously reducing the
system's cost rate. These objective functions are
mathematically defined in Egs. (12) [40] and
(13) [41], respectively
Wiet.orc + Wrge (12)

E23

Csys = Cfuel + Z Zk + Z CD,k + CL
k k

where Cfue, denotes the fuel expenses and

Etot =

(13)

C, denotes exergy loss cost.

To perform the multi-objective optimization of
the SGSP integrated plant, the NSGA-II [42]
has been utilized. For selecting the most suitable
solution from the generated Pareto front, the
Entropy-TOPSIS decision-making approach
[44] is applied. The acronym TOPSIS [43]
stands for Technique for Order Preference by
Similarity to Ideal Solution. A comprehensive
explanation of the TOPSIS methodology is
available in Ref. [45], while the Entropy method
is elaborated in Ref. [46].

4, Results and discussions

30

4.1. Validation

The SGSP model formulated in this study is
verified through a comparative analysis with the
model developed by Tsilingiris [47]. Figure 2
presents the relationship between pond
efficiency and the NCZ depth, assuming a
constant temperature of 60°C. The LCZ and
UCZ were assigned depths of 0.8 m and 0.1 m,
respectively, with the solar pond area set at
100,000 m?. It is worth mentioning that in Ref.
[47], Simulation results were based on daily
solar radiation data recorded over three years. In
contrast, the present study employs the average
solar radiation value from that same period (200
W/m?), aligning with the steady-state
assumptions of the model. As a result, minor
discrepancies are noticeable, especially around
the peak regions of the curves. Similar
observations were made by Ziapour et al. [48],
whose work also relied on steady-state
simulation conditions. Additionally, the RR-
ORC model has been verified by comparing the
outputs with Ref. [49] for an identical RR-ORC
configuration. Table 5 presents this comparison,
demonstrating that the present model produces
outputs closely aligned with Ref. [49]. Lastly,
the TEG model was previously validated by the
author in an earlier publication [12]; therefore,
this validation is not repeated here.

—a— Tsilingiris (T ,~60°C)
+— Present study (T, ,=60°C)
254 —
20 ,-‘-;,.I-I'I'}':j:':_:""-l--. —
i IR ae s s S
£ 15+ J
£
T 10+
5
'] T T T T T T
0 1 2 3 4 5 6 7

Zncz(m)

Fig. 2. Validation of SGSP model with Ref. [47].
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Table 5. Validation of RR-ORC model with Ref. [50]
(PVG:25 bar, PCOND:1 bar, PREG:10 bar, QVG:252 MW, nS,T:8O%’nS,P:85%)

Parameters Ref. [50] Present work  Error (%)
Wior (KW) 57.54 58.84 225
Nsys (%) 22.83 233 2.05
Ep (kW) 422 43.2 2.36

4.2 Parametric analysis

The parametric analysis is conducted by
individually ~ varying  critical  operating
conditions and observing the effects on total
power output (W), energy efficiency (1¢o¢)s
exergy efficiency (&,,) and system cost rate
(Csys). The critical operating conditions
selected for conducting the parametric analysis
are the temperature of the low conductive zone
(Tycz), the figure of merit (ZT,,), VT inlet
temperature (T;), condenser temperature (Ty1)
and the mass flow rate of R123 (m,.). Figure 3
shows that when Ty, rises, Wip, Mo and
&tot Tall due to a drop in the usable heat removal
rate from the SGSP. It can also be observed that
Csys also reduces mostly because of rise
in exergy destruction cost. It is noteworthy that,
as a performance metric, higher values for W,
Ntor and &, are desirable, while a lower Csys is
also favorable. As shown in Fig. 3, at the upper
bound of Tz, all the considered performance
parameters reach their lowest wvalues. In

12 5 2000 5

10 4 1600 - ‘%.
9 -{ 1400 — *§:\.

8 - 1200 ’\
4 \*
7 4 1000 .%0%

6 800 -

contrast, at the lower bound of T;.;, these
parameters attain the maximum values. This
trade-off presents a conflicting situation,
making it difficult to determine an optimal value
of T, -, based solely on the parametric analysis.
Figure 4 shows how ZT,, influences the overall
system’s performance characteristics and cost
rate. As ZT,, rises from 0.2 to 1.6, Wyor, Neots
Eror and C"Sys also increase. This occurs because
a higher ZT,, enhances the TEG's power
generation capacity, improving both energy and
exergy efficiencies. However, this increase in
power output is accompanied by arise in TEG’s
purchase cost, which in turn raises C sys- At the
upper end of ZT,, the values for power output,
efficiencies, and system cost rate reach their
peak, while at the lower end, they are
minimized. This trade-off highlights a complex
challenge in identifying an optimal ZT,, solely
through parametric analysis, as each increase in
ZT,, entails both performance gains and higher
costs.

51 600 S —
358 360 362

T (K)

) -20 210
—— W, (kW)
—m—n, (%) | g F200
—— slul (%)
: - 190
——C, 8M) |4
- 180
L 14
L 170
o - 12
\o-___. - 160
“o\_.__'
e |
T~ " Liso
—_—
— T 8 Lg
—~y—y
T T T T 6 - 130
366 368 370

Fig. 3. The effect of T}z on the performance of SGSP integrated power plant
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Fig. 4. The effect of ZT,,, on the performance of SGSP integrated power plant.
Figure 5 shows how the main performance Figure 6 depicts the wvariation in the

indices of the SGSP integrated power system
vary with changes in T,. An increase in T,
enhances thermal performance but adversely
impacts the economic performance of the
system. It is observed that power output, energy
efficiency, and exergy efficiency follow a
similar pattern, showing a consistent slope. In
contrast, the system cost rate exhibits a stepwise
rise with a steeper slope. This indicates a trade-
off: as the T, rises, power output, energy
efficiency, and exergy efficiency improve, but
the system cost rate also increases.

performance of the SGSP integrated power
system as T4 increases from 300 K to 308 K.
The RR-ORC power output falls as Tqq rise,
reducing total power output and resulting in
decreased system efficiency. Conversely, the
system cost rises, driven by increased exergy
destruction costs within the condenser as the
temperature rises. Unlike other operating
parameters, T4 does not present a trade-off. At
the lower limit of 300 K, power output, energy
efficiency, and exergy efficiency reach their
peak values, while the system cost rate is at its
minimum. This indicates that a T17 of 300 K is
optimal for operating the proposed system.

TR0 o v w) -8 160
1100~ T (%) /: | o5
t'l - 1 + Sﬂ.( (%) B 7 -
10007 ——g,, (5 YV s
] : |15
900 4 -6
51 800 1 // / - 145
| /‘ _/. / -5
4 7001 / /-/ # L 140
600 /./ ./l */ L, L
7 = = ./ */ 135
. 500 — - L
34 /. /
1 - * -3
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e I
i —
24 300 : . . . : 1 Lizs
330 335 340 345 3350
T, (K)

Fig. 5.

The effect of T, on the performance of SGSP integrated power plant.
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Fig. 6. The effect of T;; on the performance of the SGSP integrated power plant.

Figure 7 illustrates the variation in the
performance of the power plant as m, in the
RR-ORC increases. As m,. rises from 10 kg/s to
50 kg/s, all these performance indices show a
corresponding increase. This occurs because the
higher mass flow rate of R123 enhances the
power output of the RR-ORC, which, in turn,
boosts the overall power output of the combined
system. The energy and exergy efficiencies also
improve due to the increased total power output.
However, the system cost rate rises as well,
driven by higher equipment purchase costs and
exergy destruction costs within the RR-ORC
components. A trade-off is observed here: while
increased mass flow rates improve power
output, energy efficiency, and exergy
efficiency, they also lead to a higher system cost
rate.
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The parametric analysis reveals that, among
the selected critical operating conditions,
factors such as the low conductive zone, figure
of merit, VT inlet temperature, and mass flow
rate of R123 contribute to achieving a balance
between thermal performance and system cost
rate. Notably, the analysis indicates that setting
the condenser temperature at its lower bound
(300 K) is optimal, as it improves thermal
performance while reducing the system cost
rate. Consequently, to evaluate the optimum
values of the remaining operating variables,
multi-objective optimization is necessary, using
these conditions as decision variables and
targeting exergy efficiency and system cost rate
as the objective functions.
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Fig. 7. The effect of m,. on the performance of SGSP integrated power plant.
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4.3 Optimization results

Figure 8 presents the set of optimal parameters
obtained from the multi-objective optimisation
in the form of a Pareto front. As outlined earlier,
this optimisation aims to enhance exergy
efficiency while reducing system cost rate,
using the low conductive zone, figure of merit,
VG outlet temperature, and mass flow rate of
R123 as decision variables. The TOPSIS
method is used to find a single optimal solution
from the Pareto front. This step is necessary
because, while all solutions on the Pareto front
are optimal, practical applications—such as
optimizing a power plant—require a single,
definitive solution that represents specific
operating conditions. In the TOPSIS method,
users assign weights to each objective function
to indicate priority. For this study, an equal
weight of 0.5 is assigned to both &,; and Csys

reflecting the balanced importance between the
two objectives.

The multi-objective optimization vyielded
optimal decision variables and objective
functions, as summarized in Tables 6 and 7.

Table 6. Optimal decision variables obtained from
multi-objective optimization.

Parameters Units Values
Ticz K 360.51
ZTpy - 1.58

T, K 349.18
m, ka/s 48.95

Table 7. Optimal objective function obtained from
multi-objective optimization.

Parameters Units Values
Etot % 14.36
Coys $/h 182.94

The key decision variables include the lower
convective zone temperature (T, = 360.51 K),
figure of merit (ZT,,= 1.58), inlet temperature
of the VT (T,= 349.18 K), and mass flow rate
of R123 (m,= 48.95 kg/s). These parameters
ensure an optimal balance  between
thermodynamic  performance and  cost-
effectiveness. The corresponding objective
functions—total exergy efficiency (e;,.= 14.36
%) and system cost rate (Csy,s = 182.94 $/h). ).
In addition, under optimal conditions, the
system delivers a power output of 1987 kW,
with an energy efficiency of 10.3%.
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Fig. 8. Illustration of Pareto in objective space.
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The improvement in the performance
parameter of the system demonstrates that the
proposed configuration achieves a favorable
compromise between energy utilization and
economic viability.

At optimal operating conditions, the total
exergy destruction of the plant is found to be
11,343 kW. The contribution of each
component to this total is depicted in Fig. 9. It is
observed that the SGSP contributes 65.41% of
the total exergy destruction, followed by the
TEG with 30.81%, and the RR-ORC, which
accounts for 3.78%. The VT contributes the
most to exergy destruction within the RR-ORC
components, followed by the VG and FH. The

remaining components of the RR-ORC make a
negligible contribution to the overall exergy
destruction. The overall capital cost rate of the
proposed plant is determined to be $116.14 $/h.
Figure 10 illustrates the distribution of this cost
among the subsystems. The SGSP contributes
the largest share, accounting for 57.44% of total
capital cost, followed by the TEG and RR-ORC
subsystems, with respective shares of 27.42%
and 15.14%. Within the RR-ORC subsystem,
the VT component has the highest contribution
at 11.58%, followed by the condenser (COND)
at 1.45%. The remaining components of the RR-
ORC make a negligible contribution to the
overall capital cost rate of the integrated plant.
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ppp 001%
0.01%

Fig. 9. Exergy destruction rate for each component at optimal operating condition.

Fp-1 817%
0.16%

Fig. 10. Capital cost rate for each component at optimal operating condition.
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Table 8 presents the economic analysis under
these optimal conditions. The total investment
cost amounts to $27,538,000, and the annual net
cash flow amounts to $3,202,100. The simple
payback period is estimated at 8.6 years, while the
payback period, accounting for the time value of
money, extends to 10.1 years, indicating
reasonable financial feasibility for long-term
implementation.

Table 8. Results of economic analysis at optimal
operating condition.

Parameters Values
Total investment cost $27,538,000
Annual net cash flow $3,202,100
Simple payback period 8.6 years
Payback period 10.1 years

Figure 11 illustrates the scattered distribution
of decision variables corresponding to the Pareto
front generated by the best run of NSGA-II. These
distributions represent the population within the
decision space for the four decision variables
along the Pareto front. Figure 11(a) shows the
scattered distribution of the VT inlet temperature,
with optimal points distributed across the range of
338 to 350 K. This range is identified as the most
suitable for achieving optimized system
performance. The dispersed spread indicates that
the VT inlet temperature plays a critical role in the
trade-off between the objective functions, making
it a key factor in multi-objective optimization. A
similar pattern is observed in Fig. 11(b), which
depicts the scattered distribution of the low
conductive zone temperature. Optimal points are
randomly distributed across a range of 359.15 K
to 368 K, highlighting the sensitivity of this
variable to the trade-off between objective
functions. Figure 11(c) presents the scattered
distribution of the figure of merit, where the
population is clustered proximal to the upper
bound. This suggests that increasing the figure of
merit enhances exergy efficiency and reduces the
system cost rate without introducing significant
trade-offs. Finally, Fig. 11(d) illustrates the
scattered distribution for the mass flow rate of
R123. While most of the population is clustered
near the upper bound, some points are randomly
spread throughout the decision space, resembling
outliers. This indicates that the mass flow rate of
R123 is less sensitive concerning the trade-off
between objective functions.
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5. Conclusions

This study presents a solar pond-based
combined power plant, integrating an RR-ORC
with a thermoelectric generator to enhance
power generation. Through 3E analyses, the
performance and cost rate of the system were
evaluated, revealing valuable insights into the
optimization of its operation. The parametric
analysis demonstrated how critical operating
conditions such as low conductive zone
temperature, figure of merit, VT inlet
temperature, condenser temperature, and mass
flow rate of R123 significantly influence the
system's thermal performance and cost rate.
Notably, a trade-off between improved power
output, energy efficiency, and reduced system
cost rate was observed, with specific optimal
conditions identified for each parameter. The
multi-objective optimization using NSGA-II
and TOPSIS methods provided an optimal
solution that balances the objective functions.
The results indicate that under optimal operating
conditions, the system delivers a power output
of 1987 kW, with energy and exergy
efficiencies of 10.3% and 14.36%, respectively,
and a system cost rate of $182.94 per hour.
These results underscore the importance of
careful optimization of operating parameters,
especially the VT inlet temperature and low
conductive zone temperature, to achieve the
best performance.

The proposed solar pond-based combined
power plant demonstrates promising potential
for efficient low-temperature power generation.
The findings highlight the importance of a
balanced approach  between thermal
performance and economic viability, offering
insights for future developments in renewable
energy systems. Further research into refining
the optimization process and exploring other
working fluids may further improve system
performance and cost-effectiveness,
contributing to the sustainability of solar pond
technologies in real-world applications.
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